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Abstract 
 

Melanoma is a fatal form of skin cancer which progresses in an orchestrated pattern in 

human skin. In this thesis, we focus on three phases of melanoma progression: radial growth 

phase (RGP) where melanoma cells are generally confined to the epidermis of the skin; 

vertical growth phase (VGP) where melanoma cells invade into the dermis of the skin; and 

the metastatic phase where melanoma cells enter the blood stream and spread to other parts 

of the body. Characterising these phases of melanoma in vitro is important to investigate 

disease progression. The principal aim of this thesis is to quantify key features of melanoma 

progression, these include: melanoma cell migration; melanoma cell proliferation; melanoma 

cell invasion; and melanoma nest formation using two-dimensional (2D) and three-

dimensional (3D) assays. We first investigate a reliable melanoma-specific marker and 

provide evidence that S100 is a sensitive marker that identifies melanoma cell lines: WM35 

(RGP); WM793 (VGP); and SK-MEL-28 (metastatic) used in this project. Also included in 

this thesis is a demonstration of the difficulty of identifying a certain melanoma cell line, 

MM127. The most commonly used melanoma-associated markers failed to identify this cell 

line. We further investigate the rates of melanoma cell migration and cell proliferation using 

2D co-culture assays. Since fibroblasts are thought to play an important role in cancer 

progression, the result from the cross-talk between melanoma cells and primary fibroblast 

cells could provide insightful information about their influence on the rates of spatial 

expansion. However, results from this study provide evidence that a more multicellular, 

heterogeneous, 3D environment might be necessary to examine the cross-talk between skin 

cells and melanoma cells. Since, cell-cell interactions are known to differ in an environment 

with more than two cell types, we characterise melanoma progression by constructing a 3D 

melanoma skin equivalent (MSE) model which resembles human skin in vivo and present 

our quantitative results of melanoma invasion in a time course pattern. Lastly, we use the 3D 

MSE model to identify and report our findings that proliferation and increased initial cell 

number drives melanoma nest formation. The outcomes of this project provide a foundation 

for 3D melanoma research and future in vitro assays are essential to fully understand the 

potential of this 3D model for clinical purposes. 
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Chapter 1: Introduction 

1.1 BACKGROUND 

To provide an understanding of the project, we first outline the background information about 

melanoma progression. The introduction summarises: melanoma disease statistics; an 

overview of human skin; the skin environment that can influence melanoma progression; and 

finally the importance of three-dimensional (3D) studies to understand melanoma 

progression.  

1.1.1 Melanoma Statistics 

Melanoma is a deadly form of skin cancer and is the fourth most common cancer in Australia 

(Sneyd & Cox 2013; Sidhu et al., 2017). Australia has one of the highest rates of melanoma 

incidence in the world (Jelineck et al., 2016; Karimkhani et al., 2017) and accounts for 

majority of skin cancer-related mortality, with over 1500 melanoma-related deaths reported 

in 2015 alone (AIWH 2016). Additionally, the reports of the Australian Institute of Health 

and Welfare (AIHW) indicate that skin cancer costs approximately AUD $400 million per 

year causing a significant burden on the healthcare system of Australia (AIWH 2014; AIWH 

2016). Therefore, there is an urgent need to improve our understanding of melanoma 

progression, which still remains unclear. Addressing the knowledge gaps will identify 

improved melanoma treatment options and prevent disease advancement. Melanoma 

originates from the malignant transformation of melanocytes present in the skin (Shay 2017). 

To understand the underlying features of melanoma and its progression, it is essential to 

understand the structure of the human skin. 
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1.1.2 Human Skin 

Human skin constitutes 16% of the total body mass and comprises of two main regions, 

epidermis and dermis separated by a basement membrane (Olsen et al., 1995; Wickett & 

Visscher, 2006). Both these regions of the skin work synergistically to provide physical 

protection and maintain the internal body homeostasis (Wegner et al., 2016). The multilayer 

epidermis predominantly comprises of keratinocytes (Klar et al., 2017). The keratinocytes 

proliferate and stratify from the basal layer called the stratum basal, situated adjacent to the 

underlying dermis (Natarajan et al., 2014). Within this basal layer are the melanocytes that 

produce and distribute the melanin pigment. Cells in the basal layer of the skin proliferate and 

form the stratum spinosum, stratum granulosum and finally the apical cornified stratum 

corneum, which works as the first barrier to the external environment (Natarajan et al., 2014; 

Klar et al., 2017). Transforming keratinocytes in the basal region of stratum corneum also 

form the stratum lucidum, found only on palms of hands and soles of feet (Lai-Cheong & 

McGrath 2009).  

The basement membrane lies at the epidermal-dermal interface, plays a key role in skin 

homeostasis and is important for a synchronized epithelialisation (Wegner et al., 2016; Klar 

et al., 2017). The basement membrane anchors and supports the structural organisation of the 

epidermis (Breitkreutz et al., 2013). Beneath the continually renewing epidermis is the 

collagen-rich dermal layer. This layer of connective tissue is divided into papillary dermis just 

below the epidermis, and a deeper reticular dermis (Shirshin et al., 2017). Fibroblasts from 

mesenchymal origin predominantly appear in the dermis and produce collagen which 

constitutes 70% of the structural dermal matrix (Shirshin et al., 2017). Skin is a significant 

barrier that protects the body from the harmful external environment, compromising the skin 

integrity through disease or injury would damage the protective barrier (Wegner et al., 2016).  
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1.1.3 Melanoma in Human Skin 

The neural crest derived melanocytes (Figure 1.1) synthesise and transfer melanin pigment to 

neighbouring keratinocytes through the cell’s dendritic protrusions to an average of 36 

keratinocytes in vesicles called melanosomes (Haass et al., 2005; Bandarchi et al., 2010; 

Zocco & Blanpain  2017). The melanocytes maintain a stable ratio of 1:5 to keratinocytes in 

the basal layer of epidermis through proliferation and migration to form epidermal–melanin 

units (Haass et al., 2005). Melanocyte morphology, cellular migration, proliferation and 

overall growth are regulated by keratinocyte-derived hormones, growth factors and cytokines 

(Hsu et al., 2002; Zocco & Blanpain 2017).  

Figure 1.1: Melanocyte in the epidermis.  Schematic illustration of the human skin layers 

showing a melanocyte in the basal epidermal layer (orange). The figure is adapted from 

Balois & Amar (2014). 
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Disruption to the epidermal-melanocyte unit interrupts the normal melanocyte homeostasis 

causing continuous melanocyte proliferation which is thought to eventually lead to melanoma 

(Haass et al., 2005; Zocco & Blanpain 2017). The transition of melanocytes to melanoma 

includes production of their own growth factor cascade, continuous proliferation of cells, 

with reduced apoptosis and loss of keratinocyte dominance by the down-regulation of cell-

cell adhesion molecules (Haass et al., 2005; Xiao et al., 2016). This escape of melanocytes 

from the keratinocyte control allows invasion of the transformed melanocytes, from now on 

referred to as melanoma cells. These melanoma cells invade into the dermis, permitting 

cellular communication with fibroblasts, endothelial cells in the dermis and subsequent 

recruitment of neovasculature (Hanahan et al., 2011; Izar et al., 2016).  

In human skin, keratinocytes and fibroblasts play a vital role in melanoma progression. Wang 

et al. (2011) show that keratinocyte-derived extracellular matrix proteins enhance melanoma 

spreading. Additionally, the keratinocytes promote survival and invasion of the melanoma 

cells into the dermal region. Proteolytic enzymes such as MMPs secreted by keratinocytes 

degrade the basement membrane enabling melanoma cells to invade into the dermis (Chung 

et al., 2011). Additionally, previous studies show that the extracellular matrix components 

secreted by epidermal keratinocytes promote the adhesion and migration of melanoma cells 

(Chung et al., 2011).  Furthermore, research by Aberty et al. (2012) show that dermal 

fibroblasts also enhances melanoma cell proliferation paralleled with reduced melanoma 

apoptosis. Overall the fibroblasts and keratinocytes, from now on referred to as skin cells, 

interact with the surrounding melanoma cells and are responsible for melanoma cell growth, 

adhesion and survival (Kilsdonk et al., 2010; Flach et al., 2011; Zhou et al., 2015). 

Melanoma is associated with different stages and these are classified in the following section.  

1.1.4 Classification of Melanoma Progression 

Pathological findings based on genomics, epigenomics and proteomics have led to 

molecular reclassification of melanoma (Kalia 2015). There are five prominent stages of 

melanoma development and progression (Figure 1.2). The first stage of melanoma is 
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indicated by the formation of proliferative melanocytic nevus or clusters of cells in the 

epidermis (Clark et al., 1984; Gray-Schopfer et al., 2007). However, not all nevi become 

melanoma but are associated with the risk of melanoma formation (Kalia 2015). The 

melanocytic nevi further develop into precursors of melanoma called dysplastic nevi. 

These cells have a finite life-span due the interplay of genetic and environmental factors 

(Meier et al., 1998; Goldstein & Tucker 2013). Further, these nevi acquire sequential 

genetic alterations accompanied by the influence of various growth factors and transform 

into malignant melanoma (Balois & Amar 2014).  

 

 

Figure 1.2: Stages of melanoma progression. The schematic illustrates melanoma 

progression, showing the localisation of nevi and clusters of melanoma cells. The 

chapters in this thesis that include the corresponding stage of melanoma are indicated 
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respectively. The mechanism that drives nevi and nest formation are investigated in 

Chapter 5 while, radial growth phase (RGP), vertical growth phase (VGP) and metastatic 

cell lines are used in the study detailed in Chapters 2, 3 and 4, as indicated using arrows. 

 

After nevi, the radial growth phase (RGP) is considered the first step of malignant 

melanoma, where the melanoma nests grow in size and are confined to the epidermis 

(Balois & Amar 2014; Beaumont et al., 2014). The next stage is the vertical growth 

phase (VGP) wherein melanoma nests, accompanied through the action of proteolytic 

enzymes, disrupt the basement membrane and invade into the dermis (Bennett 2016; 

Meier et al., 1998). Lastly, the melanoma cells acquire metastatic properties that 

facilitate melanoma cell invasion into the lymphatic system or haematogenous route, 

thereby spreading to other tissues (Eves et al., 2003; Damsky et al., 2014; Piskounova et 

al., 2015; Garbe et al., 2016). It is essential to emulate these stages in vitro to further our 

understanding about the various mechanisms that influence and promote melanoma 

progression. In particular, to study the invasion of melanoma cells in vitro, a three-

dimensional (3D) platform is required. The details of these 3D models is summarised 

below. 

 

1.1.5 Three-Dimensional Human Skin Equivalent Model in Melanoma Progression 

Melanoma is widely researched on a two-dimensional (2D) platform. These 2D assays are 

simple to perform, relatively inexpensive and are ideal for pre-clinical, preliminary melanoma 

research investigations (Beaumont et al., 2014; Beaumont et al., 2016). Previous 2D research 

studies about melanoma progression have focused on examining the radial migration of cell 

populations, cell proliferation, cell-cell adhesion as well as protein-expression of melanoma 

cells (Alexaki et al., 2010; Simpson et al., 2013; Treloar et al., 2013; Das et al., 2015). 

However these 2D studies do not re-capitulate an environment similar to human skin in vivo. 

The 2D models do not demonstrate the complex architecture of native human skin where a 

diverse array of intercellular interactions, cell-extracellular matrix interactions and cell 

signalling takes place (Vorsmann et al., 2013; Beaumont et al., 2014; Shannan et al., 2016). 

https://doi.org/10.1093%2Fjnci%2Fdjq257
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Studies show that melanoma cells communicate with the surrounding skin cells and tissues 

and this cross-talk influences melanoma progression (Hill et al., 2015; Wang et al., 2016; 

Ferrarelli 2017). Additionally, to study the invasive properties of melanoma cells a 3D 

environment is required. Extensive research on melanoma has been carried out using animal 

models, 3D models with dermal substitutes, as well as 3D skin models. Animal models 

overcome most of the 2D limitations but animal skin biology does not replicate properties 

observed in human skin (Wang et al., 2016; Day et al., 2017).  There are commercially 

available skin equivalent models where the dermal scaffold is developed using biomaterials 

like collagen and fibrin (Brohem et al., 2011; Vorsmann et al., 2013; Zoschke et al., 2016). 

However, skin substitutes may fail to mimic native skin architecture and generally do not 

have a basement membrane which is proven essential in melanoma progression studies 

(Schafer et al., 1989; Halim et al., 2010). There is also evidence in the literature that suggests 

skin substitutes comprising both epidermal and dermal components such as biopolymers and 

animal-derived dermal components like rat tail collagen alter the environment (El et al., 

2009). Commercially available human skin equivalent models without human cells do not 

need ethics approval but they incur high purchase costs. They need to go through vigilant 

Australian quarantine that limits the entry of human cell-based materials (Poumay et al., 

2004).  

 

Therefore construction of human skin equivalents in vitro using primary (human derived) 

skin cells that retain structural and cellular organisation of native skin is an excellent research 

tool (Figure 1.3). These human skin equivalent (HSE) models are extensively used for 

research purposes for example, to study burn treatments (Topping et al., 2006), wound 

healing progression (Xie et al., 2011) as well as other skin-related diseases (Dekker et al., 

2000; Fernandez et al., 2014). Furthermore, the HSE retains the basement membrane 

necessary for keratinocyte attachment in vitro allowing the formation of a stratified 

epidermis. Hence the HSE model can be used to emulate the stages of melanoma as observed 

in human skin in vivo and study the key properties of melanoma progression. 
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Figure 1.3: Comparison of human native skin and the human skin equivalent (HSE) model. 

The cross-sectional image of haematoxylin and eosin stained human native skin and HSE 

model show the physiological organisation of epidermal and dermal layers. Scale bar on each 

image corresponds to 100 µm. Images are generated as part of this thesis. 

 

There are a limited number of melanoma studies that construct a melanoma skin equivalent 

(MSE) model using basic concepts of the HSE model (Eves et al., 2000; Meier et al., 2000; 

Marques & Mac Neil 2016). Among these restricted number of studies only Dekker et al. 

(2000) compare stages of melanoma by constructing an MSE model incorporating cell lines 

associated with the RGP, VGP and metastatic phases. Most studies focus mainly on the 

metastatic phase of melanoma (Damsky et al., 2011; Tiwary et al., 2014). Additionally, there 

are no time course studies using 3D MSE models which would provide an improved 

understanding of intricate aspects of the model. For example, additional information about 

the distribution of cells over time, the durability of the model, the difference in behaviour of 

cells at an early time-point compared to later time-points, are a few concepts that can be 

addressed using time-course studies. After careful consideration of the concepts associated 

with melanoma progression, we infer a set of aims to further our understanding about the key 

features of the disease advancement that have not been examined previously. 
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1.2 AIMS OF THE PROJECT 

The principal aim of this project is to construct a melanoma skin equivalent (MSE) model to 

further our understanding about melanoma progression. This project specifically aims to 

quantify key features of melanoma progression, such as: melanoma cell migration; melanoma 

cell proliferation; melanoma cell invasion; and melanoma nest formation, using experimental 

and mathematical techniques.  

 

1.2.1 Specific Aims of the Project  

(i) Reliably detect melanoma cell lines used within this project 

(ii) Quantify key features of melanoma growth, such as cell migration and proliferation  

(iii) Construct a melanoma skin equivalent model (MSE) and examine nest formation in 

the early and late phases of melanoma  

(iv) Identify the dominant mechanism that drives melanoma nest formation 

 

1.3 SIGNIFICANCE OF THE PROJECT 

Melanoma is associated with improved prognosis when detected at an earlier stage but 

the prognosis varies significantly depending upon the stage of the disease (Balch et al., 

2009). The five-year survival rate of patients with an advanced metastatic stage of 

melanoma is 5-15% while the survival rate of patients with melanoma at an early stage, 

such as RGP is 95% (Carter et al., 2016). Hence, the severity of melanoma is not only 

associated with the alarming incidence rates of the disease but also to the limited 

diagnosis as well as effective treatment options available when the melanoma has 

progressed to an advanced stage. This highlights the need for accurate melanoma 

diagnosis and an in-depth understanding of the different individual features of melanoma 

progression, which could eventually be targeted to control the spread of the disease. Here 

we elaborate on the knowledge gaps significant to each aim and provide a brief 

description about how the aim is addressed. 
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1.3.1 Knowledge gap and significance of aim 1 

An effective treatment of early melanoma is surgical excision but this requires accurate 

early detection (Guerra-Rosas et al., 2017). Histological identification of melanoma cells 

is a standard diagnostic method (March et al., 2015a; March et al., 2015b). Identification 

of melanoma cells is proven to be challenging due to the cellular heterogeneity. 

Melanoma cells are morphologically diverse and studies show that these cells are 

difficult in histopathological diagnosis. From a research perspective, accurate 

identification of melanoma cells within a population of normal cells is proven essential 

for further downstream analysis.  

 

Since preliminary studies document challenges in melanoma identification, this project 

aims to use a reliable marker to accurately identify melanoma cell lines used within this 

study. In this chapter, melanoma cell lines used in this project are detailed. Different 

experimental approaches that are used to identify a reliable melanoma-associated marker 

are described followed by the challenges faced using a particular metastatic melanoma 

cell line. The study reports S100 as a reliable melanoma-associated marker that 

successfully identifies all of the melanoma cell lines used further in this project. The 

findings of this chapter also highlight the rationale for omitting the particular metastatic 

cell line, MM127 in further studies.  

 

1.3.2 Knowledge gap and significance of aim 2 

In human skin, individual melanoma cells cluster to form nests, which is a prominent 

feature in melanoma progression. Cell migration and cell proliferation are two known 

mechanisms that promote the growth of melanoma nests. Examining these underlying 

features independently would emphasise their contribution to the progression of the 

disease and enable their effective control measures. Previous studies by Justus et al. 

(2014); Gallinaro et al. (2013); and Treloar et al. (2013) examine cell migration and cell 

proliferation and highlight the importance of these processes in melanoma progression. 

These studies use melanoma monocultures in scratch assays, barrier assays as well as 
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Transwell® assays to investigate these underlying melanoma processes. However, 

melanoma progresses in a multicellular environment in vivo and individual melanoma 

cells are known to cross-talk with the surrounding skin cell populations (Kilsdonk et al., 

2010; Flach et al., 2011; Zhou et al., 2015). Therefore, this project extends previous 

studies, and aim to mimic the spreading of individual melanoma cells as observed in 

human native skin, using 2D in vitro co-culture models. Furthermore, this novel study is 

combined with mathematical modelling to quantify cellular mechanisms and provide 

additional information.  

 

Previous studies show mathematical models to provide insight into the experimental 

results (Maini et al., 2004; Gallinaro et al., 2013; Morais et al., 2017). Here, the tandem 

use of mathematical modelling with experimental investigations further quantify these 

underlying mechanisms by extracting detailed information about cell migration and cell 

proliferation. Thus by cataloguing these mechanisms of melanoma progression we aim 

to highlight potential targets for future effective melanoma therapeutics. Here, we 

quantify the rate of melanoma cell proliferation and melanoma cell migration in the 

presence and absence of skin cells, which has not been identified previously. 

 

Melanoma cell line, SK-MEL-28 that is successfully detected in Chapter 2 of this thesis 

is used in this study. In this 2D co-culture model, melanoma cells are cultured alongside 

primary fibroblast cells that are previously reported to influence melanoma cell 

migration and proliferation (Aberty et al., 2012). A suite of barrier assays are performed 

with varying cell densities of both the cell types in this 2D co-culture model. The rates of 

cell migration and cell proliferation are examined. The main purpose of this study is to 

report the influence of fibroblasts on melanoma cell migration and cell proliferation in 

using the 2D co-culture model. The outcomes does not show any influence of fibroblasts 

on melanoma cells as hypothesised, however there can be a number of explanations to 

this result. The rationale of the study along with the experimental methods and the 

mathematical modelling is described in this chapter. 
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1.3.3 Knowledge gap and significance of aim 3 

Co-culture models provide excellent preliminary data. However, melanoma cells 

embedded within the human skin behave differently to melanoma cells grown two-

dimensionally (Beaumont et al., 2014). In a 2D environment the melanoma cells do not 

form colonies, and do not display invasive properties, therefore 2D monocultures and co-

cultures of melanoma cells do not accurately represent the physiology of human skin in 

vivo (Xu et al., 2015). Typically melanoma cells are known to reside within a complex 

multicellular environment, containing extracellular matrix and producing a suite of 

signalling molecules which collectively contribute to melanoma progression 

(Beaumont et al., 2014). Moreover, previous research demonstrates that promising 2D 

results can be altered when translated into in vivo situations as both, 2D and 3D 

environments are entirely different (Zanoni et al., 2016). Therefore, a 3D model is 

essential for investigating melanoma development, progression and melanoma 

associated therapeutics.  

 

While mice models are widely used in melanoma research, they have their limitations as 

the skin architecture varies significantly from human skin. The early invasion of 

melanoma cells through the basement membrane cannot be investigated using mice 

models as the melanocytes reside in dermal hair follicles while in human skin the 

melanocytes are found in the basal epidermal layer (Wang et al., 2016). Furthermore, 

there are organotypic models constructed using bovine or rat tail collagen, however 

untimely contraction of these dermal substitutes may effect in extrapolating accurate 

results (Hill et al., 2015). Overall, there is a growing need for more advanced, 

biologically representative and reproducible in vitro models, which closely resemble 

human skin to better investigate melanoma progression. There are limited studies using 

3D human skin equivalent models that compare the early and late stages of melanoma 

(Bergers et al., 2016). Here, we not only construct a 3D melanoma skin equivalent 

model, but address concepts that have not been investigated previously such as 

examining and quantifying melanoma cell invasion as a function of time. 
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To further investigate the features of melanoma progression described in Chapter 4, a 3D 

MSE model is constructed. Melanoma progresses in a 3D environment surrounded by 

skin cells. This chapter describes the method used to construct a 3D melanoma human 

skin model incorporating melanoma cells from the early and late phase of the disease 

(cell lines from the RGP and metastatic phase of melanoma). These cell lines are 

characterised in Chapter 2 and the melanoma nests are identified accurately using S100.  

 

1.3.4 Knowledge gap and significance of aim 4 

While the underlying mechanisms of cell migration, cell proliferation and cell invasion 

are investigated, it is also important to understand and examine the mechanism that 

drives melanoma nest formation. These processes could lead to potential therapeutic 

targets that can be used for efficient melanoma treatment. Nest formation is a concept 

recently researched using individual melanoma cells by Wesssls et al. (2017) however, 

the model used in their investigations is entirely different to this projects’ 3D MSE 

model. The 3D MSE model used in this study provides a multicellular environment, 

where the cross-talk of melanoma cells with the surrounding skin cells re-create a more 

realistic in vivo like situation. Moreover, this project highlights results as a function of 

time, varying initial cell density and identifying for the first time that both, the role of 

cell number, and cell proliferation drive melanoma nest formation.  

 

To address aim 4, the 3D MSE model developed in Chapter 4 is used to examine the 

mechanisms that drive melanoma nest formation. Two mechanisms are prominent in 

melanoma nest formation, these include: cell migration; and cell proliferation. The 

metastatic melanoma cell line, SK-MEL-28, is used in this study. This melanoma cell 

line is aggressive in nature and forms noticeably large nests as described in Chapter 4. 

The proliferation of the melanoma cells are inhibited to independently observe the role 

of cell migration. This study extends previous Matrigel studies using a multicellular 3D 

model and using varying initial number of melanoma cells. Furthermore, addressing this 

aim, demonstrates the 3D MSE model as a suitable platform to research melanoma 

progression.  
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Overall, this thesis will address the above described knowledge gaps resulting in the 

development of a durable 3D MSE model that can potentially be used as a pre-clinical in 

vitro model to successfully study melanoma progression. 

 

1.4 THESIS BY PUBLICATION OUTLINE 

The outcomes of this project highlight the importance of understanding the underlying key 

features of melanoma progression. It mainly focusses on the identification of melanoma cells 

and their interaction with the surrounding skin cells. Moreover, the 3D MSE model 

demonstrates its potential as a reproducible in vitro research platform which can be further 

utilised for pre-clinical melanoma research. Furthermore, this is an interdisciplinary project 

where the PhD candidate is from the Faculty of Health and the principal supervisor is from 

the School of Mathematical Sciences. In this project the PhD candidate performed all the 

experimental investigations and analysed the results. However, the experimental data is 

further verified using mathematical models by members from the School of Mathematical 

Sciences: Dr Catherine Penington – Post Doctoral Research Fellow; and Mr Alex Browning- 

Masters’ Student. The PhD candidate interacted with mathematicians to provide 

experimental data that is sufficient to extrapolate mathematical models and verify the 

experimental outcomes. Out of the four manuscripts, two manuscripts are entirely 

experimental. The other two manuscripts detail the experimental outcomes and are further 

interpreted using mathematical models. Please also note that the results in this thesis do not 

include statistical analysis as the experimental data is extrapolated and corroborated using 

mathematical models. 

 

This thesis is presented by publications. It comprises of three published peer-reviewed 

manuscripts and one manuscript currently undergoing peer review. At the end of each chapter 

a set of references are listed for the ease of the reader. Also the numbering of the figures is 

changed and is not in accordance to the original publication. The figures and tables in this 

thesis are numbered by first assigning the chapter number which is followed by the 

appearance of the respective table or the figure in that chapter. For example, (Figure 1.1) 
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corresponds to the figure in Chapter 1 and it is the first figure in that chapter. The appearance 

of each chapter is outlined below describing the individual details.  

1. Chapter 1: Introduction

This chapter introduces the background and literature necessary to understand the 

objectives of this project. Following the literature review the thesis provides specific aims 

of the study and the significance of each aim. Lastly the structure of the thesis is outlined 

providing an overview of each chapter. 

2. Chapter 2: Research Paper 1

Standard melanoma-associated markers do not identify the MM127 metastatic 

melanoma cell line. (2016). Scientific Reports. 6: 24569. (doi: 10.1038/srep24569) 

3. Chapter 3: Research Paper 2

Quantifying rates of cell migration and cell proliferation in co-culture barrier 

assays reveals how skin and melanoma cells interact during melanoma spreading 

and invasion. (2017). Journal of Theoretical Biology. 423: 13-25 (doi: 

10.1016/j.jtbi.2017.04.017) 

4. Chapter 4: Research Paper 3

Quantitative comparison of the spreading and invasion of radial growth phase and 

metastatic melanoma cells in a three-dimensional human skin equivalent model. 

(2017). PeerJ. 5:e3754 (doi: 10.7717/peerj.3754) 

5. Chapter 5: Research Paper 4

Three-dimensional experiments and individual based simulations show that cell 

proliferation drives melanoma nest formation in human skin. (2018). BMC 

Systems Biology. 12: 34 (doi: 10.1186/s12918-018-0559-9) 

https://doi.org/10.1038/srep24569
https://doi.org/10.1016/j.jtbi.2017.04.017
https://doi.org/10.7717/peerj.3754
https://doi.org/10.1186/s12918-018-0559-9
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6. Chapter 6: Conclusion and Future Work 

In this chapter, the overall findings of this thesis are summarised followed by potential 

future work that can extend the current findings creating new avenues for melanoma 

research. 
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2.1 ABSTRACT 

Reliable identification of different melanoma cell lines is important for many aspects of 

melanoma research.  Common markers used to identify melanoma cell lines include: 

S100; HMB-45; and Melan-A. We explore the expression of these three markers in four 

different melanoma cell lines: WM35; WM793; SK-MEL-28; and MM127. The 

expression of these markers is examined at both the mRNA and protein level.  Our 

results show that the metastatic cell line, MM127, cannot be detected using any of the 

commonly used melanoma-associated markers.  This implies that it would be very 

difficult to identify this particular cell line in a heterogeneous sample, and as a result this 

cell line should be used with care. 
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2.2 INTRODUCTION  

Melanoma is an aggressive form of skin cancer that has the highest incidence rate in 

Australia1.  Since many aspects of melanoma research rely on the use of various types of 

melanoma cell lines2,3, the reliable identification of different melanoma cell lines is very 

important.  

 

A range of melanoma-associated markers are used to identify different types of 

melanoma cell lines4.  The three most frequently used markers are: S100; HMB-45 and 

Melan-A5, 6. A common feature of many experimental investigations is that some 

melanoma cell lines are unable to be detected using certain markers7.  To address this 

limitation, many studies use two different markers to ensure reliable identification8.  

MM127 is a metastatic melanoma cell line of human origin, isolated in 19709. Since 

then, MM127 melanoma cells have been used in many published investigations.  For 

example, MM127 cells have been used in ultraviolet radiation studies10, gene-based 

studies11, drug-response studies12 and in other melanoma-associated research. 

 

Some of our previous work involves investigating how the balance of the rate of cell 

migration and the rate of cell proliferation affects the collective spreading of a 

population of MM127 melanoma cells13.  In this previous study we describe results from 

an in vitro monoculture circular barrier assay14,15, and we use a discrete random walk 

mathematical model to quantify the rates of cell migration and cell proliferation in the 

experiment.  Because this previous study involves a monoculture assay with just one cell 

type present, we did not attempt to identify the MM127 cells using any melanoma-

associated markers.  One way to extend this previous work would be to perform more 

complicated co-culture experiments.  Such an extension would require the identification 

of the MM127 melanoma cells amongst the total population of cells in the assay.  To 

meet this aim we first need to establish whether we can reliably identify MM127 

melanoma cells using standard melanoma-associated markers.  The focus of the present 

study is to explore whether MM127 cells can be reliably identified using standard 

approaches. 
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This work is organised in the following way.  In the Results section we describe the 

outcomes of three different experimental techniques for identifying different melanoma 

cell lines using S100, HMB-45, and Melan-A.  These techniques include 

immunofluorescence, Western blotting, and quantitative reverse transcription-

polymerase chain reaction (qRT-PCR) assays.  These techniques are applied to four 

different melanoma cell lines, and the results for the metastatic melanoma cell line, 

MM127, are not as expected.  We find that this cell line is not identifiable using any of 

the three markers. 

 

2.3 METHODS  

2.3.1 Cell culture   

Melanoma cell culture: Melanoma cell lines WM35 and WM793 are cultured in MCDB 

153 medium (Sigma Aldrich, Australia) containing 20% Leibovitz L-15 medium (Life 

Technologies, Australia), 4% Foetal Calf Serum (FCS) (Hyclone, Australia), 7.5% w/v 

sodium bicarbonate (Life Technologies), 5μg/ml insulin (Sigma Aldrich), 1.68mM 

calcium chloride, 50U/ml of penicillin and 50μg/ml of streptomycin (Life Technologies).  

Melanoma cell lines MM127 and SK-MEL-28 are maintained in RPMI1640 medium 

(Life Technologies) supplemented with 10% FCS, 2mM L-glutamine (Life 

Technologies), 23mM HEPES (Life Technologies), 50U/ml of penicillin and 50μg/ml of 

streptomycin.  The HaCaT cell line is cultured in Dulbecco’s Modified Eagle’s Medium 

(DMEM) (Life Technologies) with 10% FCS and 50U/ml of penicillin and 50μg/ml of 

streptomycin.  All cells are routinely screened for mycoplasma. 

 

2.3.2 Primary Cell Culture  

Keratinocyte culture: Human keratinocytes are isolated from skin discards collected after 

abdominoplasty and breast reduction surgery.  All skin collections are obtained with 

written informed patient consent. All experimental protocols used in this study are 

approved by the Queensland University of Technology (QUT) research ethics committee 
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(approval number QUT 3865H) and the St Andrew’s Hospital ethics committee 

(approval number: 200 4/46). The experimental methods carried out in this study are in 

accordance with the approved guidelines. Keratinocytes are collected from the underside 

of the epidermis and papillary side of the dermis from surgical skin discards that are 

placed, overnight, in 0.25% trypsin (Life Technologies) diluted in a 1:1 ratio with 

phosphate buffered saline (PBS) (Life Technologies).  Keratinocytes are grown in a 2:1 

ratio on an irradiated feeder layer of 3T3 (i3T3) in full Green’s medium containing 

DMEM with Ham’s F12 (Life Technologies) in a 3:1 v/v ratio, 10% FCS, 2mM L-

glutamine, 50U/ml of penicillin, 50μg/ml of streptomycin, 180mM adenine (Sigma 

Aldrich), 1μg/ml insulin, 0.1μg/ml cholera toxin (Sigma Aldrich), 0.01% non-essential 

amino acid solution (Life Technologies), 5μg/ml transferrin (Sigma Aldrich), 0.2μM 

triiodothyronine (Sigma Aldrich), 0.4μg/ml hydrocortisone (Sigma Aldrich) and 10ng/ml 

human recombinant EGF (Life Technologies).  Cells are cultured at 37°C, in 5% CO2 

and 95% air. 

 

Melanocyte culture: Melanocytes are grown from an epidermal cell suspension 

(keratinocyte cell suspension).  Isolated epidermal cell suspensions are seeded into 

T25cm2 tissue culture flasks (Nunc®, Australia) with 254 Medium (Life Technologies) 

together with Human Melanocyte Growth Supplement (Life Technologies).  Epidermal 

cells, at a density of 8x104cells/cm2, are seeded and incubated at 37°C in 5% CO2 and 

95% air.  If the melanocyte culture is contaminated with fibroblasts it is treated with 

100μg/ml of Geneticin® (Life Technologies) for 2-3 days. 

 

Fibroblast culture: The dermis, obtained after keratinocyte isolation, is finely minced and 

placed in a 0.05% collagenase A type I (Life Technologies) solution prepared in DMEM 

at 37°C, in 5% CO2 and 95% air for 24 hours.  The dermal cell solution is centrifuged at 

212g for 10 minutes and the cells are seeded into T75cm2 flasks (Nunc®) in DMEM 

with 10% FCS, 2mM L-glutamine, 50U/ml of penicillin and 50μg/ml of streptomycin at 

37° C in 5% CO2 and 95% air. 
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2.3.3 Immunofluorescence  

Cells are grown on glass coverslips and fixed with 4% paraformaldehyde (Electron 

Microscopy Sciences, Australia) for 30 minutes at room temperature.  Cells are 

permeabilised with 0.1% Triton-X in PBS for 10 minutes, washed with 0.5% w/v bovine 

serum albumin (BSA) (Life Technologies) in PBS and the non-specific binding sites are 

blocked using 0.5% BSA for 30 minutes.  This is followed by the addition of primary 

antibody (S100-1:2500, HMB-45-1:100 and Melan-A-1:200) (Dako, Australia) on cells 

for an hour, and the secondary antibody (Alexa Fluor® 480-1:400 and Alexa Fluor 

555®-1:400) (Life Technologies) for an hour.  Before proceeding with our experiments, 

we perform a series of experiments to determine the optimal dilution for each antibody.  

The optimal dilution was determined by starting with the manufacturer’s recommended 

dilution and then increasing the dilution to find an optimum result.  Cells are washed 

three times with 0.5% BSA, the nucleus is stained with DAPI – 1:1000 (Sigma Aldrich) 

and f-actin is stained with Alexa Fluor® 488-1:200 (Life Technologies) for 10 minutes.  

Coverslips are mounted on glass slides using ProLong® Gold Antifade mountant (Life 

Technologies). 

 

2.3.4 Western blotting  

Melanoma cell lines (WM35, WM793, MM127, SK-MEL-28) and non-melanoma cells 

(HaCaT, fibroblasts, melanocytes) are lysed by adding lysis buffer containing 80% Radio 

Immuno-Precipitation Assay (RIPA) buffer (Thermo Fisher Scientific, Australia), 10% 

protease inhibitor (Roche Diagnostics, Australia) and 10% phosphatase inhibitor 

(Thermo Fisher Scientific).  Cells are collected in Eppendorf tubes, vortexed every 5 

minutes for half an hour and passed through a 27.5 gauge needle three to four times.  

Cell lysates of keratinocytes are obtained following removal of the feeder layer.  The cell 

pellet is washed twice with PBS, and the cells are lysed by adding the lysis buffer.  Cell 

lysates are centrifuged at 18000 x g for 15 minutes at 4°C.  The proteins are separated 

using sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and 

transferred onto nitrocellulose membranes (BioTrace®NT, Pall Corporation, USA).  
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Membranes are blocked in Tris-buffered saline containing 0.05% Tween-20 (TBST) and 

5% skim milk (TBST/milk 5%).  All additional immunostaining washes are performed 

using TBST at room temperature.  The corresponding primary antibody is used to 

incubate membranes overnight at 4°C; (S100-1:2000 (Dako), HMB-45-1:100 (Thermo 

Fisher Scientific)  and Melan-A-1:1000 (Dako)) in TBST containing 5% BSA 

(TBST/BSA 5%), and with a secondary antibody, horseradish peroxidase-conjugated 

anti mouse (1:5000) (R&D Systems, USA); anti-rabbit (1:5000) (R&D Systems, USA); 

in TBST containing 5% skim milk for 1 hour.  We use GAPDH (1:100) (Cell Signalling, 

USA) as an internal loading control.  These optimal dilutions for each antibody are 

determined with a series of dilution assays.  Membranes are washed five times in TBST 

and developed with enhanced chemiluminescence, ECL solution (GE Healthcare Life 

Sciences, Life Technologies).  Images are compiled using Adobe Illustrator® and the 

auto colour balance is adjusted in all figures. 

 

2.3.5 Quantitative reverse transcription-polymerase chain reaction (qRT-PCR)  

Total cellular RNA is extracted from melanoma (WM35, WM793, MM127, SK-MEL-

28) and non-melanoma cell lines (HaCaT) using Trizol Reagent (Life Technologies) 

following the manufacturer’s protocol.  One µg of RNA is reverse transcribed and cDNA 

is synthesised using SuperScript® III First-Strand (Life Technologies).  The qRT-PCR is 

performed using an ABI Prism 7500 Sequence Detection System (Applied Biosystems, 

USA) and SYBR Green (Life Technologies).  PCR cycle parameters are the same for all 

primers: 40 cycles of denaturing at 94°C for 30 seconds, annealing at 60°C for 40 

seconds and extension at 72°C for 50 seconds.  To quantify the expression of mRNA in 

each cell line the cycle threshold (Ct) value of each cell line is subtracted from the 

corresponding Ct value for the internal control, RPL32.  The main results are presented 

here [Fig. 2.1(d)] and additional results are given in the supplementary material 

document (Supplementary Information).  Each qRT-PCR assay is performed in 

triplicate.  Data are reported as the sample mean obtained by averaging over the three 

identically-prepared replicate ± the sample standard error. 
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2.4 RESULTS  

2.4.1 Short tandem repeat profiling  

All melanoma cell lines: WM35; WM793; SK-MEL-28 and MM127, are validated using 

short tandem repeat (STR) profiling (Cell Bank, Australia. January 2015).  The STR 

profiling results confirm that all these melanoma cell lines are identical to the reference 

samples held at Cell Bank.  Therefore, all melanoma cell lines in this study are identical 

to the reference samples held at Cell Bank. 

 

The alleles obtained from STR profiling are analysed using the DMSZ database 

(http://www.dsmz.de/fp/cgi-bin/str.html) to give the closest match to each cell line we 

consider.  The results from this analysis confirm that WM35, WM793 and SK-MEL-28 

are as expected (Supplementary Information).  Conversely, the results for MM127 are 

not as expected since there is no match identified using the MM127 alleles [Fig. 2.1(a)].  

This preliminary result suggests that further investigation is warranted. 

 

2.4.2 Immunofluorescence  

Immunofluorescence is used on fixed cell preparations for S100, HMB-45 and Melan-A.  

The cell nuclei, f-actin and three standard melanoma-associated markers are highlighted 

[Fig. 2.1(b)].  S100 is localised to the nucleus and cytoplasm, and is observed in WM35, 

WM793 and SK-MEL-28 cells.  HMB-45 is detected in the cytoplasm of WM35, 

WM793 and SK-MEL-28 cells [Fig. 2.1(b)].  Melan-A staining is present in both the 

WM35 and SK-MEL-28 cells, whereas it is absent from WM793 cells.  Interestingly, 

MM127 is the only melanoma cell line that is negative for all three melanoma-associated 

markers in the immunofluorescence investigations.  To confirm the immunofluorescence 

results, Western blotting analysis is performed. 

 

http://www.dsmz.de/fp/cgi-bin/str.html
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2.4.3 Western blotting  

The expression of S100 (10kDa), HMB-45 (27 and 100kDa), and Melan-A (18kDa) 

proteins in the WM35, WM793, SK-MEL-28, MM127 and HaCaT cell lines are 

analysed using Western blots.  The expression of these markers is also examined in 

primary cells, including keratinocytes and fibroblasts, showing that both keratinocytes 

and fibroblasts are negative for S100, HMB-45 and Melan-A [Fig. 2.1(c)].  The 

expression of these markers is also examined in primary melanocytes, showing that they 

are positive for S100, HMB-45 and Melan-A [Fig. 2.1(c)]. 

 

In the SK-MEL-28 and WM35 cell lines, HMB-45 is detected as two bands, which is 

consistent with previous results16.  The cell lines WM793 and MM127 are negative for 

Melan-A and HMB-45 [Fig. 2.1(c)].  The absence of HMB-45 in WM793 cells in the 

Western blots does not coincide with the immunofluorescence analysis [Fig. 2.1(b)].  

This is an interesting result that has not been reported previously.  It is possible that 

HMB-45 could be detected by prolonging the exposure of the blot because HMB-45 is 

observed in the immunofluorescence results [Fig. 2.1(b)]. Discrepancies in protein 

expression among individual melanoma cells have been previously reported17, and this is 

consistent with the results presented here, since some individual WM793 cells are 

positive for HMB-45 [Fig. 2.1(b)] while other individual WM793 cells are negative for 

HMB-45. However, most importantly for our work, the expression of all three markers 

are absent from the MM127 cells.  The Western blotting results for the MM127 cell line 

concur with the immunofluorescence results [Fig. 2.1(b)] and suggest that the MM127 

cell line does not express the same antigens as the other melanoma cell lines 

investigated.  To provide additional confirmation of the immunofluorescence and 

Western blot data, qRT-PCR assays are also performed. 
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2.4.4 Quantitative reverse transcription-polymerase chain reaction (qRT-PCR)  

The presence of genes that encode specific proteins associated with melanoma cell lines 

are quantified using qRT-PCR. The HaCaT cell line is used as a negative control 

because this cell line does not express any melanoma-associated markers as observed in 

immunofluorescence [Fig. S2.1], Western blotting [Fig. 2.1(c)] and qRT-PCR [Fig. 

S2.2] experiments.  All qRT-PCR results are reported relative to the housekeeping gene 

(RPL32). 

 

The qRT-PCR results indicate that the expression of S100 (S100β), Melan-A (MLANA) 

and HMB-45 (PMEL) in MM127 is very similar to the negative control [Fig. 2.1(d)].  

The gene level for S100 in the HaCaT and MM127 cell lines is below the detectable 

limit (BDL).  Overall, these qRT-PCR results are consistent with the Western blotting 

and immunofluorescence analysis, and confirm that these three standard melanoma-

associated markers are not detected in the MM127 cell line. 

 

To further verify the qRT-PCR results, the gene expression of two other commonly-used 

melanoma markers: microphthalmia-associated transcription factor (MITF); and 

tyrosinase (TYR)18  are also examined.  Again, the expression of MITF and TYR in the 

MM127 cells are very similar to the negative control (Supplementary Information). 
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Figure 2.1: MM127 cell line does not express three standard melanoma-associated 

markers.  (a) STR analysis of the MM127 cell line.  Upper row shows the allele names.  

Lower row describes the location of the allele on the chromosome. (b) 

Immunofluorescence results for four melanoma cell lines (WM35, WM793, SK-MEL-

28, MM127). Cells are fixed in 4% paraformaldehyde and stained for S100 (green), 

HMB-45 (green) and Melan-A (green). The nucleus (blue) and f-actin (red) are 

highlighted.  Results for the negative control (HaCaT) are given in the supplementary 

information [Fig. S2.1]. (c) Melanoma (WM35, WM793, SK-MEL-28 and MM127) and 

negative controls (primary cells: keratinocytes, fibroblasts, and cell line: HaCaT) are 

analysed by Western blotting for S100, HMB-45 and Melan-A.  GAPDH is used as 

loading control and detected at 37kDa. (d) qRT-PCR results show the difference 

between the expression of melanoma-associated genes for the negative control (HaCaT) 

and various cell lines. Values correspond to the mean ΔCt (n=3), where ΔCt = Ct 

(RPL32) – Ct (target gene). Error bars indicate the standard error (n=3). Results below 

the detectable limit are given as BDL. 

 

2.5 DISCUSSION  

Our group, and several other research groups, have previously worked with the 

metastatic melanoma cell line, MM12713, 19-21.  Our previous work involves performing 

and analysing two-dimensional barrier assays with MM127 cells in monoculture13,21.  

Since these previous studies involve a monoculture experiment, there was no need to 

identify the cells within the experiment since all cells are known to be MM127 cells.  If 

these monoculture experiments are to be extended to co-culture conditions, with multiple 

cell types present, we would be interested in identifying the MM127 cells within the 

total heterogeneous population.  The results of the present study indicate that making this 

kind of distinction using standard melanoma-associated markers would be very difficult 

because MM127 cells cannot be identified using S100, Melan-A, HMB-45, MITF or 

tyrosinase.  
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Immunofluorescence on WM35, WM793 and SK-MEL-28 show positive expression of 

all the melanoma–associated markers considered, while the negative control, HaCaT 

cells, and the metastatic melanoma cell line MM127 did not express any of the markers 

we consider.  All antibodies are used at an optimal dilution which we determined using a 

series of sensitivity assays specifically optimised for each marker prior to proceeding 

with the experiments.  The Western blot analysis also shows the presence of all markers 

in WM35 and SK-MEL-28, and S100 in WM793.  In contrast, all melanoma-associated 

markers considered are absent in the negative control and the MM127 cell line.  

 

We find that the WM793 cell line does not express all the melanoma markers 

considered.  One possible explanation for a variation between the immunofluorescence 

and Western blot analysis for WM793 cells is that a longer period of time might be 

needed to expose the blot. However, using a longer period of time might cause an over 

expression of proteins in the other lanes.  We are not concerned by this variation since 

WM793 cells reliably express S100, and so can be identified using this marker.  On the 

contrary, MM127 cells cannot be identified using any of the commonly used markers we 

consider. 

 

Collectively, our findings indicate that the standard melanoma-associated markers we 

consider are not detected in the MM127 cell line.  Although the MM127 cell line has 

been used in several previous studies13,19-21, we find that this cell line cannot be detected 

using standard melanoma-associated markers.  Therefore, we suggest that other 

metastatic melanoma cell lines that express standard markers, such as the SK-MEL-28 

cell line, ought to be used in preference to the MM127 cell line. 

 

Since the MM127 cells we use in this study and the MM127 cells available from Cell 

Bank Australia are sourced from the same institution, it is not surprising that the cell 

validation results confirm that the cells we use are 100% identical to those available 

from Cell Bank (Supplementary Information).  However, since the MM127 cell line was 

first discussed in 19799, it is possible that the MM127 cells currently available from Cell 
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Bank are somehow different to the cells originally reported in 1979.  Given that MM127 

cells are primarily in use at one research institution, it is impossible to for us to repeat 

our investigations using samples of MM127 cells sourced from multiple institutions. 

Certain recent investigations have shown that MM127 cells are positive for the NRAS 

mutation which is consistent with the idea that these cells are melanoma22-23.  Regardless 

of their NRAS status, our observation that MM127 cells cannot be detected using 

standard melanoma-associated markers is an important finding. 

 

Although our study explores the presence of five different melanoma-associated markers 

in MM127 cells, it is always possible to extend our work by repeating the 

immunofluorescence, Western blotting and qRT-PCR experiments with additional 

markers.  For example, recently it has been suggested that SOX10 is a sensitive marker 

for melanoma cells24, and so it would be interesting to repeat our work using SOX10. 

We have chosen not to use SOX10 in the present work because other authors suggest 

that S100 is a very sensitive marker for melanoma cells5.   
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2.8 SUPPLEMENTARY INFORMATION 

2.8.1 Immunofluorescence  

Results for the negative control (HaCaT) confirm that the HaCaT cell line is negative for 

S100, HMB-45 and Melan-A (Figure S2.1)].   

 

 

Figure S2.1: Immunofluorescence analysis for the negative control (HaCaT) do not 

express melanoma-associated proteins.  Cells are fixed in 4% paraformaldehyde and 

stained for (a) S100 (green), (b) HMB-45 (green) and (c) Melan-A (green).  The nucleus 

(blue) and f-actin (red) are highlighted.  (d) Shows results for the secondary antibody 

only.  

 

Additional results confirm that some of the primary cells we consider (fibroblasts and 

keratinocytes) are also negative for S100, HMB-45 and Melan-A.  Alternatively, primary 

melanocytes are positive for all the three melanoma-associated markers.  As a result, we 

do not use primary keratinocytes and fibroblasts as negative controls as they are always 

at risk of being contaminated with melanocytes, which could lead to false positive 

results.  Therefore, we use the HaCaT cell line as the negative control. 

 

2.8.2 Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) 

Total cellular RNA is extracted from melanoma cell lines (WM35, WM793, MM127, 

SK-MEL-28), and the non-melanoma control cell line (HaCaT) using Trizol Reagent 

(Life Technologies) following the manufacturer’s protocol.  One µg of RNA is reverse 

transcribed and cDNA is synthesised using SuperScript® III First-Strand (Life 

a b c d 

25µm 25µm 25µm 25µm 
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Technologies).  The gene-specific primers (Sigma Aldrich) used in qRT-PCR are given 

in Table S2.1 

 

Gene 
Symbol 

Primer Sequence 
Gene Bank 
Accession 
Number 

MLANA Forward:5’ CACGGCCACTCTTACACCAC 3’ 
Reverse: 5’ GGAGCATTGGGAACCACAGG 3’ 

NM_00627
2.2 

S100β Forward: 5’ TGGCCCTCATCGACGTTTTC 3’  
Reverse: 5’ ATGTTCAAAGAACTCGTGGCA 3’ 

NM_00551
1.1 

PMEL Forward: 5’ AGTTCTAGGGGGCCCAGTGTCT 3’ 
Reverse: 5’ GGGCCAGGCTCCAGGTAAGTAT 3’ 

NM_00692
8.4 

MITF Forward: 5’ CATTGTTATGCTGGAAATGCTAGAA 3’ 
Reverse: 5’ GGCTTGCTGTATGTGGTACTTGG 3’ 

NM_19817
8.2 

TYR Forward: 5’ GGCTGTTTTGTACTGCCTGCT 3’ 
Reverse: 5’ AGGAGACACAGGCTCTAGGGAA 3’ 

NM_00037
2.4 

RPL32 Forward: 5’ CCCCTTGTGAAGCCCAAGA 3’ 
Reverse: 5’ GACTGGTGCCGGATGAACTT 3’ 

NM_00100
7073.1 

 

Table S2.1: Gene and primer sequences. 
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The expression of MITF and TYR in the MM127 cell line is very similar to the negative 

control (Figure S2.2). 

 

 

Figure S2.2: Gene expression of MITF and TYR relative to RPL32.  Results for TYR 

and MITF in the HaCaT and MM127 cell lines are below the detectable limit (BDL).  

qRT-PCR results are reported as the difference between the expression of melanoma-

associated genes for the negative control (HaCaT) and various cell lines.  Values 

correspond to the mean ΔCt (n=3), where  ΔCt = Ct (RPL32) – Ct (target gene).  Error 

bars indicate the standard error (n=3). 

 

 

TYR 

MITF 
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2.8.3 DSMZ database matching the melanoma cell lines used in this project 
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3.1 ABSTRACT 

Malignant spreading involves the migration of cancer cells amongst other native cell 

types.  For example, in vivo melanoma invasion involves individual melanoma cells 

migrating through native skin, which is composed of several distinct subpopulations of 

cells.  Here, we aim to quantify how interactions between melanoma and fibroblast cells 

affect the collective spreading of a heterogeneous population of these cells in vitro. We 

perform a suite of circular barrier assays that includes: (i) monoculture assays with 

fibroblast cells; (ii) monoculture assays with SK-MEL-28 melanoma cells; and (iii) a 

series of co-culture assays initiated with three different ratios of SK-MEL-28 melanoma 

cells and fibroblast cells.  Using immunostaining, detailed cell density histograms are 

constructed to illustrate how the two subpopulations of cells are spatially arranged within 

the spreading heterogeneous population.  Calibrating the solution of a continuum partial 

differential equation to the experimental results from the monoculture assays allows us 

to estimate the cell diffusivity and the cell proliferation rate for the melanoma and the 

fibroblast cells, separately.  Using the parameter estimates from the monoculture assays, 

we then make a prediction of the spatial spreading in the co-culture assays.  Results 

show that the parameter estimates obtained from the monoculture assays lead to a 

reasonably accurate prediction of the spatial arrangement of the two subpopulations in 

the co-culture assays.  Overall, the spatial pattern of spreading of the melanoma cells and 

the fibroblast cells is very similar in monoculture and co-culture conditions.  Therefore, 

we find no clear evidence of any interactions other than cell-to-cell contact and crowding 

effects. The outcomes of the cellular interactions between the two cell types shows no 

influence of the fibroblast cells on the melanoma cell migration and proliferation. The 

experimental observations are also quantified using mathematical models.  
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3.2 INTRODUCTION 

Melanoma is the deadliest form of skin cancer and arises due to the malignant 

transformation of melanocytes (Geller and Annas, 2003). In Australia, melanoma is 

reported to be the third most common cancer (Melanoma Institute Australia, 2016), and 

it is associated with high rates of mortality (Sneyd et al., 2013). However, if melanoma 

is detected early, before significant spreading occurs, prognosis after surgery is very 

good (Erdei et al., 2010; Faries and Ariyan, 2011). Therefore, understanding the 

mechanisms that drive melanoma spreading and invasion is very important. 

 

Melanoma spreading takes place in a complex environment that including the 

extracellular matrix and many different kinds of cell types including: endothelial cells; 

keratinocytes; fibroblasts and immune cells (Cornil et al., 1991; Flach et al., 2011).  

Melanoma spreading in the dermis involves the movement of individual melanoma cells 

through an environment that also contains fibroblast cells (Li et al., 2007; Sriram et al., 

2015). Previous experimental work suggests that melanoma cells can interact with 

fibroblast cells through diffusible factors, such as growth factors and cytokines, or by 

cell-to-cell contact and crowding (Flach et al., 2011; Goldstein et al., 2005; Labrousse et 

al., 2004; Ruiter et al., 2002; Zhou et al., 2015).  In the experimental literature, these 

kinds of interactions are often broadly referred to as cross-talk between different 

subpopulations (Dvorankova et al., 2016; Ye et al., 2014). Although experimental 

studies indicate that fibroblasts can play a role in cancer progression, the precise details 

of how melanoma cells and fibroblast cells interact are not well understood (Kalluri and 

Zeisberg, 2006; Li et al., 2003).   

 

Metastatic melanoma cells are known to grow in colonies, that are sometimes called 

nests (Baraldi et al., 2013; Schwartz et al., 2008). The spatial expansion of these 

colonies is driven by the rate at which individual melanoma cells move, and the rate at 

which individual melanoma cells proliferate. Therefore, to understand how quickly a 

population of melanoma cells spreads through the surrounding environment, it is 

important to develop techniques that allow us to quantify the rates of cell migration and 
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cell proliferation (Treloar et al., 2013).  Previous in vitro studies examining the spatial 

spreading of populations of melanoma cells have focused on monoculture experiments 

that contain only melanoma cells (Cornil et al., 1991; Im et al, 2012; Justus et al., 2014; 

Treloar et al., 2013).  To make these kinds of in vitro studies more relevant to the in vivo 

environment, it is important to investigate, and quantify, how the spatial spreading of 

melanoma cells is affected by interactions with other cells types, such as fibroblasts. 

 

In this study we perform a series of monoculture and co-culture barrier assays to 

examine the spatial and temporal patterns of the spreading of a heterogeneous cell 

population that is composed of both melanoma cells and primary fibroblast cells.  All 

experiments in this work make use of the human metastatic melanoma cell line SK-

MEL-28 (Fofaria and Srivastava, 2014), whereas the fibroblast cells are primary cells 

obtained from human donors. We first examine the spreading of melanoma cells and 

primary fibroblast cells separately, in a series of monoculture experiments.  This allows 

us to quantify the rate of cell proliferation and the cell diffusivity for both melanoma 

cells and primary fibroblast cells, separately. Then, using our estimates of:  

 

(i)   the melanoma cell diffusivity 

(ii)       the primary fibroblast cell diffusivity 

(iii) the melanoma cell proliferation rate; and, 

(iv)   the primary fibroblast cell proliferation rate, 

 

we investigate whether the solution of an appropriate mathematical model describing the 

co-culture experiments, parameterised using data from the monoculture experiments, is 

able to predict the patterns of spreading in a suite of co-culture experiments where both 

cell types are present in varying ratios.  The procedure that we describe can be used to 

quantify the extent to which the interactions between the two cell types affect the co-

culture experiments.   

In summary, we present a method that can be used to identify potential interactions 

between two different cell types.  In particular, we focus on interactions between primary 
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fibroblast cells and SK-MEL-28 melanoma cells.  Our hypothesis is that the rates at 

which these cells proliferate and migrate might be different when the cells are cultured in 

isolation to when the cells are cultured together.  Overall, the results of our experimental 

and mathematical study supports the null hypothesis, since we find no clear evidence of 

any interactions other than cell-to-cell contact and crowding effects. 

 

3.3 EXPERIMENTAL METHOD 

3.3.1  Melanoma Cell Culture 

The metastatic melanoma cell line, SK-MEL-28, is cultured as described previously 

(Haridas et al., 2016). In brief, SK-MEL-28 melanoma cells are maintained in 

RPMI1640 medium (Thermo Scientific, Australia) supplemented with 10% fetal calf 

serum (FCS; Thermo Scientific), 2 mM L-glutamine (Thermo Scientific), 23 mM 

HEPES (Thermo Scientific), 50 U/ml of penicillin and 50 μg/ml of streptomycin 

(Thermo Scientific). The melanoma cell line is grown at 37 °C, in 5% CO2 and 95% air, 

and the cell line is routinely screened for mycoplasma contamination. 

 

3.3.2 Primary fibroblast culture 

Human skin discards are obtained from abdominoplasty and breast reduction surgeries 

(Xie et al., 2010). The epidermis is removed, discarded and the remaining dermis is used 

for fibroblast isolation. All experimental procedures are approved by the QUT research 

ethics committee (approval number QUT HREC #1300000063) and St Andrew’s 

Hospital ethics committee (approval number: Uniting Care Health 2003/46). The dermis 

is finely minced with a scalpel blade and placed in a 0.05% w/v collagenase A type I 

(Thermo Scientific) solution prepared in Dulbecco’s Modified Eagle’s Medium 

(DMEM) (Thermo Scientific) at 37 °C, in 5% CO2 and 95% air for 24 hours. The dermal 

cell solution is centrifuged at 212 g for 10 minutes, and cells are seeded into T75 cm2 

flasks (Nunc®, Australia) in DMEM with 10% FCS, 2 mM L-glutamine, 50 U/ml of 

penicillin and 50 μg/ml of streptomycin at 37 °C in 5% CO2 and 95% air. 
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3.3.3 Circular barrier assay 

The spreading and proliferation of both primary fibroblast cells and SK-MEL-28 

melanoma cells are examined using a two-dimensional circular barrier assay (Treloar et 

al., 2014a; Treloar et al. 2014b).  Two types of experiments are performed.  Firstly, in 

the monoculture experiments, the barrier assays are initialised with approximately 

20,000 primary fibroblast cells (Fb monoculture), or approximately 20,000 SK-MEL-28 

melanoma cells (SK monoculture).  Secondly, in the co-culture experiments, assays are 

performed using three ratios of melanoma to fibroblast cells with the total number of 

initial cells held constant at approximately 20,000. We use three different ratios, and 

refer to these experiments as: co-culture 1; co-culture 2; and co-culture 3. Co-culture 1 

experiments are initialised with approximately 15,000 primary fibroblast cells and 

approximately 5,000 SK-MEL-28 melanoma cells; co-culture 2 experiments are 

initialised with approximately 10,000 primary fibroblast cells and  approximately 10,000 

SK-MEL-28 melanoma cells; and, co-culture 3 experiments are initialised with 

approximately 5,000 primary fibroblast cells and approximately 15,000 SK-MEL-28 

melanoma cells. We note that all experiments are initialised with approximately 20,000 

cells in total.  This means that the initial density of cells is less than half of the carrying 

capacity density, and this allows the cell populations to spread as a monolayer (Treloar et 

al. 2013; Treloar et al. 2014a) instead of piling up to form three-dimensional structures. 

 

Clean and dried metal-silicone barriers, 6 mm in diameter (Aix Scientifics, Germany), 

are placed in a 24 well tissue culture plate (Nunc®) over glass coverslips (ProSciTech, 

Australia) containing 500 µl of full Green’s medium. The medium is made up of DMEM 

with Ham’s F12 medium (Thermo Scientific) in a 3:1 v/v ratio, 10% FCS, 2 mM L-

glutamine, 50 U/ml of penicillin, 50 μg/ml of streptomycin, 180 mM adenine (Sigma 

Aldrich, Australia), 1 μg/ml insulin, 0.1 μg/ml cholera toxin (Sigma Aldrich), 0.01% 

non-essential amino acid solution (Thermo Scientific), 5 μg/ml transferrin (Sigma 

Aldrich), 0.2 μM triiodothyronine (Sigma Aldrich), 0.4 μg/ml hydrocortisone (Sigma 

Aldrich) and 10 ng/ml human recombinant epidermal growth factor (EGF; Thermo 

Scientific). The cell suspension is carefully pipetted into the barrier to ensure the cells 
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are as evenly distributed as possible. Cells are allowed to attach to the plate for 2 hours 

in a humidified incubator at 37°C, 5% CO2 and 95% air, before the barriers are carefully 

removed (Treloar et al., 2013). The cell layer is washed with serum free medium (SFM; 

culture medium without FCS) and the cells are cultured in full Green’s medium. The 

culture plates are incubated at 37°C, 5% CO2 and 95% air for t = 0, 24 and 48 hours. 

Each assay is performed in triplicates. Each assay is also repeated using primary 

fibroblast cells from three separate human donors. 

 

3.3.4 Crystal violet staining 

The cells grown on coverslips are washed with phosphate buffered saline (PBS; Thermo 

Scientific) and fixed for 20 minutes at room temperature using 10% neutral buffered 

formalin (United Biosciences, Australia), followed by staining the cells in 0.01% v/v 

crystal violet (Sigma Aldrich) in PBS. The coverslips are rinsed with PBS to remove 

excess stain and are air-dried. Images of the entire spreading cell population are acquired 

using a stereo microscope (Nikon SMZ 800) fitted with a Nikon digital camera. 

 

3.3.5 Immunofluorescence 

Cells grown on coverslips are fixed with 4% paraformaldehyde (Electron Microscopy 

Sciences, Australia) for 20 minutes at room temperature. Cell membranes are 

permeabilised with 0.1% v/v Triton X-100 (Merck Millipore, Australia) in PBS for 10 

minutes, and the non-specific binding sites are blocked using 0.5% w/v bovine serum 

albumin (BSA) (Thermo Scientific) in PBS for 10 minutes. This is followed by the 

addition of primary antibody, S100 in a ratio of 1:2000 (Dako, Australia) for an hour, 

and the secondary antibody Alexa Fluor® 555 in a ratio of 1:400 (Thermo Scientific) for 

an hour. Cells are washed with 0.5% BSA and the nuclei are stained with dapi in a ratio 

of 1:1000 (Sigma Aldrich) for 5 minutes. Coverslips are mounted on glass slides using 

ProLong® Gold Antifade mountant (Thermo Scientific). 
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3.4 MATHEMATICAL MODELLING METHODS  

3.4.1 Model summary 

One way of providing further information about cancer progression is to interpret 

experimental observations using a mathematical model (Byrne, 2010).  To quantify the 

role of various mechanisms acting in the monoculture and co-culture experiments we 

will use a continuum partial differential equation (PDE) model describing the collective 

spreading, proliferation and cell-to-cell crowding in a heterogeneous population of cells 

that is composed of two distinct subpopulations (Simpson et al. 2014).  The PDE model 

is given by, 

 

where ),( trCFb  and ),( trCSK  are the density of fibroblast and melanoma cells, 

respectively, as a function of radial position, r, and time, t . The total cell density is given 

by ),(),(),( trCtrCtrS SKFb  , and the carrying capacity density is K . Since we 

consider circular barrier assays, in which the population of spreading cells always 

maintains a circular geometry over the entire duration of the experiment, Eq. (1)-(2) are 

written in terms of the radial coordinate, r, taking advantage of the axisymmetric 

geometry.  Note that if there is just a single population present, Eq. (1)-(2) reduces to the 

standard Fisher-Kolmogorov equation in radial geometry (Treloar et al. 2014a). 

 

3.4.2 Model parameters 

There are five parameters in the co-culture model: (i) FbD is the diffusivity of the 

primary fibroblast cells; (ii) SKD is the diffusivity of the SK-MEL-28 melanoma cells; 
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(iii) Fb is the proliferation rate of the primary fibroblast cells; (iv) SK is the proliferation 

rate of the SK-MEL-28 melanoma cells; and (v) K  is the carrying capacity density.  

Since the cells in our experiments spread as a monolayer, and the diameter of both the 

primary fibroblast cells and the SK-MEL-28 melanoma cells is approximately 20 µm 

(Treloar et al. 2013; Treloar et al. 2014a), we estimate the carrying capacity density by 

assuming that the maximum density of cells corresponds to hexagonal packing of disks 

of diameter 20 µm, giving 3108.2 K cells/µm2.  With this assumption there are 

now four unknown parameters in Eq. (1)-(2). 

 

3.4.3 Initial condition 

The PDE model can be used to simulate both co-culture and a monoculture barrier 

assays.  To simulate a co-culture assay we specify appropriate non-zero initial conditions 

for both )0,(rCFb and )0,(rCSK , chosen to match the initial cell density in the co-

culture experiments.  Alternatively, to simulate a fibroblast monoculture assay, we set 

0)0,( rCSK and specify some appropriate non-zero initial condition for )0,(rCFb .  

Similarly, to simulate a melanoma monoculture assay we set 0)0,( rCFb and specify 

some appropriate non-zero initial condition for )0,(rCSK .   

 

3.4.3 Numerical solution 

Regardless of whether we use the PDE model to simulate a monoculture or co-culture 

assay, we always solve Eq.(1)-(2) numerically.  Spatial derivatives are approximated 

using a central difference approximation on a uniformly-spaced finite difference mesh, 

with mesh spacing r .  The resulting system of coupled nonlinear ordinary differential 

equations is solved using a backward Euler approximation, with time steps of 

duration t .  The nonlinear ordinary differential equations are linearised using Picard 

iteration with a convergence tolerance of  (Chapra and Canale, 1998). 
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3.4.4 Model background 

Before applying Eq. (1)-(2) to our experimental data set, it is useful to briefly explain the 

origin of the PDE model and the underlying assumptions.  The model was described and 

presented by us previously (Simpson et al. 2014).  In that previous work we consider 

both a stochastic random walk process and the associated continuum limit PDE 

description.  In brief, the lattice based random walk model describes the collective 

motion of a population of two potentially distinct subpopulations of cells.  Cells in both 

subpopulations undergo nearest neighbour motility events, where cells attempt to step a 

distance of Δ, at some specified constant rate.  Here, Δ corresponds to the average cell 

diameter. Potential motility events are unbiased so that the direction of movement is 

chosen with equal probability. Crowding effects are incorporated by ensuring that any 

potential motility event that would place a cell on an occupied site is aborted.  The 

discrete model also allows cells to proliferate, at some other specified constant rate.  A 

potential proliferation event will involve a cell placing a daughter cell, of the same 

subpopulation, on a randomly chosen nearest neighbour lattice site.  Again, crowding 

effects are incorporated by ensuring that any potential proliferation event that would 

place a daughter cell on an occupied lattice site is aborted.  The continuum limit 

description of this discrete model, in a radially symmetric geometry, is Eq. (1)-(2) 

(Simpson et al., 2014). 

 

The system of PDEs, given by Eq. (1)-(2), corresponds to a coarse-grained description of 

the cell-to-cell crowding effects that are explicitly described in the discrete random walk 

model. For example, the nonlinear diffusion terms in Eq. (1)-(2) correspond to hard-core 

exclusion in the motility mechanism of the discrete model. Similarly, the nonlinear 

source terms in Eq. (1)-(2) correspond to the proliferation mechanism of the discrete 

model. 
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3.5 EXPERIMENTAL RESULTS AND DISCUSSION  

3.5.1 Diameter of the spreading population 

We first investigate the spatial expansion of the cell populations over time. Results in 

Fig. 3.1(a)-(i) show the spreading populations from t = 0 until t = 48 hours.  To quantify 

the spatial spreading, we calculate the diameter of each spreading population at t = 0, 24 

and 48 hours. To achieve this we use ImageJ (2016) to automatically detect the position 

of the leading edge of the spreading population using the Sobel method (Treloar and 

Simpson, 2013; Johnston et al. 2014).  ImageJ also provides an estimate of the area 

contained within the leading edge of the spreading population.  Using this estimate of 

area, we assume that the spreading population remains approximately circular, allowing 

us to convert the area estimate into an estimate of the equivalent circular diameter. The 

diameter of the spreading populations is shown in Fig. 3.1(j) where we see that there is 

an increase in the diameter with time in all cases. However, we observe that the rate of 

increase in the diameter in some experiments is different. For example, we observe that 

Fb monoculture experiments spread fastest, whereas the SK monoculture experiments 

spread slowest.  In comparison, the co-culture experiments spread at an intermediate 

rate. 
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Figure 3.1: Spatial spreading of cell populations over 48 hours. Images in (a)-(c) 

show monoculture barrier assays initialised with approximately 20,000 primary 

fibroblasts (Fb monoculture), (d)-(f) show monoculture barrier assays initialised with 

approximately 20,000 SK-MEL-28 melanoma cells (SK monoculture), and (g)-(i) show 
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co-culture barrier assays initialised with approximately 10,000 SK-MEL-28 melanoma 

cells and approximately 10,000 primary fibroblast cells (co-culture 2). Images show the 

spreading of the population at t = 0, 24 and 48 hours, as indicated. The red outline shows 

the position of the leading edge detected using ImageJ. Each scale bar is 3000 µm. Data 

in (j) show the increase in average diameter of the spreading cell populations with time 

(n = 3). Each initial ratio of cells is shown using a different colour, as indicated. Co-

culture 1 corresponds to experiments initialised with approximately 15,000 primary 

fibroblasts and approximately 5,000 SK-MEL-28 melanoma cells, co-culture 2 

corresponds to experiments initialised with approximately 10,000 primary fibroblasts 

and approximately 10,000 SK-MEL-28 melanoma cells, and co-culture 3 corresponds to 

experiments initialised with approximately 5,000 primary fibroblasts and approximately 

15,000 SK-MEL-28 melanoma cells. 

 

Although these results focusing on the rate at which the leading edge of the populations 

spread is insightful, they do not provide any information about how the primary 

fibroblast cells and the SK-MEL-28 melanoma cells are distributed throughout the 

spreading populations. To provide this additional information, we use a more 

sophisticated experimental approach. 

 

3.5.2 Cell type identification in co-cultures 

To extend our initial investigation about the spatial expansion of the cell populations, we 

quantify the spatial distribution of primary fibroblast cells and SK-MEL-28 melanoma 

cells throughout the spreading populations. To achieve this we must distinguish the 

primary fibroblast cells from the SK-MEL-28 melanoma cells within these 

heterogeneous populations. The metastatic melanoma cell line, SK-MEL-28 can be 

reliably and exclusively identified using the S100 marker (Haridas et al., 2016). 

However, it is challenging to identify primary fibroblast cells in a heterogeneous 

population because many because fibroblast markers, like vimentin and alpha smooth 

muscle actin, are also expressed by other migrating cell types present in the population 

(Kalluri and Zeisberg, 2006; Marsh et al., 2013; Sugimoto et al., 2006). To deal with 



68  

this complication we use dapi to stain the cell nuclei of all cells, capturing both the SK-

MEL-28 melanoma cells and the primary fibroblast cells.  By counting the number of 

dapi-positive cells and subtracting the number of S100 positive cells, we are able to 

reliably estimate the number of primary fibroblast cells in each image.   

 

Images showing the entire spreading populations are superimposed with an 

immunostained transect that passes through the centre of the cell population in Fig. 3. 2. 

These immunostained transects allow us to extract detailed information about the spatial 

distribution of primary fibroblast cells and SK-MEL-28 melanoma cells in each 

experiment. Greyscale images showing the entire spreading population at t = 24 and 48 

hours are shown in Fig. 3. 2(a), (c), (e), (g), (i), (k), (m), (o), (q) and (s). The central 

region of the transect, as indicated, is magnified and shown in Fig. 3.2(b), (d), (f), (h), 

(j), (l), (n), (p), (r) and (t). Our results in Fig. 3.2 show that we are able to clearly and 

reliably identify the two different cell types in the experiments. We are confident in our 

results because there are no S100 positive cells in the primary fibroblast monoculture 

experiment (Fig. 3.2(b), (d)), and we observe an increasing proportion of S100 positive 

cells in co-culture 3 (Fig. 3.2(m)-(p)), compared to co-culture 2 (Fig. 3.2(i)-(l)). 

Similarly, we observe an increasing proportion of S100 positive cells in co-culture 2 

(Fig. 3.2(i)-(l)), compared to co-culture 1 (Fig. 3.2(e)-(h)). 
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Figure 3.2: Experimental images of spreading cell populations and corresponding 

immunofluorescence images to detect the composition of the co-culture assays, at t 

= 24 and 48 hours. The two left-most columns of images correspond to t = 24 hours, 

and the two right-most columns of images correspond to t = 48 hours.  Results in (a) and 
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(c) correspond to Fb monoculture; (e) and (g) correspond to co-culture 1; (i) and (k) 

correspond to co-culture 2; (m) and (o) correspond to co-culture 3; and (q) and (s) 

correspond to SK monoculture, as indicated. A transect showing immunofluorescence 

staining is superimposed on each greyscale image, and the transect passes through the 

centre of each spreading population. The vertical white lines on each transect indicates 

the central region of the transect, and the central regions in (a), (c), (e), (g), (i), (k), (m), 

(o), (q) and (s) are magnified, and shown in (b), (d), (f), (h), (j), (l), (n), (p), (r) and (t), 

respectively. In the immunofluorescence images, all cell nuclei (Fb + SK) are stained 

with dapi (blue), whereas just the SK-MEL-28 melanoma cells (SK) are stained with 

S100 (red). The scale bar in all greyscale images is 2000 µm, and the scale bar in all 

immunofluorescence images is 100 µm. 

 

3.5.3 Construction of cell density histograms 

To quantify how the two subpopulations of cells are spatially distributed within the 

heterogeneous spreading populations, we construct cell density histograms. To do this, 

we count the number of cells in many equally spaced subregions across each transect, as 

shown in Fig. 3.3(a). We use immunofluorescence to identify primary fibroblast cells 

and SK-MEL-28 melanoma cells as described in Section 3.4.2, and as shown in Fig. 

3.3(b)-(d). An estimate of the cell density for each cell type along the transect is 

calculated by counting the number of primary fibroblast cells and the number of SK-

MEL-28 melanoma cells in each subregion, and dividing these numbers by the area of 

the subregion. A histogram showing cell density as a function of position is generated for 

each experimental replicate in each experimental condition.  Averaging the histograms 

from each experimental replicate gives an averaged histogram, as shown in Fig. 3.3(e).  
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Figure 3.3: Immunofluorescence staining identifies the spatial and temporal 

patterns of cell spreading in the co-culture barrier assays. (a) Example transect 

through the centre of a spreading population.  The centre of the population corresponds 

to r = 0, and the distance from the centre of the population is measured by the radial 

coordinate, r > 0. Each transect is divided into many equally-spaced subregions, each of 

width w = 150 µm and height h.  The value of w is constant, fixed at 150 µm in all 

experiments.  However, the height of the subregion, h, varied between 622-817 µm in 

different experiments, but the height is constant for each transect in each particular 

experiment. To quantify the density of cells across the transect, we count the number of 

cells of each type in each subregion, and divide by the area of the subregion to give an 

estimate of the density of each cell type, at each radial position, r. To count the number 

of cells in each subregion we use immunofluorescence staining, as shown in (b). The 

staining in (c) shows dapi staining (Fb + SK), whereas the staining in (d) shows S100 

(SK) staining. The number of primary fibroblast cells in each subregion is the difference 

between the total number of dapi-positive nuclei and the number of S100-positive cells 

in each subregion. The scale bar in (b)-(d) is 100 µm. Using these cell counts, we 

construct the cell density histogram, as shown in (e), illustrating the spatial variation in 

cell density at t = 0 in an experiment corresponding to co-culture 2.  The blue section in 

the histogram shows the density of primary fibroblast cells, the red section shows the 

density of SK-MEL-28 melanoma cells, and the total height of the histogram shows the 

total cell density. 

 

A series of averaged cell density histograms at t = 0, 24 and 48 hours are shown in Fig. 

3.4. Each histogram shows the average density of cells across the entire transect. The 

radial position is given by r > 0. The centre of the spreading cell population corresponds 

to r = 0, and the population spreads in both directions, away from the centre. The blue 

section in the histograms indicate the average density of primary fibroblast cells, the red 

section shows the average density of SK-MEL-28 melanoma cells, and the total height of 

the histogram shows the average total cell density.  



73  

 

 



74  

Figure 3.4: Summary of cell density profiles. Cell density histograms for individual 

experiments, constructed using the technique presented in Fig. 3.3, are averaged across 

three identically prepared experimental replicates (n = 3) to give a series of averaged cell 

density histograms. Averaged cell density histograms in (a)-(c) correspond to Fb 

monoculture; (d)-(f) correspond to co-culture 1; (g)-(i) correspond to co-culture 2; (j)-(l) 

correspond to co-culture 3; and (m)-(o) correspond to SK monoculture, at t = 0, 24 and 

48 hours, as indicated. The blue section in the histogram shows the density of primary 

fibroblast cells, the red section shows the density of SK-MEL-28 melanoma cells, and 

the total height of the histogram shows the total cell density. 

 

Results in Fig. 3.4(a), (d), (g), (j) and (m) show the histograms at t = 0. These results 

confirm that all barrier assays are initialised such that the total population of cells is 

approximately uniformly distributed across the transect, with a total cell density of 

approximately 1×10 -3 cells/µm2, which is less than half the carrying capacity density of 

these cells in a monolayer (Supplementary Material). However, the ratio of melanoma to 

primary fibroblast cells differs in Fig. 3.4(a), (d), (g), (j) and (m). For example, the 

profile in Fig. 3.4(a) contains only primary fibroblast cells, the prolife in Fig. 3.4(m) 

contains only melanoma cells, and the profiles in Fig. 3.4(d), (g) and (j) contain both 

melanoma and primary fibroblast cells with an increasing ratio of melanoma to fibroblast 

cells, respectively.  

 

Our results in each row in Fig. 3.4 show how the cell density changes with time. The 

middle column of results corresponds to t = 24 hours, and the right-most column 

corresponds to t = 48 hours. Comparing results in Fig. 3.4(c) and Fig. 3.4(o) shows that 

the cells in the Fb monoculture experiments spread further than the cells in the SK 

monoculture experiments, and result this is consistent with the leading edge results in 

Fig. 3.1. Furthermore, comparing the shape of the cell density histograms in Fig. 3.4(c) 

and Fig. 3.4(o) shows that the leading edge of the cell density profile is sharper in the SK 

monoculture experiments than for the Fb monoculture experiments. While we observe 

differences in the rate of the spatial extent of the spreading of the two monoculture 
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experiments, we observe that the increase in cell density towards the centre of the 

population, at r = 0, is very similar. For example, at t = 0 the cell density at the centre of 

both monoculture experiments is approximately 1x10-3 cell/ µm2, and after 48 hours the 

cell density at the centre of both monoculture experiments has approximately doubled to 

a density of 2 x 10-3 ˗ 2.5 x 10-3 cells/µm2. 

 

Comparing the time evolution of the cell density patterns in the co-culture experiments 

with the monoculture experiments suggests that there are minimal differences in the 

behaviour of the monoculture and co-culture experiments. For example, co-culture 1 that 

is initiated with approximately 15,000 primary fibroblast cells and approximately 5,000 

SK-MEL-28 melanoma cells behaves in a very similar way to the Fb monoculture 

experiment in terms of both the spatial extent of the spreading of the total population and 

the total  increase in the cell density towards the centre of the spreading population. 

Similarly, co-culture 3, that is initiated with approximately 5,000 primary fibroblast cells 

and approximately 15,000 SK-MEL-28 melanoma cells behaves in a very similar way 

unto the SK monoculture experiment in terms of both the spatial extent of the spreading 

of the total population and the total increase in the cell density towards the centre of the 

spreading population. Results for co-culture 2 lie between co-culture 1 and co-culture 3. 

An interesting feature of co-culture 1 and co-culture 2 is that at both t = 24 and t = 48 

hours, we see that the primary fibroblast cells dominate the total population right at the 

leading edge of the heterogeneous population of cells. This is consistent with our 

observation that the primary fibroblast cells spread faster than the SK-MEL-28 

melanoma cells in the monoculture experiments. 

 

Now that we have presented, and discussed, the cell density histograms for the 

monoculture and co-culture experiments, we will further explore the similarities and 

differences between the experiments by calibrating a mathematical model to these data.  

Combining our experimental results with a mathematical model will allow us to explore, 

in more detail, the question of whether the primary fibroblast cells and/or the SK-MEL-
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28 melanoma cells behave differently when grown in monoculture or in co-culture 

conditions. 

 

3.6 MATHEMATICAL RESULTS AND DISCUSSION  

3.6.1 Estimating parameters for the monoculture experiments 

Since fibroblast cells and melanoma cells are cultured separately in the monoculture 

experiments, the coupled model, given by Eq. (1)-(2), uncouples to give 

 

 

Equations (3)-(4) are two, uncoupled, single-species Fisher-Kolmogorov equations in 

radial coordinates that we will use to describe the Fb monoculture and SK monoculture 

experiments, respectively. There are four parameters to be estimated: 

FbD ; SKD ; Fb and SK .  We now explain how these parameters can be estimated 

separately, using data in Fig. 3.4(a)-(c) for the Fb monoculture experiment, and using 

data in Fig. 3.4(m)-(o) for the SK monoculture experiment.  Following the approach of 

Johnston et al. (2015), we note that in the central region of the monoculture experiments, 

where r < 1425 µm, the cell density profile is approximately spatially uniform in both 

the fibroblast monoculture and the melanoma monoculture (Fig. 3.4).  This region 

approximately corresponds to the middle third of the spreading population, and hence 

this region is well away from the leading edge of the spreading populations. Since, 

locally in the centre of the fibroblast monoculture experiment we have 0/  rCFb , and 

locally in the centre of the melanoma monoculture experiment we have 0/  rCSK , 
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the two uncoupled PDEs, Eq. (3)-(4), simplify to two uncoupled ordinary differential 

equations (ODE) that can be written as  

The solutions of Eq. (5)-(6) are 

where )0(FbC  is the initial density of the fibroblast cells in the central region of the Fb 

monoculture experiments, and )0(SKC  is the initial density of the melanoma cells in the 

central region of the SK monoculture experiments.  Estimates of Fb and SK   are 

obtained by choosing these parameters so that )(tCFb  and )(tCSK , given by Eq. (7)-(8), 

match the experimental data from the central region of the fibroblast monoculture 

experiments and the melanoma monoculture experiments, respectively (Supplementary 

Material-2).  In summary, matching these solutions to our experimental data gives us a 

range of estimates:  04.002.0 


Fb /hour and 05.003.0 


SK  /hour.  Here we 

use the overbar notation to indicate the least-squares estimates of the parameters, and the 

range of estimates corresponds to the sample mean plus or minus one sample standard 

deviation calculated using the three identically prepared experimental replicates of the 

monoculture experiments. It is interesting to note that these estimates of the proliferation 

rate for the melanoma cells and the fibroblast cells are approximately equal.  

Furthermore, the proliferation rates correspond to a doubling time of approximately 23 

hours, and this is consistent with previous results (Treloar et al. 2013). 
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Given our estimates of Fb and SK , we solve Eq. (3)-(4) across the entire domain, 0 < r < 

4350 µm, and match the numerical solution of each uncoupled PDE with the averaged 

cell density profiles across the entire domain for both monoculture experiments.  Setting 

the proliferation rates to be in the middle of the range previously identified 

( 03.0


Fb /hour and 04.0


SK  /hour), we obtain estimates of 1200


FbD µm2/hour, 

and 170


SKD µm2/hour (Supplementary Material).  Unlike our estimates of the 

proliferation rates, the estimate of the cell diffusivity for the fibroblast cells is an order of 

magnitude higher than the estimate of the cell diffusivity for the melanoma cells.  Our 

estimate for the cell diffusivity of the human primary fibroblast cells is very similar to 

previous estimates of the cell diffusivity for 3T3 mouse fibroblast cells, which have been 

reported to be approximately 800-2900 µm2/hour (Treloar et al. 2014a).  Furthermore, 

our estimate of the cell diffusivity for the SK-MEL-28 melanoma cells is similar to 

previous estimates for other metastatic melanoma cell lines, which have been reported to 

be approximately 160-250 µm2/hour (Treloar et al. 2013).   

 

3.6.2 Predicting collective cell spreading in the co-culture experiments 

Given our parameter estimates from the monoculture experiments, we are interested to 

investigate whether the solution of the coupled co-culture model, Eq. (1)-(2), can 

accurately predict the spatial and temporal patterns of spreading in the co-culture 

experiments when parameterised in the same way.  Examining this question will provide 

insight into whether the fibroblast and/or melanoma cells behave differently in 

monoculture than they do in co-culture.  In summary, if we can find a unique choice 

of FbD ; SKD ; Fb and SK for which:  

(i) the solution of the coupled system, Eq. (1)-(2), matches the experimental 

data for all three co-culture assays;  

(ii) the solution of Eq. (3) matches the experimental data for the fibroblast 

monoculture assay; and  

(iii) the solution of Eq. (4) matches the experimental data for the melanoma 

monoculture assay,  
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it would be reasonable to conclude that the migratory and proliferative behaviour of the 

melanoma and fibroblast cells appears to be independent of whether these two cell types 

are cultured separately or together.  In contrast, if we must choose very different 

parameter values to match the monoculture experiments compared to the parameter 

values required to match the co-culture experiments, then our results would suggest that 

the cells behave very differently in monoculture and co-culture environments. 

 

Results in Fig. 3.5 compare the spatial and temporal evolution of the two monoculture 

assays and the three co-culture assays together with the solution of the appropriately 

parameterised mathematical models.  Using our parameter estimates from the 

monoculture experiments as an initial estimate, we manually adjusted the parameters and 

find that setting 1200FbD µm2/hour; 170SKD µm2/hour; 03.0Fb /hour and 

03.0SK /hour leads to a reasonably accurate match across both the two monoculture 

assays and the three co-culture assays (Supplementary Material).  Given that we are able 

to match both the monoculture and co-culture experiments using a single combination of 

parameters, this suggests that the only interactions necessary to explain the experimental 

observations are cell-to-cell contact and crowding effects. In particular, no additional 

cross-talk mechanisms, such as interactions mediated by the production of signalling 

factors, is required to explain our experimental observations. 
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Figure 3.5: Comparison of average cell density profiles and the solution of the 

mathematical model, Eq. (1)-(2).  The experimental data is presented in the same 

format as presented in Fig. 3.4. All experimental data are superimposed with appropriate 

numerical solutions of Eq. (1)-(2), with ),( trCFb shown in black, and ),( trS shown in 

red, and ),( trCSK  is the difference between the red curve and the black curve. The 

initial condition for )0,(rCFb and )0,(rS , shown in (a), (d), (g), (j) and (m), are chosen 

to match the observed experimental data at t = 0. The parameters used to solve Eq. (1)-

(2) are: 1200FbD µm2/hour; 170SKD  µm2/hour; 03.0Fb hour-1; 03.0SK hour-1 

and 3108.2 K cells/µm2. The equations are solved on 43500  r µm.  Zero flux 

boundary conditions are implemented at 0r µm and 4350r  µm. The numerical 

solutions of Eq. (1)-(2) are obtained with 10r µm, 1.0t  hours and 5101  . 

 

Results in Fig. 3.4-3.5 indicate that cell density profile for co-culture 1 appears to 

contain a ‘dip’ in the central region, near 0r µm.  Equivalent results for co-cultures 2, 

3, and the monoculture experiments do not contain such a pronounced dip (Fig. 3.4-3.5).  

Since all experiments are prepared using the same procedure, we prefer not to offer an 

interpretation of this dip because it could be due to a statistical fluctuation rather than 

some underlying mechanism. 

 

All of our results, so far, suggest that the diffusivity and proliferation rate of primary 

fibroblast cells and SK-MEL-28 melanoma cells are insensitive to whether the cell 

populations are grown in monoculture or co-culture.  This implies that there are limited 

interactions or crosstalk between these two cell populations.  If we were to observe some 

interactions, such as melanoma cell migration being stimulated by the presence of 

fibroblast cells, we can use our mathematical model to explore how these potential 

interactions might be best observed.  To explore this we conduct a series of numerical 

experiments to investigate how the solutions of Eq. (1)-(2) depend on SKD .  Since we 

focus on altering SKD alone, we find that the solution of Eq. (1)-(2) is most sensitive at 

the low-density leading edge of the population, as depicted in Fig. 3.6(a). Results in Fig. 
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3.6(b) compare the experimental density profile for co-culture 3 at 48t hours with the 

standard choice of parameters from Fig 3.5, showing that the solution of the 

mathematical model for ),( trS matches the experimental data quite well at the leading 

edge of the spreading population.  We also show results where SKD is increased by a 

factor of 5, where we see that the solution of the mathematical model predicts that the 

population spreads notably further than observed in the experiments. Similarly, we also 

show equivalent results where SKD is increased by a factor of 20 and the differences are 

even more pronounced.     
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Figure 3.6: Focussing on the leading edge of the spreading population highlights 

the sensitivity of the spreading to the value of SKD . (a) Immunofluorescence staining 

at the leading edge of the spreading population in co-culture 3 showing individual 

fibroblast cells (blue) ahead of the SK-MEL-28 melanoma cells (red). The scale bar is 

100 μm. (b)  The average experimental cell density profile for co-culture 3 after 48 hours 

near the leading edge of the spreading population is compared with three numerical 

solutions of Eq. (1)-(2).  The solution for ),( trCFb is shown in black, ),( trS is shown 

in red and ),( trCSK is the difference between the red and black curves. The parameters 

used to solve Eq. (1)-(2) are: 1200FbD  μm2/hour; 03.0Fb  /hour; 

03.0SK /hour and 3108.2 K cells/μm2 for all three profiles, while the value of 

SKD  includes 170, 850 and 3400 μm2/hour with the arrows showing the direction of 

increasing SKD . The equations are solved on 43500  r μm, but the profiles are 

shown only at the leading edge where 40002500  r  μm. The numerical solutions of 

Eq. (1)-(2) are obtained with 10r µm, 1.0t  hours and 5101  . 

 

The additional results in Fig. 3.6 suggest that the comparison of the experimental cell 

density profile and the solution of the mathematical model at the leading edge of the 

spreading population is relatively sensitive to the value of SKD .  One way of interpreting 

the results in Fig. 3.6(b) is that our procedure could be used to detect potential 

interactions that would lead to a modest increase in SKD when the two cell types are 

grown in co-culture. 

 

3.7 CONCLUSION  

Many in vitro studies examining the spatial spreading of cancer cells use monoculture 

experiments (Kramer et al., 2013; Liao et al., 2013; Treloar et al., 2013; Treloar et al., 

2014b). However, these monoculture experiments are unrealistic in the sense that the 

spreading cancer cells are not subject to interactions with other cell types as would occur 

in vivo. To address this limitation, our approach to investigate the spatial spreading of a 
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melanoma cell population is to examine a suite of monoculture and co-culture circular 

barrier assays. Our monoculture experiments involve studying both primary fibroblast 

cells and SK-MEL-28 melanoma cells separately, while our co-culture experiments use 

three ratios of both cell types in the same experiment. All of our experiments are 

initialised by placing approximately 20,000 cells into the barrier, and we examine the 

collective spreading over a period of 48 hours. To quantify how these heterogeneous 

populations of cells spread over time we: (i) measure the diameter of each expanding cell 

population; (ii) identify individual cell types in each expanding population; (iii) count 

the number of primary fibroblast cells and SK-MEL-28 melanoma cells in a series of 

transects across each expanding cell population; and (iv) construct cell density 

histograms to show the spatial arrangements of each cell type in each expanding cell 

population. 

 

Previous experimental studies suggest that interactions between fibroblast and melanoma 

cells can lead to an increase in rates of collective spreading when these two cell types are 

in contact (Cornil et al., 1991; Flach et al., 2011). However, these previous studies do 

not make detailed measurements of spatial and temporal arrangements of cells within the 

spreading population, and they do not consider varying the initial ratio of fibroblast cells 

to melanoma cells. To provide more information about the interaction between 

melanoma cells and fibroblast cells, we perform co-culture experiments using three 

different initial ratios of cells, and we make detailed measurements about the spatial and 

temporal arrangements of both subpopulations within the heterogeneous population as it 

spreads and grows.  In summary, our experimental results indicate that the influence of 

primary fibroblast cells on SK-MEL-28 melanoma cell growth and spatial expansion in a 

two-dimensional circular barrier assay is minimal. To provide additional information 

about this apparent lack of interaction, we also calibrate a mathematical model to our 

experimental data. 

 

In this work, we use our mathematical model to provide a novel analysis of experiments 

exploring potential interactions between fibroblast cells and melanoma cells.  By first 
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estimating the cell diffusivity and cell proliferation rate for the primary fibroblast cells 

and SK-MEL-28 melanoma cells separately in monoculture, we find that the parameter 

estimates are consistent with previously published estimates for mouse fibroblast cells 

and other metastatic melanoma cell lines (Treloar et al. 2013; Treloar et al. 2014a).  

Therefore, we are confident in our estimates of the cell diffusivity and cell proliferation 

rate in monocultures because they are consistent with previously published data for 

similar experiments.  Then, to address the question of whether cells in monoculture 

behave similarly, or differently, to cells in co-culture, we investigate whether the 

solution of the co-culture mathematical model, parameterised using estimates from the 

monoculture experiments, can genuinely predict the behaviour of the co-culture 

experiments.  Since we find that a fixed choice of parameters, that is very similar to the 

estimates from the monoculture experiments, can predict both the spatial and temporal 

patterns of collective spreading in the two monoculture experiments, and all three co-

culture experiments, we conclude that the spreading and growth patterns observed for 

primary fibroblast cells and SK-MEL-28 melanoma cells are not affected by growing 

them in monoculture or co-culture. 

 

Our approach is to compare the spatial spreading of two different cell types in both 

monoculture and co-culture circular barrier assays to quantify the rates of cell migration 

and the rates of cell proliferation for each cell type. This approach is novel because most 

combined experimental and mathematical modelling studies focus on monoculture 

experiments alone (Kramer et al., 2013; Treloar et al., 2013). However, it is possible to 

explore other alternative experiments to further extend our work. This includes 

performing additional experiments to examine the rates of spatial spreading in different 

cell lines. For example, it could be of interest to repeat our work using other kinds of 

melanoma cell lines including cell lines from earlier stages of the disease, such as 

melanoma cells associated with the radial growth phase or the vertical growth phase 

(Haridas et al., 2016).  This could be an important consideration because our current 

work focuses on examining potential interactions between fibroblast cells and SK-MEL-

28 melanoma cells only.  Since the SK-MEL-28 cell line is associated with the 
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metastatic phase (Fofaria and Srivastava, 2014; Haridas et al. 2016), it is possible that 

these cells have progressed beyond being influenced by fibroblasts.  Alternatively, if our 

experiments and analysis were repeated using melanoma cells from earlier stages, it is 

conceivable that these melanoma cells might be more responsive to the presence of 

fibroblasts. 

 

Other options to extend our work might involve incorporating further types of cells to 

make the co-culture experiments more realistic. For example, it is of interest to include 

both primary fibroblast cells and primary keratinocyte cells in a co-culture experiment 

with melanoma cell lines.  However, this kind of extension is difficult because we would 

need to specifically identify three different cell types to understand how the three 

different subpopulations are spatially arranged.  Therefore, we leave this extension for 

future consideration. 
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3.10 SUPPLEMENTARY MATERIAL 

3.10.1 Introduction 

Here we describe, in detail, the method used to obtain the least-squares 

estimates of the cell diffusivity and cell proliferation rates in the two 

different monoculture experiments. The equation governing the monoculture 

experiments is the Fisher-Kolmogorov equation in radial coordinates for the 

density of cells C(r, t), as a function of radial position, r, and time, t: 

 

 

where D is the cell diffusivity, λ is the cell proliferation rate, and K is the 

carrying capacity. Since we use the same equation to model both the 

fibroblast monoculture experiments and the SK-MEL-28 melanoma 

monoculture experiments, we will use the same equation for the cell density 

without any subscripts. To estimate the carrying capacity density for both 

cell types, we set K = 2.8 × 10−3 cells/µm2, since this is the maximum 

density of disks with diameter approximately 20 µm can be hexagonally 

packed in two-dimensions. We note that previous measurements of the 

diameter of both fibroblast cells and melanoma cells suggest that the cell 

diameter of both cell types is approximately 20 µm (Treloar et al. 2013; 

Treloar et al. 2014). 

 

3.10.2 Estimating λ 

Following the approach of Johnston et al. (2015), we note that in the central 

region of each monoculture experiment, where r < 1425 µm, the cell density 

profile is approximately spatially uniform for all time, giving ∂C/∂r = 0 
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locally. Therefore, in the central region of the monoculture experiments, Eq. 

(1) simplifies to the logistic equation: 

 

 

where we have used the Ĉ (t) notation to make it clear that we are dealing 

with the density of cells that is spatially averaged across the middle region of 

the expanding circular population, where r < 1425 µm. Eq. (2) has an exact 

solution, which can be written as: 

 

 

Therefore, if we focus on data from the central region of the monoculture 

experiments we can use Eq. (3) to estimate λ (Johnston et al. 2015). To 

obtain estimates of λ, we average the experimental cell density, Cdata (r, t), 

across the central region, where r < 1425 µm to give Ĉdata (t). We obtain 

averaged data by repeating the procedure for three experimental replicates, 

and averaging these results at three time points, t = 0, t = 24, and t = 48 

hours. Using the averaged density at t = 0 as our initial condition, Ĉ(0), in 

Eq. (2), we calculate Ĉ(24) and Ĉ(48) for a range of values of λ. A measure 

of the discrepancy between the experimental data and the solution of the 

mathematical model, E2(λ), is given by: 
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Fig. S3 .1  (a) shows E2(λSK ) for SK-MEL-28 melanoma cells for a range of 

λSK . There is a clear minimum value of E2(λSK ), giving λ̄SK ≈ 0.04 /hour. Fig. 

1 (b) shows similar results for the fibroblast monoculture experiments, giving 

λ̄Fb ≈ 0.03 /hour. Note that these estimates are obtained by first averaging the 

experimental data across the three experimental replicates and then minimising 

Eq. (4). 

 

If we repeat this process using the experimental data from the three individual 

experimental replicates we can obtain a range of estimates of λ̄SK and λ̄Fb, as 

shown in Table I. The advantage of working with the experiential replicates 

separately is that we now have a sensible way to estimate the variability in the 

proliferation rates by calculating the sample standard deviation. Using our 

estimate of the standard deviation, the variability in our estimates of the 

proliferation rate is λ̄SK = 0.04 ± 0.01 /hour, and λ̄Fb = 0.03 ± 0.01 /hour. 

Therefore, we conclude that the range of values of the proliferation rate is 

0.03 ≤ λ̄SK ≤  0.05 /hour, and 0.02 ≤ λ̄Fb ≤ 0.04 /hour. 

 

3.10.3 Estimating D 

Once we have found the best match for the proliferation rate, we can then 

find the best value for the diffusivity, D, in Eq. (1). We consider images of 

transects across the full width of the experiment, as described in the main 

document. Dividing the transect into subregions of width w = 150 µm, we 

count the numbers of cells in each subregion to obtain a cell density for each 

subregion. Since the experiment is circular, we are interested in the cell 

density at each value of the radial coordinate, r. 
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FIG. S3.1. Least-squares error between model and experimental data for (a) 

SK-MEL-28 melanoma cells for different values of λSK , (b) fibroblast cells 

for different values of λFb, (c) SK-MEL-28 melanoma cells for different 

values of DSK , and (d) fibroblast cells for different values of DFb. (a)–(b) are 

measured in units of /hour, while (c)–(d) are measured in units of µm2 /hour. 

Note the different scales on both the horizontal and vertical axes. 

 

Since each transect consists of two directions away from the centre of the 

experiment, we average the two estimates of cell density at each value of the 

radial coordinate, r, in both directions. This gives us an estimate of the cell 

density profile Cdata(r, t) at each value of the radial coordinate, r, in each 
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experimental replicate. Given these estimates from each experimental 

replicate, we then average the results across. 

 

 

 

 

 

 

 

 

 

 

 

TABLE S3.1: Estimated values for λ¯SK and λ¯Fb using single replicates (Rows 1–6) and 

averaged data (Row 9). The  sample  mean  of  the  estimates  from  individual replicates 

is  given  in  Row  7,  and the sample standard deviation in Row 8. All values for λ¯SK 

and λ¯Fb are in units of /hour, and reported using two significant figures. 

 

To estimate D we use the averaged density at t = 0 as our initial condition, 

C(r, 0), in Eq. (1). Using the numerical solution, we calculate C(r, 24) and 

C(r, 48) for a range of D. An estimate of the least–squares error, E2(D), is 

calculated as: 

 

Time Replicate λ¯SK λ¯Fb 

 

 

24 hours 

1 0.022 0.034 

2 0.016 0.008 

3 0.024 0.012 

 

 

48 hours 

1 0.052 0.032 

2 0.042 0.028 

3 0.054 0.028 

Sample Mean 0.035 0.024 

Sample Standard Deviation 0.015 0.010 

Estimates using averaged data 0.040 0.026 
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where r = jw  is the radius if the centre of each subregion, w = 150 µm is the subregion 

width, and NC = 30 is the number of subregions. Estimates of E2(DSK ), for a range of 

DSK, are shown in Fig. S3.1(c). The minimum value of E2(DSK ) corresponds to D̄ 

SK ≈ 170 µm2/hour, to two significant figures. Similarly, Fig. S3.1(d) shows 

E2(DF b), for a range of DF b, giving D̄ F b  ≈ 1200 µm2/hour, to two significant 

figures. 

 
We note that the shape of the curves in Fig. S 3 . 1(a)-(b) are not the same as the 

shape of the curves in Fig. S 3 . 1(c)-(d). In particular, the minima in Fig. 

S 3 . 1(c)-(d) are not as clearly defined. However, we are still able to identify a 

minimum value using our averaged experimental data allowing us to provide 

estimates of D̄ SK and  D̄ F b. Unlike our previous approach for estimating the uncertainty 

in the proliferation rate we are unable to apply the same approach by estimating the cell 

diffusivity for each experimental replicate. This is because the least-squares curves for 

each experimental replicate are complicated due to noise in the experimental data: we 

calculate the average cell density data across 19 subregions to find estimates for λSK and 

λFb, but that size subregion does not provide sufficient spatial sensitivity to find 

estimates of D̄ SK and D̄ F b. 

 

In summary we provide a range of estimates for the cell proliferation rates, we simply 

provide a point estimate of the cell diffusivities. Despite this, we note that our estimates 

of D̄ SK and D̄ F b are very similar to estimates of the cell diffusivity of other metastatic 

melanoma cell lines (Treloar et al. 2013) and mouse fibroblast cells (Treloar et al. 2014), 

respectively. 

 

3.10.4 Quantifying the quality of match in the monoculture and co-culture assays 

In the main paper we claim that the quality of match between the 

experimental data and the solution of the mathematical model in the 

monoculture experiments is very similar to the quality of match for the co-
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culture experiments. Here, we quantify the quality of match by calculating a 

measure of the least-squares error between the experimental data and the 

solution of the mathematical model for all experiments in Fig. 3 . 5 (main 

paper). The least-squares error is given by: 

 

where r = jw is the radius of the centre of each subregion, w = 150 µm is 

the subregion width, and NC = 30 is the number of subregions. Results in 

Table II shows the estimates of E2(t) for all results in Fig. 3 . 5. These 

results show that the quality of the match for the monoculture experiments 

at t = 24 hours, is practically indistinguishable from the quality of match for 

the three co-culture experiments. At t = 48 hours we see that the quality of 

match for the Fb monoculture experiments is practically indistinguishable 

from the quality of match for the three co-culture experiments. The 

quality of match for the SK monoculture experiments at t = 48 hours is 

less than the other experiments, but this match remains reasonable given the 

level of variability we observe amongst our experimental replicates. 
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 E2(24) E2(48) 

Fb monoculture 2.25 × 10−8 3.22 × 10−8 

Co-culture 1 2.37 × 10−8 3.38 × 10−8 

Co-culture 2 1.21 × 10−8 8.11 × 10−8 

Co-culture 3 3.38 × 10−8 9.87 × 10−9 

SK monoculture 1.12 × 10−8 1.49 × 10−7 

 

TABLE S3.2: Least-squares error, E2(t), for t = 24 hours and t = 48 hours,  both 

monocultures and  all  three  co-cultures.  E2(t)  is  defined  in  Eq.  (6). In all cases, the 

parameter values are λ¯F b = 0.03 /hour, λ¯SK = 0.03 /hour, D¯ F b ≈ 1200 µm2/hour, 

and D¯ SK ≈ 170 µm2/hour. 
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4.1 ABSTRACT 

Background: Standard two-dimensional (2D) cell migration assays do not provide 

information about vertical invasion processes, which are critical for melanoma 

progression.  We provide information about three-dimensional (3D) melanoma cell 

migration, proliferation and invasion in a 3D melanoma skin equivalent (MSE) 

model. In particular, we pay careful attention to compare the structure of the tissues 

in the MSE with similarly-prepared 3D human skin equivalent (HSE) models. The 

HSE model is identically prepared to the MSE model except that melanoma cells are 

omitted. Using the MSE model, we examine melanoma migration, proliferation and 

invasion from two different human melanoma cell lines. One cell line, WM35, is 

associated with the early phase of the disease where spreading is thought to be 

confined to the epidermis. The other cell line, SK-MEL-28, is associated with the 

later phase of the disease where spreading into the dermis is expected. 

 

Methods: 3D MSE and HSE models are constructed using human de-epidermised 

dermis (DED) prepared from skin tissue. Primary fibroblasts and primary 

keratinocytes are used in the MSE and HSE models to ensure the formation of a 

stratified epidermis, with a well-defined basement membrane. Radial spreading of 

cells across the surface of the HSE and MSE models is observed. Vertical invasion of 

melanoma cells downward through the skin is also observed and measured using 

immunohistochemistry. All measurements of invasion are made at day 0, 9, 15 and 

20, providing detailed time course data. 

 

Results: Both HSE and MSE models are similar to native skin in vivo, with a well-

defined stratification of the epidermis that is separated from the dermis by a 

basement membrane. In the HSE and MSE we find fibroblast cells confined to the 

dermis, and differentiated keratinocytes in the epidermis. In the MSE, melanoma 

cells form colonies in the epidermis during the early part of the experiment. In the 

later stage of the experiment, the melanoma cells in the MSE invade deeper into the 

tissues. Interestingly, both the WM35 and SK-MEL-28 melanoma cells eventually 

enter the dermis. However, these two cell lines invade at different rates, with the SK-

MEL-28 melanoma cells invading faster than the WM35 cells. 
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Discussion: The MSE and HSE models are a reliable platform for studying 

melanoma invasion in a 3D tissue that is similar to native human skin. Interestingly, 

we find that the WM35 cell line, that is thought to be associated with radial spreading 

only, is able to invade into the dermis. The vertical invasion of melanoma cells into 

the dermal region appears to be associated with a localised disruption of the 

basement membrane. Presenting our results in terms of time course data, along with 

images and quantitative measurements of the depth of invasion extends previous 3D 

work that has often been reported without these details.   
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4.2 INTRODUCTION  

Melanoma is a deadly form of skin cancer (Bertolotto, 2013; Weinstein et al., 2014) 

that is caused by the malignant transformation of melanocytes in the skin (Uong & 

Zon, 2010; Bertolotto, 2013; Liu, Peng & Tobin, 2013). Melanoma accounts for less 

than 10% of all skin cancers, however it is associated with 80% of skin cancer related 

deaths (Bandarchi et al., 2010; Bertolotto, 2013; Ramaraj & Cox, 2014; Leight et al., 

2015; McCusker et al., 2017; Rivas et al., 2017). The early stage of a primary 

melanoma, where cancer cells are generally confined to the epidermis, is known as 

the radial growth phase (RGP) (Clark, 1991; Meier et al., 2000).  Melanoma in the 

RGP is curable through surgical removal (Weinstock, 2000; Cummins et al., 2006). 

However, survival rates of patients with melanoma at a more advanced stage, where 

cancer cells have invaded vertically into the dermis, known as the vertical growth 

phase (VGP), is between 53-97 %. The five-year survival time for VGP melanoma 

depends on the stage of the disease. In comparison with VGP melanoma, survival 

rates of patients with metastatic melanoma, where cancer cells have moved into the 

blood stream and away from the primary location is between 15-75 %, depending on 

the stage of melanoma (Miller & Mihm, 2006; Sandru et al., 2014). The switch in 

progression, from radial spreading to vertical invasion is poorly understood (Hussein, 

2004; Baruthio, Quadroni & Ruegg, 2008; Grahovac, Becker & Wells, 2013). Some 

cell lines are thought to be associated with the RGP (Bani et al., 1996; Cummins et 

al., 2006), whereas other cell lines are associated with more advanced stages of the 

disease (Fofaria & Srivastava, 2014; Tiwary et al., 2014). Thus, quantitative 

measurements of spreading and invasion of both RGP and metastatic cell lines in a 

3D human skin model could help improve our understanding of melanoma 

progression, and the characteristics of both radial and vertical spreading.  

 

Previous studies about the spreading of melanoma have focused on examining the 

spatial extent of population expansion, cell migration, cell proliferation, cell-to-cell 

adhesion and protein-expression on two-dimensional (2D) surfaces (Alexaki et al., 

2010; Simpson et al., 2013; Treloar et al., 2014). These 2D studies are 

straightforward to perform and cost effective (Beaumont, Mohana-Kumaran & 

Haass, 2014; Johnston, Simpson & McElwain, 2014; Binny et al., 2016). Moreover, 
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2D models can be used for preliminary co-culture investigations to examine potential 

interactions between different cell types (Beaumont, Mohana-Kumaran & Haass, 

2014; Haridas et al., 2017). This flexibility is very important for melanoma research 

as co-culture assays are more realistic than monoculture assays since co-cultures 

allow melanoma cells to interact dynamically with other relevant cells, such as 

fibroblasts and keratinocytes (Gaggioli & Sahai, 2007; Li, Fan & Houghton, 2007; 

Beaumont, Mohana-Kumaran & Haass, 2014; Sriram & Bigliardi-Qi, 2015).  

 

Traditional 2D assays do not recreate a physiological environment similar to native 

human skin in vivo (Beaumont, Mohana-Kumaran & Haass, 2014). Perhaps the most 

obvious limitation of 2D experiments is that they cannot be used to quantify vertical 

invasion (Van-Kilsdonk et al., 2010; Vorsmann et al., 2013; Kramer et al., 2013; 

Taloni et al., 2014).  To improve our understanding of the differences between radial 

and vertical invasion, it is of interest to make time course observations and 

measurements of the spreading and invasion of melanoma in a three-dimensional 

(3D) skin model (Brandner & Haass, 2013). Experimental studies focusing on 

melanoma spreading and invasion in 3D skin-based models have been described over 

the last 20 years. Table 4.1 compares key properties of some previous 3D skin-

models using de-epidermised dermis (DED) to study melanoma progression and 

invasion. While other previous 3D models have been used, such as collagen-based 

models (Vorsmann et al., 2013), the brief review in Table 4.1 is restricted to those 

previous studies explicitly using 3D-DED models. 
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Previous Studies 
Melanoma cell lines 

included 

Comparison 

of MSE and 

HSE structure 

Basement 

membrane 

marker 

Proliferation 

marker 

Migration 

marker 

Melanoma 

marker 

Measurements 

of invasion 

depth 

Time 

course 

images 

 RGP VGP Metastatic Kc Fb       

Bechetoille et al., 
2000 

no no yes yes no yes no yes yes no no 

Eves et al., 2000 no no yes yes yes yes no no yes no no 

Dekker et al., 
2000 

yes yes yes yes no yes no no yes no no 

Mac Neil et al., 
2000 

no no yes yes yes yes no no yes no no 

Eves et al., 2003a no no yes yes yes yes no no yes yes no 

Eves et al., 2003b no no yes yes yes yes no no yes yes no 

Dennhofer et al., 
2003 

no no yes no no no no no yes no no 

Marck et al., 
2005 

no no yes yes yes yes no no yes yes no 

Van-Kilsdonk et 
al., 2008 

no no yes yes no yes no no yes no no 
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Yang, Sule-Suso 

& Sockalingum, 

2008 

no no yes yes yes yes no no yes no no 

Van-Kilsdonk et 
al., 2010 

no no yes yes no yes no no yes no no 

Marques & Mac 

Neil, 2016 
no no yes yes yes yes no no yes yes 

 

no 

 

Current study yes yes yes yes yes yes yes yes yes yes 
yes 

 

 

Table 4.1: Key features of previous 3D-DED melanoma skin model studies. Key properties of previous studies using 3D-DED to 

establish HSE and MSE models. Kc indicates primary keratinocyte cells, and Fb indicates primary fibroblast cells. 
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There has been extensive research focusing on 3D melanoma migration and 

spreading using cell lines that are associated with the metastatic phase of melanoma 

progression (Damsky, Rosenbaum & Bosenberg, 2010; Finn, Markovic & Joseph, 

2012; Tiwary et al., 2014). However, in this work we are also interested in the 

differences between: (i) radial migration, where melanoma cells are confined to the 

epidermis and associated with the early phase of melanoma progression; and (ii) 

vertical invasion that is associated with more advanced melanoma progression. 

Therefore, we quantitatively compare the vertical invasive properties of two 

melanoma cell lines in a 3D skin model as a function of time. In particular, we 

compare results from one cell line that is associated with the early RGP stage of 

melanoma progression with results from another cell line that is linked with a more 

advanced, metastatic stage of the disease. A schematic illustrating the key differences 

between RGP and metastatic stages of the disease are given in Fig. 4.1(a). 
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Figure 4.1: Three-dimensional representation of melanoma progression. (a) 

Schematic representation of the RGP phase, associated with melanoma cells in the 

epidermal region only and the metastatic phase, associated with melanoma cells that 

move away from the primary site.  The cells in the metastatic phase are able to cross 

the basement membrane, enter the dermis and move into the blood vessels. This 

illustration is adapted, with permission, from Zaidi, Day & Merlino, (2008). (b) and 
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(c) H&E staining of native human skin and HSE respectively, showing a well-defined 

epidermis and dermis. The scale bar corresponds to 100 µm. 

 

VGP melanoma is an intermediate phase of the disease that is thought to be less 

aggressive than the metastatic phase (Hsu et al., 1998; Meier et al., 2000; 

Satyamoorthy et al., 2007).  However, as RGP melanoma is generally thought to be 

confined to the epidermis, we think that the VGP phase is more aggressive than RGP. 

Therefore, in this study we compare RGP and metastatic cell lines only since we aim 

to investigate the differences between these phases and it is reasonable to assume that 

these differences will be more obvious by comparing the invasion of cells that are 

thought to be associated with the most aggressive phase of the disease with cells that 

are thought to be associated with a less aggressive phase of the disease.  In addition, 

we anticipate that a cell line associated with the VGP would produce results that are 

intermediate between the RGP and metastatic results.  

 

Overall, we hypothesise that our MSE model recreates both the spatial and temporal 

distribution of melanoma cells as observed in native human skin in vivo. Our 

approach is novel because this study extends previous 3D melanoma studies 

summarised in Table 4.1, as we compare results from RGP and metastatic cell lines, 

providing quantitative measurements of melanoma cell invasion in a time course.  

 

Previous studies demonstrate particular protocols of DED to construct human skin 

equivalent (HSE) models (Xie et al., 2010; Fernandez et al., 2014; McGovern et al., 

2016). These 3D skin models are established in vitro and resemble native human skin 

in vivo as shown in Figs. 4.1b and 1c. One of our aims in this study is to adapt this 

skin model and introduce melanoma cells to establish a sustainable melanoma skin 

equivalent (MSE) model and recreate the different stages of melanoma progression. 

The other primary aim is to make quantitative measurements of the depth of 

melanoma invasion as a function of time, and to use these measurements to examine 

differences between the two cell lines that we consider.  

 

Two melanoma cell lines, WM35 (RGP) (Herlyn, 1990) and SK-MEL-28 (metastatic 

phase) (Carey et al., 1976) are grown in the MSE model over a period of 9, 15 and 20 
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days. We identify differences in behavior between the two cell lines, and in particular 

we quantify the vertical invasion of melanoma cells into the dermis over time. The 

conclusions facilitate an improved characterisation of MSE models, and the 

progression of RGP and metastatic phases of melanoma in realistic 3D environments, 

thereby extending previous 2D studies. 

 

4.3 EXPERIMENTAL METHODS  

4.3.1 Keratinocyte isolation and culture 

Queensland University of Technology (QUT) human research ethics provides written 

approval for the skin samples to be used in this study (approval number: QUT HREC 

#1300000063; UnitingCare Health 2003/46).  The samples come from patients 

undergoing abdominoplasty surgery and breast reduction surgery (Xie et al., 2010). 

Human keratinocyte cells are isolated from skin and cultured in full Green’s medium 

following protocols described in Rheinwald & Green (1975), Dawson et al. (2006) 

and by Haridas et al. (2016). Primary keratinocyte cells are cultured at 37 o C, in 5% 

CO2 and 95% air. 

 

4.3.2 Fibroblast isolation and culture  

Human fibroblast cells are isolated following protocols in Haridas et al. (2017). 

Primary fibroblast cells are cultured at 37 o C, in 5% CO2 and 95% air. 

 

4.3.3 Melanoma cell culture  

The human melanoma cell lines, WM35 and SK-MEL-28 are cultured as described in 

Haridas et al. (2016). WM35 melanoma cells are kindly donated by Professor 

Nikolas Haass (University of Queensland Diamantina Institute) and SK-MEL-28 

melanoma cells are donated by Professor Brian Gabrielli (Mater Research Institute-

University of Queensland). Cells are cultured at 37 o C, in 5% CO2 and 95% air.  
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Both melanoma cell lines, WM35 and SK-MEL-28, are validated using short tandem 

repeat profiling (Cell Bank, Australia. January 2015). This means that the cell lines 

that we use are identical to the reference samples held in Cell Bank.   

 

4.3.4 Establishing HSE and MSE  

HSE models are established using the skin collected from donors undergoing elective 

plastic surgery.  The protocol for establishing the HSE model is given in Figs. 2a-2f.  

These protocols are adapted from previous work (Fernandez et al., 2014; McGovern 

et al., 2016). The DED is prepared following protocols described by Chakrabarty et 

al. (1999) and Dawson et al. (2006). In brief, to construct the HSE model, sterile 

stainless steel rings (Aix Scientifics, Germany) with a diameter of 6 mm are placed 

on the papillary side of the DEDs in a 24 well tissue culture plate (Nunc®, 

Australia). Primary keratinocyte cells (2x104) and primary fibroblast cells (1x104) are 

seeded onto the DEDs in full Green’s medium and incubated at 37 o C, in 5% CO2 

and 95% air for 2 days. Subsequently, the DEDs with cells, from now onwards 

referred to as HSE, is submerged in full Green’s medium for 2 days. These HSEs are 

then cultured at an air-liquid interface on sterile stainless steel grids with full Green’s 

medium for 9, 15 and 20 days. HSE is also collected at day 0, just before the DED is 

lifted to the air-liquid interface, as a reference sample.  
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Figure 4.2: HSE and MSE preparation.(a) Time frame for cell culture and DED 

preparation to construct HSE and MSE models. (b) Time intervals at which the HSE 

and MSE models are cultured and inspected. (c) Schematic of the circular barrier 

assay showing how cells are placed inside the barrier on a DED within a 24-well 

tissue culture plate. (d) DED with cells submerged in full Green’s medium. (e)-(f) 

Schematic and image of the HSE and/or MSE models lifted to the air-liquid interface 
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on a sterile stainless steel grid with full Green’s medium placed in a 6-well plate. 

Scale in (f) bar corresponds to 6 mm. 

 

To construct the MSE models, we follow the same protocol for the HSE model, and 

include melanoma cells, WM35 (5x103) or SK-MEL-28 (5x103), in addition to 

primary keratinocyte (2x104) and primary fibroblast (1x104) cells on the individual 

DEDs. This protocol of adding all the cells together on DEDs is standard in all the 

previous DED studies summarised in Table 1. Experimental variability is assessed 

using triplicates for each cell line, and primary skin cells from three separate donors.  

This means that for each time point in our experiments we perform nine replicates, 

which accounts for biological and experimental variability. HSEs and MSEs are 

collected after day 0, 9, 15, and 20, and subjected to histological investigation.  

 

4.3.5 MTT Assay  

An MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (Thermo 

Scientific) assay is performed to check the viability of cells in the HSE and MSE 

models. HSE and MSEs collected on day 0, 9, 15 and 20 are submerged in 0.5 mg/ml 

w/v MTT solution and incubated at 37 o C, in 5% CO2 and 95% air for 90 minutes. 

The metabolically active cells cleave the tetrazolium salt into an insoluble purple 

formazan dye. The purple colour indicates metabolically active cells on the HSE and 

MSE models and these are imaged using a stereo microscope (Nikon SMZ 800) fitted 

with a Nikon digital camera. 

 

4.3.6 Histological Analysis  

Haemotoxylin and eosin (H&E) staining is used to characterise the tissue structure in 

the HSE and MSE models. MTT stained HSE and MSEs are fixed using 10% neutral 

buffered formalin (United Biosciences, Australia), processed in an automated 

vacuum tissue processor (Thermo Scientific, USA) and embedded in paraffin wax. 

All samples are sectioned to 5 µm thickness using a microtome (Leica RM2245, 

Leica Microsystems, Australia). All HSE and MSE samples are first visually 

examined to see the spatial extent of the MTT positive region.  Then, each sample is 
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divided using a sterile blade, through the centre of the MTT positive region. The two 

smaller samples of tissue are each embedded in paraffin wax. These smaller samples 

are then further sectioned into 5 µm thick tissue sections using a microtome. This 

procedure allows us to explore the depth of vertical invasion that is close to the 

centre of where the population of cells is initially placed in a circular barrier onto the 

DED. Furthermore, by examining the depth of vertical invasion in the various 5 µm 

thick sections, we can examine whether the depth of vertical invasion depends on the 

lateral position.  In summary, we find that the patterns of vertical invasion appear to 

be independent of the lateral position. Overall, in each experiment, we examine 

approximately 80 to 120 sections that are 5 µm in thickness. This means that we 

examine the vertical invasion of melanoma cells within a region extending from the 

centre of the initial population to approximately 400 to 600 µm away from that 

centre.  

 

Sections are first deparaffinised in 100% xylene and rehydrated in graded ethanol 

series of 100%, 90% and 70%, and followed by distilled water. These sections are 

incubated in Harris haematoxylin (HD Scientific, Australia) followed by 

differentiation with 1% acid alcohol, bluing with Scott’s tap water solution and 

counterstaining with alcoholic eosin (HD Scientific). H&E stained sections are 

dehydrated in 90% and 100% ethanol, cleared with 100% xylene and mounted on 

coverslips using Pertex® mounting medium (Medite, Germany). All stained sections 

are imaged using an Olympus BX41 microscope fitted with an Olympus digital 

camera (Micropublisher, 3.3RTV, QImaging; Olympus, Q-Imaging, Tokyo, Japan). 

 

4.3.7 Immunohistochemistry  

Immunohistochemistry is performed on the paraffin-embedded (5 µm) sections. 

Paraffin embedded sections are deparaffinised and rehydrated as previously described 

in McGovern et al. (2013). HSE and MSE skin sections are subjected to heat-

mediated antigen retrieval treatment using either sodium citrate buffer (pH 6.0) or 

EDTA buffer (pH 8.0) in a decloaking chamber (Biocare Medical, USA) as described 

in Table 2. All skin sections are washed in phosphate buffered saline followed by 

immunostaining using MACH 4™ Universal HRP polymer kit (Biocare Medical). 
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The temperature and time varies for each marker, as outlined in Table 2. The primary 

antibody for each protein is diluted in DaVinci Green diluent (Biocare Medical) to 

concentrations specified in Table 2, and these sections are incubated with the primary 

antibody for the time specified in Table 2. All the sections are finally counterstained 

using Gill’s haematoxylin (HD Scientific), dehydrated, mounted and imaged as 

described in ‘Histological Analysis’. 
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Antibody 

 
Antibody type Source Dilution 

Time and 

temperature 
 

Buffer Time and 

temperature 

Collagen IV 

(Col IV) 

 
Mouse 

 
     DKSH, Australia 

 
1:50 

 
1 hour, 37 °C Sodium Citrate 

(pH6.0) 

 
20 minutes, 80 °C 

 
Ki-67 

 
Mouse       Sigma Aldrich, 

Australia 

 
1:100 

 
1 hour, 37 °C EDTA 

(pH8.0) 

 
30 minutes, 90 °C 

 
Loricrin 

 
Rabbit 

 
Dako, Australia 

 
1:100 

 
1 hour, 37 °C EDTA 

(pH8.0) 

 
5 minutes, 97 °C 

 
S100 

 
Rabbit 

 
Dako, Australia 

 
1:3000 

 
1 hour, 37 °C Sodium Citrate 

(pH6.0) 

 
5 minutes, 95 °C 

 
Vimentin 

 
Rabbit         Thermo Scientific, 

Australia 

 
1:800 12 – 24 hours, 

4 °C 
Sodium Citrate 

(pH8.0) 

 
20 minutes, 80 °C 

 

Table 4.2: Primary antibody protocols. Details of the primary antibodies and the antigen retrieval method used to detect the basement 

membrane (Col IV); terminal epidermal differentiation (Loricrin); migration (Vimentin); proliferation (Ki-67); and invasion (S100). 

  
Primary Antibody Antigen Retrieval Method 
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4.3.8 Image Analysis 

We use ImageJ (Treloar & Simpson, 2013; Johnston, Simpson & McElwain, 2014; 

ImageJ, 2017) to measure the depth of melanoma cell invasion into the dermal region 

on the MSE models at different time points. The depth of melanoma invasion is 

taken to be the distance from the epidermal-dermal interface to the deepest region 

invaded by the melanoma cells, as shown in Figs. S4.1A-S4.1C.  

 

4.4 RESULTS AND DISCUSSION  

4.4.1 MTT assay of HSE and MSE  

We first outline the MTT assay performed on both the HSE and MSE models. 

Results of the MTT assay, shown in Fig. 3, reveal radial expansion of the populations 

of cells on the HSE and MSE models over time. The purple colour on these images 

shows viable cells migrating radially away from the central region where the cells 

were originally located at day 0, as in Figs. 4.3a, 4.3c and 4.3e. By day 9, the cells 

have migrated radially to reach to the edge of the DED, as in Figs. 4.3b, 4.3d and 3f. 

This means that the population of cells in the HSE and MSE have spread radially, at 

least a distance of approximately 6 to 7 mm, over a period of 9 days as the purple 

colouration reaches the edge of the tissue. Consistent with this, we see that there are 

viable cells distributed right across the DED in both the HSE and MSE models after 

longer periods of time, shown in Fig. S4.2.  
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Figure 4.3: MTT assay.  Experimental images of the MTT assay shows viable cells 

(purple) on the HSE (a)-(b). The MSE with WM35 melanoma cells is shown in (c)-

(d). The MSE with SK-MEL-28 melanoma cells is shown in (e)-(f).  Results in the 

left column are at day 0, and results in the right column are at day 9. The magnified 

central region of the HSE and MSE with melanoma cell colonies is shown in the 
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insets in (a), (c) and (e). Scale bars in the main image show 1 mm, whereas the scale 

bars in the insets show 3 mm. 

 

An interesting result detected by the MTT assay is the formation of visually 

prominent colonies of cells in the central region of the MSE for the SK-MEL-28 cell 

line at day 0, as shown in the inset of Fig. 4.3e and also at day 9, as shown in Fig. 

4.3f. Similarly, we also observe visually prominent colonies of cells in the central 

region of the MSE for the WM35 cell line at day 0, as shown in Fig. 4.3c.   Previous 

3D skin models of melanoma progression also report the formation of visually-

distinct colonies of cells on the surface of the DED, and these colonies are 

presumably composed of melanoma cells (Dekker et al., 2000; Eves et al., 2000).  

Interestingly, we see that these distinct colonies of cells are no longer observed at day 

15 or day 20 on the MSE with the SK-MEL-28 cell line, Fig. S2. Similarly, these 

distinct colonies of cells are no longer observed by day 9, 15 or 20 on the MSE with 

the WM35 cell line, Fig. 4.3d and Fig. S4.2. Since melanoma cells are thought to 

grow in colonies (Schwartz et al., 2008; Baraldi et al., 2013), a possible explanation 

for our observations is that the visually distinct dark purple colonies in the early 

period of the experiment could be groups of melanoma cells.  As these colonies are 

not observed at later times, it is possible that these cells might have invaded deeper 

into the tissue, and are no longer present on the upper surface of the MSE.  To 

confirm this conjecture, we now examine the distribution of different cell types 

within the HSE and MSE models.  To do this we use histological analysis.   

 

4.4.2 The HSE and MSE physiology resembles native human skin in vivo  

The next aim in our study is to examine the tissue structure of the HSE and MSE 

models, and to compare the structure of the tissue in these models with the structure 

of native human skin in vivo. To investigate this, we perform histological analysis 

and describe our results in this section, Section 4.3.3. However, we also use 

immunohistochemistry to examine the spatial and temporal distribution of markers 

for cell migration, cell proliferation and cell invasion in Section 4.3.4. Since the main 

focus of this work is about cell migration, cell proliferation and cell invasion, we 
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choose to present all histological analysis about tissue structure in the Supplemental 

Information.  However, we briefly describe the key points here. 

 

Cross-sections through the HSE and MSE models are generated for H&E staining. 

Results at day 9, 15 and 20, showing HSE and MSE cross-sections, reveal 

morphological similarities to native human skin in vivo.  In particular, we see the 

formation of distinct epidermal and dermal regions, Figs. S4.3B-S4.3D, Figs. S4.4B-

S4.4D and Figs. S4.5B-S4.5D. These images show that keratinocytes stratify into 

well-defined layers: stratum basale; stratum granulosum; stratum spinosum; and 

stratum corneum, which are a characteristic of native human skin (Wikramanayake, 

Stojadinovic & Tomic-Canic, 2014) as shown in Figs. 1b and 1c, Figs. S4.3A-S4.3D, 

Figs. S4.4A-S4.4D and Figs. S4.5A-S4.5D. However, H&E staining in Fig. S4.3A, 

Fig. S4.4A and Fig. S4.5A, of HSE and MSE cross-sections at day 0, are consistent 

with the early stages of epidermal and dermal formation, which then matures with 

time. In summary, we observe mature stratification after 9 days, and this is consistent 

with previous investigations (Topping et al., 2006). 

 

The basement membrane separates the epidermal and dermal compartments, and is a 

prominent feature of native human skin in vivo (Marinkovich et al., 1993; Golan et 

al., 2015). The basement membrane is particularly important in the context of 

melanoma progression because melanoma confined to the epidermal compartment 

can be successfully treated by surgical removal, whereas the prognosis for melanoma 

that has spread into the dermis is poor (Weinstock, 2000; Cummins et al., 2006; 

Bertolotto, 2013; Sandru et al., 2014).  The positive immunohistological staining is 

obtained using the marker collagen IV (Col IV). Immunohistological examinations of 

the HSE and MSE cross-sections show positive staining of the basement membrane 

at day 9, 15 and 20, as shown in Figs. S4.3F-S4.3H, Figs. S4.4F-S4.4H and Figs. 

S4.5F-S4.5H. However, all cross-sections of the skin models at day 0 show minimal 

positive staining.  This is consistent with the initial development of the basement 

membrane, as highlighted by the arrows in Fig. S4.3E, Fig. S4.4E and Fig. S4.5E.  
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We observe a weakly stained, mostly-continuous basement membrane in skin models 

constructed using WM35 cell lines at day 9, as shown in Fig S4.4F. Conversely, only 

intermittent Col IV staining is present in the MSE models with WM35 cells at day 15 

and 20, as shown in Figs. S4.4G-S4.4H. Similarly, we observe intermittent Col IV 

staining in the MSE models with SK-MEL-28 cells at day 9, 15 and 20, as shown in 

Figs. S4.5F-S4.5H. Although the Col IV staining is relatively weak in these images 

compared to other staining results, we hypothesise that the Col IV staining results 

could be caused by melanoma cells disrupting the basement membrane and invading 

into the dermal region. Metastatic melanoma cells in particular are associated with 

dermal invasion in vivo by disturbing the basement membrane (Golan et al., 2015; 

Sandri et al., 2016). Therefore, this result further suggests that the MSE models 

recapitulates certain in vivo stages of melanoma progression in vitro. 

 

Lastly, positive staining of the terminally differentiating epidermis confirms that both 

the HSE and MSE models constructed in vitro are similar to native human skin in 

vivo.  The marker loricrin identifies terminally differentiating cells in the epidermis 

(Nithya, Radhika & Jeddy, 2015).  Therefore, loricrin staining of HSE and MSE 

cross-sections, as shown in Figs. S4.3J-S4.3L, Figs. S4.4J-S4.4L and Figs. S4.5J-

S4.5L, at day 9, 15 and 20, suggest that the epidermal structure in the HSE and MSE 

models is consistent with native human skin. However, results at day 0 from cross-

sections of HSE and MSE models, shown in Fig. S4.3I, Fig. S4.4I and Fig. S4.5I, do 

not have any positive loricrin staining. Loricrin is known to be absent on non-

stratified epithelium (Nithya, Radhika & Jeddy, 2015). Hence, the negative result at 

day 0 is probably due to the absence of the stratum corneum on day 0, which is 

consistent with an immature epidermis. 

 

In summary, the loricrin staining suggests that the physiology of the HSE and MSE 

models is consistent with native skin. Furthermore, our findings show that HSE 

models have well-defined stratified epidermal and dermal regions that are separated 

by a basement membrane. This confirms that the in vitro HSE model is consistent 

with native human skin in vivo. In contrast, the MSE models do not always have a 

well-defined basement membrane. At early times in the experiments we see that the 

basement membrane is formed and present in the MSE model.  However, at later 
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times, the basement membrane in the MSE model is partially absent.  These 

differences between the MSE and HSE models suggest that the presence of 

melanoma cells in the MSE models might lead to disruptions in the basement 

membrane. Furthermore, we hypothesise that this disruption is associated with 

vertical invasion.   

 

4.4.3 Proliferation, migration and invasion of melanoma cells on the MSE model  

Certain key features of cancer progression, including melanoma, are thought to be the 

proliferation, migration and invasion of cancer cells (Hanahan & Weinberg, 2000). 

Therefore, we aim to explore the spatial and temporal distributions of these features 

in the HSE and MSE models. In particular, we use specific markers for cell 

migration, cell proliferation and cell invasion in our 3D models.  

 

The MTT assay provides information about the radial spreading of cells across the 

MSE model. In addition to radial spreading, we also aim to observe and quantify the 

vertical invasion of melanoma cells, and in particular we wish to focus on cell lines 

that are associated with both the early and later stages of melanoma progression. 

RGP melanoma is generally associated with melanoma cells confined to the 

epidermal region of the skin (Clark, 1991; Meier et al., 2000). Previous experimental 

studies demonstrate that cells from the RGP are restricted above the intact basement 

membrane (Dekker et al., 2000; Meier et al., 2000). Hence we use WM35 melanoma 

cell lines that are derived from the RGP as this cell line represents the early phase of 

melanoma. VGP melanoma is associated with cells that enter and proliferate in the 

dermal region of the skin (Clark, 1991; Hsu et al., 1998; Zaidi, Day & Merlino et al., 

2008).  Cells from the VGP are thought to cross the basement membrane from the 

epidermis into the dermis (Hsu et al., 1998; Beaumont, Mohana-Kumaran & Haass, 

2014). Additionally, metastatic melanoma cells not only invades into the dermis, but 

also have the ability to enter the blood stream and can therefore move far away from 

the primary site, to distant tissues (Clark, 1991; Zaidi, Day & Merlino et al., 2008).  

Cells derived from the metastatic phase are generally thought to be far more 

aggressive than cells from either the RGP or the VGP (Satyamoorthy et al., 2007). To 

examine these differences in our study we choose to focus on two cell lines: the 
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WM35 cell line is associated with the RGP, which is thought to be the less 

aggressive phase of melanoma; the other cell line that we examine is the SK-MEL-28 

cell line, which is from the metastatic phase of melanoma, and is thought to be the 

more aggressive.   

 

To make this comparison we examine data from the MSE with the WM35 melanoma 

cell line in Fig. 4.4, with results using the SK-MEL-28 cell line in Fig.4.5. 

Immunohistochemistry results in Fig. 4.4 and Fig. 4.5 indicate the migration, 

proliferation and invasion patterns of WM35 and SK-MEL-28 cell lines, respectively. 

We first identify actively proliferating cells in the MSE using the Ki-67 marker. 

Results in Figs. 4.4a-4.4d and Figs. 4.5a-4.5d highlight positively stained cells at day 

0, 9, 15 and 20 for the WM35 and SK-MEL-28 cell lines, respectively. It is important 

to note that the Ki-67 marker identifies all proliferating cells, and does not 

distinguish between proliferating fibroblast cells, proliferating keratinocyte cells and 

proliferating melanoma cells. Therefore, additional information is required to 

distinguish between these different types of cells. Overall, we see that there are 

proliferative cells in both the epidermal and dermal regions of the tissue.  
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Figure 4.4: Proliferation, migration and invasion of skin cells and WM35 

melanoma cells. (a)-(d) Proliferating cells (brown) highlighted by Ki-67 at day 0, 9, 

15 and 20. (e)-(h) Migrating cells (brown) highlighted by vimentin. Dermal cells with 

elongated morphology are fibroblasts, and colonies of cells are migrating WM35 

melanoma cells. (i)-(l) WM35 melanoma cells (brown) highlighted by S100 at day 0, 

9, 15 and 20. Black arrows and inset images highlight positive staining. The scale bar 

in the main images shows 100 µm, and the width of the insets are approximately 75 

µm. 
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Figure 4.5: Proliferation, migration and invasion of skin cells and SK-MEL-28 

melanoma cells. (a)-(d) Proliferating cells (brown) highlighted by Ki-67 at day 0, 9, 

15 and 20. (e)-(h) Migrating cells (brown) highlighted by vimentin. Dermal cells with 

elongated morphology are fibroblasts, and colonies of cells are SK-MEL-28 

melanoma cells. (i)-(l) SK-MEL-28 melanoma cells (brown) highlighted by S100 at 

day 0, 9, 15 and 20. Black arrows and inset images highlight positive staining. The 

scale bar in the main images shows 100 µm, and the width of the insets are 

approximately 75 µm. 

 

Migrating cells in the MSE models are detected using the marker vimentin (Ivaska et 

al., 2007; Chernoivanenko, Minin & Minin, 2013; Liu et al., 2015). In this context, 

migration is referred to motile fibroblast cells and motile melanoma cells. It is 

challenging to identify the particular type of migrating cells using vimentin, as 

vimentin is expressed by most mesenchymal cell types (Goodpaster et al., 2008; 

Chernoivanenko, Minin &Minin, 2013). Since both fibroblasts and melanoma cell 

lines are mesenchymal (Goodpaster et al., 2008; Kim et al., 2013; Sriram & 
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Bigliardi-Qi, 2015) we expect that all melanoma and fibroblast cells will be positive 

for vimentin. To potentially distinguish between melanoma cells and fibroblast cells 

in the MSE models, we note that fibroblasts tend to be isolated and have an elongated 

cellular morphology (Sriram & Bigliardi-Qi, 2015).  Furthermore, some of the 

vimentin positive cells appear to be arranged in colonies, and this is consistent with 

typical melanoma morphology (Schwartz et al., 2008; Kim et al., 2010; Baraldi et 

al., 2013). With this additional information, vimentin can be used to indicate the 

spatial distribution of fibroblasts, which appear to be only present in the dermal 

region, as shown in Figs. 4.4e-4.4h in the MSE with the WM35 melanoma cell line, 

and in Figs. 4.5e-4.5h in the MSE with the SK-MEL-28 melanoma cell line, at day 0, 

9, 15 and 20.  The fact that we tend to see fibroblast cells in the dermal region only 

provides further evidence that the MSE models resemble the HSE model, as shown 

in Fig. 4.6, as well as native human skin in vivo (Sriram & Bigliardi-Qi, 2015). Since 

fibroblast cells have migrated vertically downward, into the dermis, our MSE and 

HSE models also capture a key feature of native human skin, as fibroblasts are 

typically confined to the dermal region (Driskell & Watt, 2015). Note that in Fig. 4.6, 

all vimentin positive fibroblasts appear to be negative for S100. The fibroblasts are 

introduced into the DEDs along with keratinocyte cells and melanoma cells, which is 

4 days before we collect our first results at the day 0 time point. We observe that 

there are more vimentin positive cells in the dermis on day 9 as shown in Fig. 4.6f, 

than on day 0, as shown in Fig. 4.6e. This indicates that the fibroblast cells have 

migrated vertically into the dermis. Vimentin positive melanoma cells, arranged in 

colonies, are detected in both the epidermal and dermal region of the MSE models, as 

shown in Figs. 4.4e-4.4h and Figs. 4.5e-4.5h, at day 0, 9, 15 and 20. All of the 

interpretations of the type of vimentin positive cells involve some subjective 

assessment of whether the cells are single, elongated or whether they appear to be 

arranged in colonies. To provide further information to distinguish between 

melanoma cells and fibroblast cells, we now use a specific marker for melanoma 

cells (Haridas et al., 2016).  
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Figure 4.6: Proliferation, migration and invasion of skin cells. (a)-(d) 

Proliferating cells (brown) highlighted by Ki-67 at day 0, 9, 15 and 20. (e)-(h) 

Migrating fibroblast cells (brown) highlighted by vimentin. (i)-(l) No specific 

melanoma staining is highlighted by S100 at day 0, 9, 15 and 20. Black arrows and 

inset images highlight positive staining. Scale bar corresponds to 100 µm.  

 

Vertical invasion of melanoma cells into the MSEs is detected by the marker S100. 

Invasion in this context refers to vertical spreading of melanoma cells into the 

dermis. Our previous studies show that S100 is a reliable marker that identifies both 

the WM35 and the SK-MEL-28 melanoma cell lines (Haridas et al., 2016; Haridas et 

al., 2017). Since the vimentin marker detects all elongated and motile cells in this 

MSE model, the inclusion of the S100 marker specifically allows us to distinguish 

melanoma cells from fibroblast cells. In both MSE models with the WM35 cell line 

and the SK-MEL-28 cell line, colonies of melanoma cells are present at day 0, 9, 15 

and 20.  Individual cells within these colonies are positively stained by S100. Smaller 
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colonies of melanoma cells are initially present near the upper surface of the MSE 

models, as shown in Fig. 4.4i and Fig. 4.5i. These melanoma colonies dramatically 

increase in size and number with time, and the melanoma colonies invade into the 

dermis after day 15 and 20, as shown in Figs. 4.4k and 4.4l for the WM35 melanoma 

cell line, and after day 9 in Figs. 4.5j-4.5l for the SK-MEL-28 melanoma cell line. It 

is important to note that on day 9, the WM35 melanoma cells are present only in the 

epidermal region. No S100 positive cells are present in the dermis. This observation, 

along with the Col IV staining of a mostly-continuous basement membrane at day 9, 

as shown in Fig. S4.4F, excludes the possibility of melanoma cells being trapped in 

the dermal region from the beginning of the experiment.  

 

Comparing the size of the melanoma colonies over time in both MSE models shows 

that the colonies of SK-MEL-28 melanoma cells are larger than the colonies of 

WM35 melanoma cells.  These differences are most evident at day 20, as shown by 

comparing the images in Fig. 4.4l and Fig. 4.5l. These results suggest that the SK-

MEL-28 cell line is more aggressive than the WM35 melanoma cell line. This 

difference is consistent with the usual notion that the SK-MEL-28 melanoma cell line 

is associated with the later, more aggressive stage of the disease, whereas the WM35 

melanoma cell line is associated with the early phase of melanoma progression. Also, 

it is possible that these immunohistochemistry results are consistent with the 

previous MTT results in Figs. 4.3e and 4.3f since the colonies of cells on the surface 

of the MSE model seem to disappear at later times. We initially observe colonies of 

cells, that we assume to be melanoma cells, on the surface of the MSE model on day 

0 and day 9, as shown in Fig. 4.3e and Fig. 4.3f.  It is reasonable to assume that these 

colonies are composed of SK-MEL-28 melanoma cells because there are no visible 

colonies on the equivalent HSE models at the same time points, as shown in Fig. 4.3a 

and Fig. 4.3b. These colonies are no longer visible on the MSE model after day 15, as 

shown in Fig. S4.2. Since we also observe S100 positive SK-MEL-28 cells moving 

vertically downward into the dermis over time, we believe that the MTT results of 

day 15 and day 20 are consistent with the S100 staining. That is, the eventual 

disappearance of the cell colonies on the surface of the MSE model could be a result 

of the melanoma cells moving deeper into the MSE tissue at later times.   
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To explore whether the differences in invasion of the two melanoma cell lines might 

be associated with any difference in cell size, we measure the size of WM35 and SK-

MEL-28 cells, as shown in Fig. S4.6. These results show that the average size of both 

cell lines is approximately 10 µm. Therefore, the difference in invasion of the two 

cell lines is not attributed to any differences in cell size. 

 

An interesting result from the MSE with the WM35 melanoma cell line is that we 

observe the invasion of small colonies of WM35 melanoma cells into the dermis at 

day 20, as shown in Fig. 4.4l. This result is interesting because WM35 melanoma 

cells are thought to be associated with the early phase of melanoma progression, 

where cells are believed to be limited to the epidermis (Gaggioli & Sahai, 2007). In 

Fig. 4.4h and Fig. 4.4l where WM35 melanoma cells are present in the dermis, we 

see intermittent staining of Col IV, suggesting that the basement membrane is 

somehow disrupted. In comparison, results in Fig. S4.4H where there are no 

melanoma cells present in the dermis, we see a more continuous Col IV staining, 

suggesting that the basement membrane is present and intact.  These results, 

combined, are consistent with the notion that WM35 cells enter the dermis by 

somehow disrupting the basement membrane. While we have not investigated the 

mechanism by which the basement membrane is disrupted in detail, our conclusion 

that the WM35 cells appear to disrupt the basement membrane seems to be a 

plausible explanation of our results. Previous 3D studies suggest that cells from the 

early RGP are restricted in the epidermal region only (Dekker et al., 2000; Beaumont, 

Mohana-Kumaran & Haass, 2014). Therefore, our results are contradictory, 

suggesting that WM35 cells are able to breach the basement membrane and invade 

into the dermis in our MSE model. 

 

Overall, these results showcase the successful establishment of a reliable and 

enduring MSE model that can be used to examine the migration, proliferation and 

invasion of melanoma cells from two different cell lines associated with RGP and 

metastatic stages of melanoma progression. However, in addition to providing 

qualitative information about the spatial and temporal distribution of different cell 

types in the MSE models, we also provide quantitative information about the 

invasion process. 
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4.4.4 Quantification of melanoma invasion  

To further examine the differences in the invasion patterns associated with the 

WM35 and SK-MEL-28 melanoma cell lines, we measure the depth of cell invasion 

into the dermal region over time. The depth of invasion is taken to be the distance 

from the top of the dermis to the deepest region invaded by the melanoma cells, as 

shown in Figs. S4.1A-S4.1C. The invasion depth is measured in each experiment, at 

each time point, using ImageJ (ImageJ, 2017). Each measurement is repeated using 

three biological replicates for the DED, primary keratinocyte cells and primary 

fibroblast cells and the average depth is calculated by averaging the data across the 

three biological replicates performed in triplicates. Therefore, a total of nine 

individual data points are used to generate each averaged data point in Fig. 4.7.  

 
 

Figure 4.7: Quantification of melanoma cell invasion depth. Depth of melanoma 

invasion for the WM35 (red) and SK-MEL-28 (blue) cell lines. Data points show the 

average depth of invasion.  The error bars measure the variability, as given by the 

sample standard deviation.  In each case the sample mean and sample standard 

deviation is calculated using measurements from at least nine (n=9) identically 

prepared experiments. 

 

Results in Fig. 4.7 show that the SK-MEL-28 melanoma cells invade earlier, deeper 

and faster than the WM35 melanoma cells. For example, at day 0 neither the SK-
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MEL-28 nor the WM35 melanoma cells appear to be in the dermis, even with 

minimal basement membrane present. However, by day 9, the SK-MEL-28 

melanoma cells have invaded into the dermis, whereas the WM35 melanoma cells 

are still contained within the epidermis. The slope of the curve for WM35 cells in 

Fig. 4.7 is steeper between day 9 and day 15. We believe that the initial difference of 

melanoma invasion between the cell lines, WM35 and SK-MEL-28 is not related to 

cell viability. We present all our results in a time course pattern, this allows 

identification of melanoma cells using S100, from day 0 until day 20. Melanoma 

positive cells observed in Fig. 4.4i and Fig. 4.5i reveal similar results regardless of 

whether the MSE is initialised with WM35 cells or SK-MEL-28 cells. This suggests 

that melanoma cells are viable during the first few days after co-culture. Note that the 

standard deviation of the invasion depth for WM35 cells is very small since there is 

very little variation in our measurements.   

 

Previous research has measured the invasion of melanoma cells into the dermis (Eves 

et al., 2003a; Eves et al., 2003b; Marques and Mac Neil, 2016). These studies use a 

semi-quantitative measurement of cell counts, showing various metastatic melanoma 

cells invading the dermal region. It is interesting to note that our study of melanoma 

invasion using MSE models differs from previous approaches, as shown in Table 4.1. 

We use a simple method of visual analysis and measurement of melanoma cell 

invasion into the dermal region. Most importantly, we provide time course 

measurements of melanoma cell invasion.  

 

In summary our results suggest that the WM35 and the SK-MEL-28 melanoma cell 

lines both exhibit invasive properties and have the ability to enter the dermis in our 

model. This is interesting because the WM35 melanoma cell line is thought to be 

associated with the early phase of melanoma progression where the cells are confined 

to the epidermis. We do, however, observe differences in the invasive properties of 

the two cell lines. For example, the WM35 cells appear to take a long duration of 

time to enter the dermis than the SK-MEL-28 cell.  Our study does not explain why 

the WM35 cells take a longer period of time to enter the dermis.  However, we 

anticipate that these differences could have many explanations.  For example, the 

disruption of the basement membrane could be driven by some kind of chemical 
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signal, and the differences in the speed of invasion could be associated by differences 

in the production rates of such chemical signals.  Exploring these ideas is a topic for 

future research.  Overall, our qualitative observations and quantitative measurements 

suggest that the WM35 melanoma cell line is less invasive than the SK-MEL-28 

melanoma cell line.  

 

4.5 CONCLUSION  

In summary, 3D skin model studies are more realistic, and more closely resemble 

native human skin in vivo than 2D studies. HSE skin models constructed using DED 

are used in many research areas including wound healing and burn studies (Topping 

et al., 2006; Xie et al., 2010; Monsuur et al., 2016). Since the physiological 

architecture of the HSE model is similar to native human skin in vivo it can be 

adapted to study melanoma proliferation, migration and invasion patterns. Melanoma 

has various phases of progression and 2D models are limited since 2D models cannot 

be used to study vertical invasion.  In contrast, 3D skin-based melanoma models can 

be used to study vertical invasion, as well as exploring how melanoma cells interact 

with surrounding cells and tissues. 

 

In this study we develop an in vitro MSE model using cell lines from early and late 

phases of melanoma. The MSE model incorporates ether WM35 melanoma cells or 

SK-MEL-28 melanoma cells, as well as primary keratinocytes and primary 

fibroblasts.  Our MSE models are capable of examining melanoma progression for up 

to 20 days, which is the longest time point we have analysed. Collectively, our results 

suggest that MSE models constructed in vitro have similar tissue structure to native 

human skin. The melanoma cells in the MSE models proliferate, migrate and invade 

into the dermis as observed in native human skin in vivo. However, these two cell 

lines from the RGP and metastatic phase of melanoma lead to different patterns of 

invasion. Importantly, the MSE models enable quantitative measurements of the 

invasive process to be made, and allow us to quantitatively compare the progression 

of the two different cell lines.  
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Lastly, it could be of interest to extend this work by using cell lines associated with 

the VGP state of the disease in the MSE and comparing these additional results to 

our current study. Additionally the MSE could also be further developed as a pre-

clinical platform to investigate the effects of anti-melanoma drugs. Both melanoma 

cell lines used in the current study have BRAF mutations (Smalley et al., 2008; 

Boussemart et al., 2014; Fofaria et al., 2015), hence these cell lines could possibly be 

targeted using a number of drugs such as vemurafnib, dabrafenib, trametinib, or a 

combination of either of these drugs (Jang & Atkins, 2013; Boussemart et al., 2014; 

Fofaria et al., 2015). The alteration in cell proliferation, cell invasion and colony 

formation, when melanoma cells are treated with these putative drugs could be 

examined in this MSE model. 
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4.8 SUPPLEMENTARY INFORMATION 

4.8.1 Quantifying depth of melanoma cell invasion  

Images in Fig. S4.1 shows how melanoma invasion depth measurements are derived 

from MSE models at day 9, 15 and 20. SK-MEL-28 cells are detected using the 

marker S100 as shown in Fig. S4.1A-S4.1C. This allows visualisation of melanoma 

cells in the MSE model. The depth of melanoma cell invasion is taken as the distance 

from the top of the dermis to the deepest region invaded by the melanoma cells. We 

measure the depth of invasion at day 9, 15 and 20, using ImageJ software 

(https://imagej.nih.gov/ij/docs/guide/146-29.html). Each measurement is repeated 

using three biological replicates for the DED, primary keratinocyte cells and primary 

fibroblast cells and each experiment is performed in triplicates. Therefore, the 

average depth is calculated by averaging the data obtained from n=9 experimental 

results. 

 

https://imagej.nih.gov/ij/docs/guide/146-29.html
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Figure S4.1: Quantifying depth of melanoma cell invasion. (A)-(C) MSE model 

with SK-MEL-28 melanoma cells (brown) highlighted by S100 at day 9, 15 and 20. 

The black arrows indicate the depth of melanoma cell invasion measured. Scale bar 

corresponds to 100 µm. 

 

4.8.2  MTT assay 

Viable cells (purple) are identified in the HSE model, MSE model with WM35 cells 

and MSE model with SK-MEL-28 cells using MTT assay. Images in Fig. S2 show 

MTT assay results obtained at day 15 and 20. These images reveal the radial 
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expansion of the total cell population on the HSE and MSE models imaged using a 

stereo microscope fitted with a Nikon digital camera. 

Figure S4.2: MTT assay.  Experimental images of MTT assay shows viable cells 

(purple) on the HSE model (A) and (B).The MSE model with WM35 melanoma cells 



 

147 
 

is shown in (C) and (D).The MSE model with SK-MEL-28 melanoma cells is shown 

in (E) and (F). The results in the left column are at day 15, and the results in the right 

column are at day 20. Scale bar corresponds to 1 mm. 

 

4.8.3 Histological analysis of HSE model 

HSEs are first divided through the centre of the MTT positive region using a sterile 

blade and embedded in paraffin wax. The samples are then sectioned using a 

microtome into 5 µm thick tissue sections. To show the physiological similarities of 

the HSE model to native skin we perform H&E staining, basement membrane 

staining using Col IV, and terminally differentiating epidermal cell staining using 

Loricrin, on these tissue sections, as shown in Fig. S4.3. Staining is performed at day 

0, 9, 15 and 20 and the results are imaged using Olympus BX41 microscope fitted 

with an Olympus digital camera. 
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Figure S4.3: Histological analysis of HSE model.(A)-(D) H&E staining at day 0, 9, 

15 and 20. (E)-(H) The basement membrane (brown) highlighted by collagen IV (Col 

IV) at day 0, 9, 15 and 20. (I)-(L) Terminally differentiating epithelial cells (brown) 

highlighted by loricrin at day 0, 9, 15 and 20. Black arrows indicate positive staining. 

Scale bar corresponds to 100 µm.  

 

4.8.4 Histological analysis of MSE model with WM35 melanoma cells 

MSE models with WM35 cells are first divided through the centre of the MTT 

positive region using a sterile blade and embedded in paraffin wax. The samples are 

then sectioned into 5 µm thick tissue sections. To show the physiological similarities 

of the MSE model to HSE and native skin we perform H&E staining, basement 

membrane staining using Col IV, and terminally differentiating epidermal cell 

staining using Loricrin, on these tissue sections, as shown in Fig. S4.4. Staining is 

performed at day 0, 9, 15 and 20 and the results are imaged using Olympus BX41 

microscope fitted with an Olympus digital camera. 
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Figure S4.4: Histological analysis of MSE model with WM35 melanoma cells. 

(A)-(D) H&E staining at day 0, 9, 15 and 20. (E)-(H) The basement membrane 

(brown) highlighted by collagen IV (Col IV) at day 0, 9, 15 and 20. (I)-(L) 

Terminally differentiating epithelial cells (brown) highlighted by loricrin at day 0, 9, 

15 and 20. Black arrows indicate positive staining. Scale bar corresponds to 100 µm.  

 

4.8.5 Histological analysis of MSE model with SK-MEL-28 melanoma cells 

MSE models with SK-MEL-28 cells are first divided through the centre of the MTT 

positive region using a sterile blade and embedded in paraffin wax. The samples are 

then sectioned into 5 µm thick tissue sections. To show the physiological similarities 

of the MSE model to HSE and native skin we perform H&E staining, basement 

membrane staining using Col IV, and terminally differentiating epidermal cell 

staining using Loricrin, on these tissue sections, as shown in Fig. S4.5. Staining is 

performed at day 0, 9, 15 and 20 and the results are imaged using Olympus BX41 

microscope fitted with an Olympus digital camera. 
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Figure S4.5: Histological analysis of MSE model with SK-MEL-28 melanoma 

cells. (A)-(D) H&E staining at day 0, 9, 15 and 20. (E)-(H) The basement membrane 

(brown) highlighted by collagen IV (Col IV) at day 0, 9, 15 and 20. (I)-(L) 

Terminally differentiating epithelial cells (brown) highlighted by loricrin at day 0, 9, 

15 and 20. Black arrows indicate positive staining. Scale bar corresponds to 100 µm.  

 

4.8.6 Estimating the size of melanoma cell lines 

Images of melanoma cells are acquired using a brightfield microscope fitted with an 

Olympus digital camera. The size of each cell is measured using Leica LAS X 

software (http://www.leica-microsystems.com/applications/life-science/live-cell-

imaging/). The average size of WM35 cells is approximately 9 µm and the average 

size of SK-MEL-28 cells is approximately 10 µm. These images show minimal 

differences between cell sizes for both melanoma cell lines. The average melanoma 

cell size is calculated using n=10 cells from each cell line. 

 

 

http://www.leica-microsystems.com/applications/life-science/live-cell-imaging/
http://www.leica-microsystems.com/applications/life-science/live-cell-imaging/
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Figure S4.6: Estimating the size of melanoma cell lines. (A) and (B) Images of 

melanoma cells, WM35 and SK-MEL28, showing cell size measurements. The scale 

bar corresponds to 10 µm. (C) Graphical representation of averaged cell sizes for 

WM35 and SK-MEL-28 melanoma cells. Averaged cell size is calculated using 

measurements from n=10 cells for each cell line. The error bars measure the 

variability as given by the standard deviation. 

 



152 

5Chapter 5: Three-dimensional experiments 

and individual based simulations show that 

cell proliferation drives melanoma nest 

formation in human skin tissue 

Statement of Contribution of Co-

Authors for Thesis by Published Paper 

The following is the suggested format for the required declaration provided at the start 

of any thesis chapter which includes a co-authored publication.

The authors listed below have certified that: 

16. they meet the criteria for authorship in that they have participated in the
conception, execution, or interpretation, of at least that part of the publication
in their field of expertise;

17. they take public responsibility for their part of the publication, except for
the responsible author who accepts overall responsibility for the publication;

18. there are no other authors of the publication according to these criteria;
19. potential conflicts of interest have been disclosed to (a) granting bodies, (b)

the editor or publisher of journals or other publications, and (c) the head of
the responsible academic unit, and

20. they agree to the use of the publication in the student’s thesis and its
publication on the  QUT’s ePrints site consistent with any limitations set by
publisher requirements.

In the case of this chapter: 

Haridas P, Browning AP, McGovern JA, McElwain DLS, Simpson MJ. (2018). Three-

dimensional experiments and individual based simulations show that cell proliferation 

drives melanoma nest formation in human skin tissue. BMC Systems Biology. 12:34 

10.1186/s12918-018-0559-9  

http://www.mopp.qut.edu.au/F/F_01_03.jsp
https://doi.org/10.1186/s12918-018-0559-9


153



 

154 
 

5.1 ABSTRACT 

Background: Melanoma can be diagnosed by identifying nests of cells on the skin 

surface. Understanding the processes that drive nest formation is important as these 

processes could be potential targets for new cancer drugs. Cell proliferation and cell 

migration are two potential mechanisms that could conceivably drive melanoma nest 

formation. However, it is unclear which one of these two putative mechanisms plays 

a dominant role in driving nest formation. 

 

Results: We use a suite of three-dimensional (3D) experiments in human skin tissue 

and a parallel series of 3D individual-based simulations to explore whether cell 

migration or cell proliferation plays a dominant role in nest formation. In the 

experiments we measure nest formation in populations of irradiated (non-

proliferative) and non-irradiated (proliferative) melanoma cells, cultured together 

with primary keratinocyte and fibroblast cells on a 3D experimental human skin 

model.  Results show that nest size depends on initial cell number and is driven 

primarily by cell proliferation rather than cell migration.  

 

Conclusions: Nest size depends on cell number, and is driven primarily by cell 

proliferation rather than cell migration. All experimental results are consistent with 

simulation data from a 3D individual based model (IBM) of cell migration and cell 

proliferation. 
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5.2 BACKGROUND  

Clusters of melanoma cells, called nests, are a prominent feature of melanoma 

progression 1,2]. Identifying the presence and characteristics of melanoma nests in 

human skin is an important diagnostic tool [3,4].  Furthermore, nest size is an 

important characteristic because larger melanoma nests are associated with more 

aggressive melanoma [3].  Recent 3D experimental work by Wessels et al. [5] 

suggests that melanoma nest formation in Matrigel is driven by cell migration. 

However, nest formation might be different in human skin, where melanoma cells are 

in contact with other cell types [1,6].  We hypothesise that two different mechanisms 

could lead to nest formation: (i) cell proliferation, where clusters of melanoma cells 

are formed primarily through mitosis (Figure 5.1a); and (ii) cell migration, where 

clusters of adhesive melanoma cells form primarily through melanoma cell migration 

(Figure 5.1b).  Cell migration occurs over a short time scale of hours, whereas cell 

proliferation takes place over a much longer time scale of days. Since our work is 

focused on the role of proliferation, we perform experiments over a period of four 

days so that we are able to observe and quantify the role of cell proliferation. This 

choice of experimental time scale means that our experimental observations do not 

resolve the details of cell migration, which would require a much finer time 

resolution in the experiments. 
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Figure 5.1: Mechanisms that drive melanoma nest formation. Schematics 

illustrating: (a) proliferation-driven nests; and (b) migration-driven nests. In both 

cases the schematic shows an initially-uniform distribution of cells that lead to the 

formation of a nest either by the action of proliferation (a) or migration (b). 

 

We use a 3D human skin experimental model [7,8] to discriminate between these 

two conceptual models by performing a suite of experiments in which we 

systematically vary the initial density of proliferative melanoma cells placed on 3D 

human skin.  This initial series of experiments allow us to examine the role of initial 

cell number in driving nest formation. All experiments are repeated using non-

proliferative, gamma-irradiated melanoma cells. We find that higher initial numbers 

of melanoma cells lead to larger nests, and that cell proliferation leads to 

dramatically-larger nests. All experimental outcomes are consistent with a series of 

3D simulations from an IBM [9]. These results provide insight into the mechanisms 

driving nest formation, showing that the mechanisms in 3D human skin are different 

to monoculture experiments performed in Matrigel. 
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5.3 RESULTS AND DISCUSSION  

5.3.1 Confirmation that irradiated melanoma cells do not proliferate and are capable 

of migrating in a two-dimensional barrier assay  

Experiments involving populations of proliferative melanoma cells are performed 

using non-irradiated SK-MEL-28 cells [10]. Experiments where melanoma cell 

proliferation is suppressed are performed using irradiated, but otherwise identical 

SK-MEL-28 cells [11,12]. The melanoma cells are gamma-irradiated to inhibit 

mitosis. It is possible that irradiation may have other impacts on cellular behaviour 

and could also influence DNA functioning [12,13].  We perform a series of live 

assays to show that irradiation does not affect the adherence or morphology of 

melanoma cells. These live cell assays involve placing populations of irradiated and 

non-irradiated melanoma cells on a two-dimensional tissue culture plate and making 

observations of cell numbers of a period of 24 hours [14]. Therefore, these assays 

provide quantitative information about whether the populations of melanoma cells 

are capable of proliferating. Results confirm that irradiated melanoma cells do not 

proliferate.  Furthermore, these assays show that irradiation does not cause the cells 

to die and does not affect cell morphology [see Supplementary Material].  

 

Two-dimensional (2D) barrier assays confirm that irradiated melanoma cells survive and 

migrate. Populations of irradiated melanoma cells are monitored over four days to 

confirm that irradiation does not impede the ability of cells to migrate. We use circular 

barrier assays to compare the spatial expansion of irradiated and non-irradiated melanoma 

cell populations. The leading edge of the spreading populations is detected using ImageJ 

[15], which also provides an estimate of the area occupied by the spreading population of 

cells. Since the spreading populations of cells maintain an approximately circular shape, 

we convert the estimates of area into an equivalent diameter and we report data in terms 

of the diameter of the spreading population. Results are obtained in triplicate. Images in 

Figure 5.2a-b show the increase in the diameter of the spreading cell populations for both 

irradiated and non-irradiated melanoma cells over four days. The upper row of images in 

Figure 5.2a-b, show increased spatial expansion of the population of non-irradiated cells 

compared to the population of irradiated melanoma cells in the lower row. Since 

irradiated melanoma cells do not proliferate, we expect that the size of the expanding 
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population of irradiated cells will be smaller than the size of the expanding population of 

non-irradiated cells [16]. However, the area occupied by the population of irradiated 

melanoma cells increases over the four-day period, and this increase is due to cell 

migration alone. To confirm these visual observations, we also quantify the spatial 

spreading of irradiated and non-irradiated melanoma cell populations. 
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Figure 5.2: Two-dimensional spatial expansion of irradiated and non-irradiated 

melanoma cell monocultures. (a) Experimental images show barrier assays 

initialised with approximately 10000 melanoma cells. The upper row of images show 

non-irradiated (proliferative) melanoma cells, and the lower row shows irradiated 

(non-proliferative) melanoma cells. The images show the spreading of cell 
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populations at zero, two and four days, respectively. The scale bar is 2 mm in each 

image. (b) Experimental images from (a) analysed by ImageJ.  Results show the 

position of the leading edge of the spreading population (red) superimposed on 

images of the spreading populations. The upper row of images corresponds to non-

irradiated melanoma cells, and the lower row of images show irradiated melanoma 

cells. The images show the spreading of cell populations at zero, two and four days, 

respectively. The scale bar in each image is 3 mm. (c) Data shows the average 

diameter of the spreading populations as a function of time (n=3). All data generated 

using non-irradiated melanoma cells is in blue, and data generated using irradiated 

melanoma cells is in red. Plots in (c) also show the variability.  The error bars 

correspond to the sample standard deviation (n=3).  

 

Data in Figure 5.2c shows the increase in diameter of both irradiated and non-

irradiated melanoma cell populations over four days. At all times considered, the 

average diameter of the irradiated cell population is less than the average diameter of 

the non-irradiated cell population. This is expected because the irradiated melanoma 

cells do not proliferate, and it is known that proliferative populations of cells expand 

and invade the surrounding empty space faster than non-proliferative populations of 

cells [9,16]. Most importantly, the experiments initialised with irradiated melanoma 

cells show an increase in the diameter of the spreading population, confirming that 

irradiation does not prevent migration. All experiments are performed in triplicate 

and the averaged results are presented. We now use both, irradiated and non-

irradiated melanoma cells in 3D experiments to identify the mechanism that drives 

melanoma nest formation. 

 

5.3.2 Identifying the dominant mechanism driving melanoma nest formation  

Nests of melanoma cells are well-characterised histological features of melanoma 

progression. Early identification of these nests is critical for successful melanoma 

treatment. However, in addition to examining the presence of melanoma nests, it is 

important to identify the biological mechanisms that lead to nest formation as this 

information might be relevant to the development of new drugs. To examine these 

pathways we use a 3D experimental skin model.  
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Irradiated and non-irradiated melanoma cells are cultured with primary keratinocytes 

and primary fibroblasts in the 3D experimental skin model for four days. From this 

point we refer to keratinocyte and fibroblast cells as skin cells. All cells are initially 

placed onto the 3D experimental skin model as a monolayer, as uniformly as 

possible. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 

assays highlight the metabolic activity of all cells, and show the spatial extent and 

spatial structure of cells on the top surface of the 3D experimental skin model. 

Images in Figure 5.3a-b show prominent dark purple clusters on the surface of some 

3D experimental skin models. Control studies, where 3D experiments are constructed 

without melanoma cells, show a complete absence of nests [see Supplementary 

Material 1] suggesting that the dark purple clusters in Figure 5.3a-b are melanoma 

nests. We make the natural assumption that higher densities of metabolically active 

cells are associated with darker purple colouration.  
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Figure 5.3: Proliferation drives melanoma nest formation. (a) MTT assays show 

all metabolically active cells (light purple) on the surface of the 3D experimental skin 

model initialised with different numbers of proliferating melanoma cells, as 

indicated. (b) Equivalent results with irradiated melanoma cells. Melanoma nests are 

in dark purple (arrows). Scale bars are 1 mm. (c)-(d) Box plots showing nest area as a 

function of initial number of melanoma cells. Inset in (d) shows details in the range 

0-0.045 mm2.  
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Images in Figure 5.3a show that larger nests are associated with higher initial 

numbers of melanoma cells. To quantify this we measure the area of individual nests 

using ImageJ [15], and data in Figure 5.3c confirms our visual observation. 

Interestingly, larger initial numbers of melanoma cells lead to a smaller number of 

larger nests [see Additional file 2]. This is consistent with smaller sized nests 

coalescing into a smaller number of larger nests over time. These results suggest 

smaller nests might coalescence into larger nests over time. To confirm this 

conjecture we would need to analyse our experiments using time-lapse imaging.  

Since our results show that cell number plays a critical role, we now examine the role 

of proliferation by suppressing mitosis.  

 

We examine the role of cell proliferation by constructing 5.3d experimental skin 

models with irradiated melanoma cells. Images in Figure 5.3b show that this leads to 

the formation of dramatically smaller nests. To quantify our results, the area of 

individual nests is measured using ImageJ [15] [see Supplementary Material 2].  Data 

in Figure 5.3d shows a similar trend to data in Figure 5.3c as the nest area increases 

with initial cell number. However, comparing results in Figure 5.3c-d shows that 

proliferation plays a dominant role in nest formation. For example, experiments 

initialised with 8500 proliferative melanoma cells leads to a median nest area of 0.15 

mm2, whereas the median nest area is just 0.027 mm2 when proliferation is 

suppressed.  These measurements of nest area do not provide direct estimates of the 

number of cells present in each nest.  However, it is reasonable to assume that larger 

nests contain more cells than smaller nests. 

 

Our results are different to previous 3D studies that show melanoma nests are formed 

by cell migration [5]. We anticipate that the difference in our outcome could be due 

to: (i) differences between the melanoma cell lines used; (ii) the interaction of 

melanoma cells with the surrounding skin cells in the 3D experiments; or, (iii) 

differences in the material used to construct the 3D model described in [5] and the 

3D model used in this study.  Since our experiments are performed in 3D materials 

derived from human skin, and our experiments involve culturing melanoma cells 

together with primary human skin cells, we feel that our results are more realistic 

than examining nest formation in monoculture experiments in Matrigel. We now 
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perform immunohistochemistry to confirm that irradiated melanoma cells survive in 

the 3D experimental human skin model over a period of four days. 

 

5.3.3 Irradiated melanoma cells survive in a 3D experimental skin model 

Here, we perform a series of experiments using a specific melanoma marker to 

provide additional evidence that nests observed on the 3D experimental human skin 

models are clusters of melanoma cells, and that irradiated melanoma cells survive in 

a 3D environment over four days. The 3D experimental skin models are constructed 

using both irradiated and non-irradiated melanoma cells. Vertical cross-sections 

through the 3D experimental skin models initialised with melanoma cells are stained 

using S100, which is a reliable melanoma cell marker [17]. Both irradiated and non-

irradiated melanoma cells are found in the 3D experimental skin model after four 

days. Images in Figure 5.4a-f show positive S100 staining of melanoma cells. In 

particular, Figure 5.4b,d,f show positive S100 staining of irradiated melanoma cells 

after four days. This immunostaining confirms that irradiation does not alter the 

antigen properties of melanoma cells for this marker, and the irradiated melanoma 

cells survive in a 3D experimental skin model for four days. Our experimental results 

use skin cells and skin dermis from one donor. Additional results using cells and 

dermis from two other donors show little variability between them. 
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Figure 5.4: Irradiated and non-irradiated melanoma cells survive in 3D 

experimental skin models. S100 identifies melanoma cells (brown), and the arrows 

indicate positive staining. (a), (c) and (e) Cross-sections through 3D experimental 

skin models initialised with 1250, 5000 and 8500 non-irradiated melanoma cells, as 

indicated. (b), (d), and (f) Cross-sections through 3D experimental skin models 
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initialised with 1250, 5000 and 8500 irradiated melanoma cells, respectively. Scale 

bar in each image is 100 µm.  

 

5.3.4  Variability between skin samples 

We now examine whether there is any important variability in our results between 

skin samples from different donors.  To examine this we perform additional 

experiments using dermis and primary skin cells from three different donors, which 

we denote as donor A, donor B and donor C. We show MTT assays on the 3D 

experimental skin models initialised with non-irradiated and irradiated melanoma 

cells in Figure 5.5. The upper row of images in Figure 5.5a-c show 3D experimental 

skin models initialised with 1250, 5000 and 8500 non-irradiated melanoma cells, 

respectively. In each case, we see that larger nests are associated with higher initial 

number of melanoma cells. A similar trend is observed for the images in the lower 

row of images in Figure 5.5a-c where the experiments are initialised with an 

equivalent number of irradiated melanoma cells.  However, regardless of whether we 

consider results from donor A, donor B or donor C, we always see that nest 

formation is dramatically reduced when we consider irradiated, non-proliferative 

melanoma cells. 
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Figure 5.5: Donor variability in 3D experimental skin models with melanoma 

cells. Experimental images show metabolically active cells (light purple) on the 3D 

experimental skin model after four days. The skin models are constructed using 

primary skin cells and dermis from three different donor samples denoted A; B; and 
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C.  The scale bars are 1 mm. The melanoma nests are shown in dark purple. In each 

set of subfigures, (a)-(c), the images in the upper row show experiments initialised 

with 1250, 5000 and 8500 non-irradiated melanoma cells, respectively. In each set of 

subfigures, (a)-(c), the images in the lower row show experiments initialised with 

1250, 5000 and 8500 irradiated melanoma cells, respectively. 

 

Visual inspection of the images in Figure 5.5 suggests that the size, shape and 

number of individual nests does vary slightly between the three donors. However, the 

influence of the initial cell number and the action of cell proliferation on nest 

formation remains consistent between the skin samples from the three different 

donors. That is, larger initial numbers of cells produces larger nests, and the action of 

cell proliferation leads to dramatically larger nests. To provide additional evidence 

we also measure the area of individual nests on skin samples from all donors using 

ImageJ [15]. Data provided [see Supplementary Material 2] confirm that the 

relationship between initial cell number and the action of cell proliferation holds for 

all three donor samples.  

 

The nests on the 3D experimental skin model initialised with 1250 irradiated 

melanoma cells are very small. Most experimental replicates of this particular 

experiment do not lead to any visually observable nests, as shown in the lower row of 

images in Figure 5.5a. Therefore, data for nest area in these experiments is omitted 

[see Supplementary Material 2]. We now use an IBM to verify our experimental 

outcomes. 

 

5.3.5 Modelling melanoma nest formation using an individual based model 

To corroborate our experimental findings, we use a random walk-based IBM to 

simulate the key features of the experiments. The IBM describes the spatial 

distribution of simulated cells on a 3D square lattice [18].  We use a 3D lattice of 

cross section 3 mm × 3 mm, and depth 2 mm, to represent the central region of each 

experimental 3D skin model (Figure 5.6a). The lattice spacing is 20 m. Simulated 

cells are called agents. We consider non-adhesive skin agents (green, Figure 5.6b) 
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and adhesive melanoma agents (blue, Figure 5.6b).  Note that the domain shown in 

Figure 5.6b is a small subregion within the overall domain so that we visualise just 

the upper portion of the lattice where the majority of agents are located. 
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Figure 5.6: IBM simulations corroborate experiments. (a) Experimental image 

showing all metabolically active cells (light purple) on a 3D experimental skin model 

initialised with 5000 proliferating melanoma cells. The magnified 3 mm × 3 mm 

region shows melanoma nests (dark purple). (b) Sub-region of the 3D simulated skin 

model with simulated skin agents (green) and simulated melanoma agents (blue). The 

dimension of the upper surface is 0.8 mm × 0.8 mm, and the depth is 0.4 mm. (c) 

Upper surface of the simulated skin model. (d) Cross-section through the simulated 

skin model. (e)-(f) Experimental and simulated nests initiated with varying numbers 
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of melanoma cells, as indicated, and an equivalent density of simulated melanoma 

agents, respectively. Results in (e) correspond to non-irradiated (proliferative) 

melanoma cells/agents. Results in (f) correspond to irradiated (non-proliferative) 

melanoma cells/agents.  Images in (e)-(f) have dimensions 3 mm × 3 mm, and the 

depth is 2 mm. IBM parameters are τ = 0.01 h; ∆ = 20 µm; Pp
(m) = 0.0004; Pm

(m) = 

0.0075; Pp
(s) = 0.00025; Pm

(s) = 0.0075; and q = 0.7. Simulations with suppressed 

melanoma proliferation use Pp
(m) = 0.0. 

 

It is well-known that it can be difficult to quantitatively calibrate stochastic IBMs to 

match complicated experimental data precisely [19,20]. Therefore we simply use 

parameters in the IBM that are adapted from previous work [9,21]. These previous 

studies report estimates of the proliferation rate of SK-MEL-28 melanoma cells, the 

proliferation rate of primary human fibroblast cells, the cell diffusivity of SK-MEL-

28 melanoma cells and the cell diffusivity of primary human fibroblast cells [21].  

We make a reasonable assumption that the proliferation rate and cell diffusivity of 

keratinocyte cells are the same as the proliferation rate and the cell diffusivity of the 

fibroblast cells, respectively.  Our estimate of the strength of cell-to-cell adhesion is 

also adapted from a previous study where this parameter was determined using a 

series of two-dimensional barrier assays with a metastatic melanoma cell line [9]. 

This approach of using previously-reported parameter estimates allows us to focus on 

understanding the roles of the key underlying biological features, such as the role of 

cell migration and cell proliferation, without being distracted by the secondary task of 

obtaining precise parameter estimates. We achieve this by using previously 

determined parameter estimates and simply comparing simulation results where 

melanoma cell proliferation is present, with simulation results where melanoma cell 

proliferation is suppressed. 

 

We initialise the IBM simulations to precisely mimic the way that cells are placed 

onto the upper surface of the 3D skin in the experiments.  To initialise the 

simulations we randomly place a particular number of skin and melanoma agents 

onto the surface of the 3D lattice. The initial number of agents in each subpopulation 

is chosen to match to the initial cell density in the experiments. Figures 5.6b-d show 

smaller sub-regions of the 3D simulated skin to visualise the distribution of agents on 
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the 3D lattice as clearly as possible. Results in Figure 5.6b-c show that the IBM 

predicts the formation of clusters of adhesive melanoma agents on the surface of the 

3D lattice. Results in Figure 5.6d shows how the IBM predicts the downward 

movement of both skin and melanoma agents.  Figure 5.6d shows that skin agents 

move deeper into the 3D lattice than the melanoma agents, while nests of melanoma 

agents tend to remain on the surface. Overall, the spatial arrangement of skin and 

melanoma agents in the IBM (Figure 5.6b-d) is similar to the spatial arrangement of 

cells in the 3D experiments (Figure 5.3-5.4) [6].  

 

To explore the role of initial melanoma cell number in nest formation, IBM results in 

Figure 5.6e show that nests form on the surface of the 3D lattice, and that the trends 

in simulated nest area are qualitatively similar to those in the corresponding 

experiments. Therefore, the simulation outcomes in Figure 5.6e confirm that initial 

melanoma cell number is an important factor in driving nest formation. We also 

explore the role of cell proliferation by repeating the simulations in Figure 5.6e 

without any melanoma agent proliferation. Simulation results in Figure 5.6f are 

comparable to the corresponding experimental results, as we observe similar trends 

in nest size and morphology. In conclusion, similar to the experiments, our 3D 

simulation results indicate that melanoma nest formation is driven by initial 

melanoma cell number, and that the presence of melanoma proliferation leads to 

dramatically-larger nests. 

 

In addition to qualitatively visualising the trends in Figure 5.6, we also use the IBM 

results to quantitatively examine trends in simulated nest size.  Boxplots in Figure 

5.7 show data quantifying the size of nests predicted using the IBM under four 

different conditions. We measure the area of individual nests in the IBM using the 

Image Region Analyzer in MATLAB [22]. For model realisations where nests are not 

clearly defined we adjust the image manually by increasing the separation between 

neighbouring nests so that the Image Region Analyzer accurately measures nests 

separately. We exclude extremely small nests that are composed of less than four 

agents.   
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Figure 5.7: Mathematical model confirms trends in nest formation data and 

predicts new results. Box plots of nest size, assuming the area of each melanoma 

agent is 20 × 20 = 400 μm2, for a typical realisation of the IBM for (a) proliferative 

melanoma agents; (b) non-proliferative melanoma agents; (c) proliferative melanoma 

agents where the proliferation rate is reduced by 50%; and, (d) proliferative 

melanoma agents where adhesion strength is reduced by 50%. In each case, outliers 

are indicated by red crosses. Results in (a-b) confirm the trends in Figs. 5.3c-d and 

5.6e-f. Note the difference in the vertical scale in (c-d) compared to (a-b) 
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Results in Figure 5.7a confirm that larger initial number of melanoma agents leads to 

larger simulated nests.  Results in Figure 5.7b show that suppressing proliferation in 

the IBM leads to dramatically smaller nests. These results in Figure 5.7a-b 

correspond to the experimental results in Figure 5.3c-d.  Both the boxplots in Figure 

5.3c-d and Figure 5.7a-b report nest area in the same units, therefore this is a direct 

comparison of the experimental observation and the prediction of the computational 

model. 

 

In addition to using the IBM to replicate the experimental results, it is also 

straightforward to adjust the parameters in the IBM to make some simple predictions 

that have not been experimentally validated.  Additional results in Figure 5.7c show 

the distribution of simulated nest size when the proliferation rate of melanoma cells 

is reduced by half.  Noting the difference in the vertical scale in Figure 5.7a and 

Figure 5.7b, we see that reducing the proliferation rate of melanoma cells by half 

leads to a reduction in simulated nest size by a factor of ten. Similarly, additional 

results in Figure 5.7d show the distribution of simulated nest size when the strength 

of cell-to-cell adhesion for the melanoma cells is reduced by half.  Again, noting the 

difference in vertical scale in Figure 5.7a and Figure 5.7d shows that reducing the 

strength of melanoma adhesion by half reduces the size of simulated nests be a factor 

of ten.  

 

5.4 CONCLUSION 

Our combined experimental and simulation findings demonstrate that cell 

proliferation plays the dominant role in melanoma nest formation. While it is well-

accepted that proliferation is important in the latter stages of tumour growth [23] and 

in the spatial spreading of cell populations [24], our work shows that proliferation is 

vitally important at the very earliest stages of melanoma progression. As far as we are 

aware, our work if the first to use a 3D experimental human skin model incorporating 

irradiated and non-irradiated melanoma cells and shows that cell proliferation is the 

dominant mechanism that drives melanoma nest formation. 
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Our results, pointing to the importance of cell proliferation, are interesting for a 

number of reasons: (i) previous monoculture experiments report that melanoma nests 

are formed by cell migration in Matrigel [5]. One potential explanation for this 

difference is that the Matrigel experiments are very different to our experiments since 

we study nest formation on 3D human tissues where melanoma cells are in contact 

with skin cells; (ii) some previous mathematical models of cluster/nest formation 

focus on cell migration only, e.g. [25], whereas we find that cell proliferation plays 

the most important role; and (iii) our findings about the importance of cell 

proliferation in melanoma progression are consistent with the fact that many 

promising melanoma drugs aim to suppress proliferation [26,27,28].  

 

Our suite of experimental results can be extended in many ways. For example, one 

limitation of our work is that we group the keratinocytes and fibroblast cells together, 

and refer to these cells as skin cells.  It would be interesting to repeat our work and 

use specific markers to differentiate between these two populations of skin cells [29].  

Another interesting extension of our experimental work could be to examine nest 

formation in 3D experiment using a mixture of irradiated and non-irradiated 

melanoma cells.  This condition could mimic a partial reduction in proliferation, 

whereas our results correspond to a total inhibition of melanoma cell proliferation. 

Additionally in these experiments, cell proliferation can be blocked using drug 

treatments, such as mitomycin-C or some other commercially available proliferation 

inhibitor. Another relevant extension could be to perform a series of 3D skin 

experiments where the melanoma cells are treated so that they are non-migratory but 

maintain their ability to proliferate.  Finally, it could also be interesting to repeat the 

3D skin experiments as described here, and to image the formation of nests on a 

much shorter timescale that is comparable to the timescale of cell migration.  If we 

had access to such time course data, it might then be possible to compare this kind of 

transient data from the experiment with transient information from a mathematical 

model [30]. 

Our suite of modelling results can also be extended in many ways.  In this work we 

choose to work with a relatively simple mathematical model that represents just the 

key processes of interest, namely a population of motile, proliferative and adhesive 

melanoma cells, and a population of motile and proliferative skin cells.  This model 
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is parameterised using previously-determined parameter estimates [9,21]. While our 

model is useful in that it can both recapitulate our experimental results as well as 

generating new predictions that could be verified or challenged in future 

experimental studies, it would also possible to repeat all our simulation results using 

a more complicated mathematical model. For example, other modelling approaches 

such as continuous-space lattice-free models [31] or discrete models with force 

potentials between agents [32] could also be used in this context.  While it is always 

tempting to use a more complicated mathematical model that incorporates additional 

biological detail, this approach is limited in that using more complex models requires 

additional parameters. We avoid this situation by always working with the simplest 

possible mathematical model that describes just the key features of interest.     

 

5.5 METHODS 

5.5.1 Keratinocyte isolation and culture 

Queensland University of Technology (QUT) human research ethics obtained written 

approval for the skin samples to be used in this study (approval number: QUT HREC 

#1300000063; UnitingCare Health 2003/46). Skin samples are collected from 

patients undergoing elective plastic surgery. Human keratinocyte cells are isolated 

from skin and cultured in full Green’s medium containing DMEM with Ham’s F12 

(Thermo Scientific, Australia) in a 3:1 v/v ratio, 10% FCS, 2 mM L-glutamine, 

50 U/ml of penicillin, 50 μg/ml of streptomycin, 180 mM adenine (Sigma Aldrich, 

Australia), 1 μg/ml insulin, 0.1 μg/ml cholera toxin (Sigma Aldrich), 0.01% non-

essential amino acid solution (Thermo Scientific), 5 μg/ml transferrin (Sigma 

Aldrich), 0.2 μM triiodothyronine (Sigma Aldrich), 0.4 μg/ml hydrocortisone (Sigma 

Aldrich) and 10 ng/ml human recombinant EGF (Thermo Sceientific) following 

protocols described previously [17,33]. Primary keratinocyte cells are cultured at 37 
oC, in 5% CO2 and 95% air. 
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5.5.2 Fibroblast isolation and culture 

Human fibroblast cells are isolated following protocols in Haridas et al. [15]. 

Primary fibroblast cells are cultured at 37 oC, in 5% CO2 and 95% air. 

5.5.3 Melanoma cell culture 

The human melanoma cell line SK-MEL-28 is cultured as described in Haridas et al. 

[17]. SK-MEL-28 melanoma cells are kindly donated by Professor Brian Gabrielli 

(Mater Research Institute-University of Queensland). Cells are cultured at 37 oC, in 

5% CO2 and 95% air.  

 

A batch of SK-MEL-28 melanoma cells is irradiated to prevent cell proliferation. 

Approximately 1x107 melanoma cells are gamma-irradiated using a Gammacell 40 

research irradiator (Australia) at approximately 0.8 Gy/minute for one hour resulting 

in a cumulative dose of 50 Gy. We refer to these non-proliferative cells as irradiated 

melanoma cells, and the proliferative cells as non-irradiated melanoma cells.  

 

Identification of SK-MEL-28 cells is validated using short tandem repeat profiling 

(Cell Bank, Australia. January 2015).  

 

5.5.4  Barrier assay 

We perform circular barrier assays to observe and measure the spreading of 

populations of irradiated and non-irradiated melanoma cells. The protocol from 

Simpson et al. [16] is followed. Briefly, sterile stainless steel silicon barriers (Aix 

Scientific, Germany) are carefully placed in a 24-well tissue culture plate with 0.5 ml 

growth medium. The tissue culture plate containing cells is incubated for one hour at 

37 °C, in 5% CO2
 and 95% air. Viable cell suspensions of 20000 cells/100 µl of 

irradiated and non-irradiated melanoma cells are carefully introduced into the barriers 

to ensure an even distribution of cells. The tissue culture plates containing cell 

suspensions are incubated for a further two hours to allow cells to attach to the plate. 

The barriers are removed and the cell layers are washed with serum-free medium 

(culture medium without foetal calf serum) and replaced with fresh growth medium. 
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Plates are then incubated at 37 °C, in 5% CO2 and 95% air for zero, two and four 

days. We replace the growth medium after two days to replenish the nutrients. Each 

assay is performed in triplicate. 

 

5.5.5 Crystal violet staining 

We use the staining technique described by Simpson et al. [14] to analyse the barrier 

assays. In brief, cell monolayers are washed with phosphate buffered saline (PBS; 

Thermo Scientific, Australia) and fixed using 10% neutral buffered saline (United 

Biosciences, Australia) for 20 minutes at room temperature. The fixed cells are 

stained using 0.01% v/v crystal violet (Sigma Aldrich, Australia) in PBS for 20 

minutes at room temperature. Excess crystal violet stain is removed using PBS, and 

the plates are air-dried. Images of irradiated and non-irradiated cell populations are 

acquired using a Nikon SMZ 800 stereo microscope fitted with a Nikon digital 

camera. 

 

5.5.6 Establishing 3D experimental skin model with melanoma cells 

We establish 3D experimental skin models using the skin collected from donors 

undergoing elective plastic surgery. The protocol for establishing the 3D skin 

equivalent model with melanoma cells is adapted from previous work [7]. In brief, 

sterile stainless steel rings (Aix Scientifics) with a radius of 3 mm are placed on the 

papillary side of the de-epidermised dermis in a 24-well tissue culture plate (Nunc®, 

Australia). We refer to the de-epidermised dermis as dermis. Single cell suspensions 

of primary keratinocyte cells (20000), primary fibroblast cells (10000) and non-

irradiated melanoma cells (1250; 5000; 8500), are seeded onto the dermis in full 

Green’s medium as uniformly as possible, and incubated at 37 °C, in 5% CO2 and 

95% air for two days. We refer to the primary keratinocyte and fibroblast cells as skin 

cells. Subsequently, the stainless steel rings are removed and the dermis containing 

cells is submerged in full Green’s medium for a further two days. After this four-day 

pre-culture period, the spatial distribution of cells in the 3D experimental skin model 

is analysed. We also perform a series of equivalent experiments using irradiated 

melanoma cells. 
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All experiments are performed in triplicate.  Furthermore, all experiments are 

repeated using primary skin cells and dermis from three separate donors to account 

for variability between different donors.  

 

5.5.7 MTT Assay 

An MTT (Thermo Scientific) assay is performed to check the metabolic activity of 

cells on the 3D experimental skin models.  These assays are imaged with a stereo 

microscope (Nikon SMZ 800) fitted with a Nikon digital camera. We follow the 

protocol from Haridas et al. [7]. 

5.5.8 Immunohistochemistry on 3D experimental skin models with melanoma cells 

We use immunohistochemistry to identify melanoma cells in the 3D experimental 

skin models. 10% neutral buffered formalin (United Biosciences, Australia) is used 

to fix the 3D experimental skin models. The tissue is divided through the centre of 

the MTT positive region using a sterile blade. The two smaller pieces of tissue are 

processed and embedded in paraffin. These samples are sectioned into 5 µm thick 

sections using a microtome. These sections are de-paraffinised, rehydrated and then 

subjected to heat-mediated antigen retrieval treatment using sodium citrate buffer 

(pH 6.0) in a decloaking chamber (Biocare Medical, USA) at 95 °C for 5 minutes. 

Skin sections are washed in PBS followed by immunostaining using the MACH 4™ 

Universal HRP polymer kit (Biocare Medical). The primary antibody S100 (Dako, 

Australia) is diluted in DaVinci Green diluent (Biocare Medical) at 1:3000, and these 

sections are incubated with the primary antibody for one hour at room temperature. 

Positive immunoreactivity is visualized using 3,3-diaminobenzidine (DAB; Biocare 

Medical) and then counterstained with using Gill’s haematoxylin (HD Scientific, 

Australia). The sections are dehydrated, and mounted on coverslips using Pertex® 

mounting medium (Medite, Germany). All stained sections are imaged using an 

Olympus BX41 microscope fitted with an Olympus digital camera (Micropublisher, 

3.3RTV, QImaging; Olympus, Q-Imaging, Tokyo, Japan). 
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5.5.9 IBM Simulation Methods 

We use a 3D lattice-based IBM, with adhesion between some agents, to describe the 

3D experiments.  In the IBM, cells are treated as equally sized spheres, and referred 

to as agents.  These agents are restricted to reside on a 3D square lattice, with no 

more than one agent per site. The lattice spacing, Δ, represents the approximate size 

of each simulated agent, or the minimum spacing between agents. Here, we set Δ = 

20 µm to match previous measurements [21].  We use a 3D lattice of dimension, 3 

mm × 3 mm, and depth 2 mm, to represent the central region of each experimental 

skin model.  This means that the number of lattice sites is 150×150×100.  We choose 

the depth of the domain so that agents in the simulation never touch the bottom of the 

domain during the simulations.  The parameters in the simulation model are adapted 

from previous studies [21].  Since we use the 3D lattice to represent the central 

region of the tissue, where cells are initialised uniformly across the surface, we apply 

periodic boundary conditions along all vertical boundaries. Since cells cannot leave 

the skin through the upper or lower surfaces, we apply no flux conditions on the 

upper and lower horizontal boundaries of the 3D lattice. We choose the depth of the 

3D lattice to be large enough so that the agents never touch the bottom boundary of 

the lattice on the time scale of the simulations we consider.  

To initialise simulations, we randomly place a particular number of simulated skin 

agents, N(s)(0), and a particular number of simulated melanoma agents, N(m)(0), onto 

the surface of the lattice. When the IBM is initialised we take care to ensure that no 

more than one agent occupies each lattice site. We always choose the initial number 

of agents in each subpopulation to match the equivalent initial density of cells in the 

experimental skin model. In the experiments, the initial populations of cells are 

uniformly placed inside a disc of radius 3 mm, whereas in the IBM the initial 

populations of agents are uniformly placed inside a square subregion of side length 3 

mm. We set the initial number of skin agents to be N(s)(0)= 9549 to match the initial 

experimental population of 30,000 skin cells distributed in a disc of radius 3 mm. We 

vary the initial number of simulated melanoma agents to be N(m)(0)= 398, 1592 or 

2706, to match the initial density of melanoma cells.  This initial experimental 

density corresponds to 1250, 5000 and 8500 melanoma cells distributed in a disc of 

radius 3 mm. To match the experiments, the IBM simulations are run for four days. 



 

181 
 

At any time, t, there are N(t)=N(m)(t)+ N(s)(t) agents on the lattice. In each discrete 

time step, of duration 𝜏, we use a random sequential update method [34] to simulate 

motility and proliferation events.  The algorithm involves executing two sequential 

steps:  

1. N(t) agents are selected one at a time, with replacement and given the 

opportunity to move to a nearest neighbour lattice site with probability Pm
(s)

 

[0,1] and Pm
(m)

 [0,1].  Here we can specify different motility probabilities 

for the skin cells and the melanoma cells, and this is important because 

previous work has shown that fibroblast cells are more motile than melanoma 

cells [21]. If the chosen agent is a melanoma agent, we incorporate adhesion 

into the model by examining the occupancy of the 26 nearest lattice sites in 

the 3D Moore neighbourhood. We count the number of those sites occupied 

by melanoma agents, a [18].  Potentially motile melanoma agents then 

attempt to move with a modified probability, Pm
*= (1  q)a, which accounts 

for adhesion between neighbouring melanoma agents. The parameter q 

controls the strength of melanoma-melanoma agent adhesion, with q=0 

corresponding to no adhesion, and increasing q leading to increased adhesion 

[18].  Setting q=1 corresponds to maximal adhesion, and this would prevent 

any motility of melanoma agents that are in contact with other melanoma 

agents. We do not include any adhesion between skin agents as fibroblast 

cells are known to be mesenchymal and act as individuals rather than being 

strongly affected by adhesion [16]. If a movement event is successful, the 

agent attempts to move to a nearest neighbour lattice site from the six sites in 

the 3D von Neumann neighbourhood.  To simulate crowding effects, 

potential motility events that would place an agent on an occupied site are 

aborted. 

 

2. N(t) agents are selected one at a time, with replacement and given the 

opportunity to proliferate with probability Pp
(s)

 [0,1] and Pp
(m)

 [0,1]. Again, 

this framework allows us to specify different proliferation probabilities for the 

skin cells and the melanoma cells [18,21]. If a proliferation event is 

successful, a daughter agent is placed at a randomly chosen nearest site from 
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the six sites in the 3D von Neumann neighbourhood. To simulate crowding 

effects, we abort the proliferation event if all six nearest neighbouring sites 

are occupied. In all cases where a proliferation event is successful, a 

proliferative melanoma agent will produce a daughter melanoma agent, and a 

proliferative skin agent will produce a daughter skin agent. 

The parameters in the IBM are Δ, 𝜏, Pm
(s), Pm

(m), Pp
(s) Pp

(m) and q.  These IBM 

parameters are related to the cell proliferation rates (λ(s)= Pp
(s)/ 𝜏, λ(m)= Pp

(m)/ 𝜏) and 

cell diffusivities (D(s)= Pm
(s) Δ 2/ (6𝜏),  D(m)= Pm

(m) Δ 2/ (6𝜏)). 
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5.8 SUPPLEMENTARY MATERIAL - 1 

This document provides additional information to support the results and discussion 

in the main manuscript. Here, we describe the experimental protocols in detail.  We 

follow these protocols to obtain the results discussed in the main manuscript. Further, 

we disclose results from additional experiments. These outcomes supplement the 

overall findings documented in the main manuscript. 

5.8.1 Methods 

5.8.1.1 Live cell assay 

We perform a live cell assay to study the morphological and behavioural differences 

between irradiated and non-irradiated melanoma cells. Melanoma cell suspensions of 

5000/ml and 10000/ml, are cultured using growth medium in wells of a 24-well 

tissue culture plate. The diameter of each well is 15.6 mm. The tissue culture plate 

containing cells is placed on the stage of a live cell imaging microscope (Leica 

DMi8, Australia) housed within an incubation chamber at 37 °C, in 5% CO2
 and 95% 

air. Cells are monitored over 24 hours, and images are captured at t=0, 12 and 24 

hours. 

5.8.1.2 Establishing 3D experimental skin model with melanoma cells and control 

skin model without melanoma cells 

We construct 3D experimental skin models following protocols in the main 

manuscript. We also construct control 3D experimental skin models following the 

same protocol except that melanoma cells are omitted. 

5.8.2 Results 

5.8.2.1 Confirmation that irradiated melanoma cells do not proliferate 

The melanoma cells are gamma-irradiated to inhibit mitosis. We perform a live assay 

to provide evidence that irradiation does not change adherence or morphology, and to 
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confirm that irradiated melanoma cells do not proliferate.  Two initial densities of 

melanoma cells are used in this experiment. The assay is initialised with either 5000 

or 10000 irradiated melanoma cells/0.5 ml growth medium, in a 24-well tissue 

culture plate. Equivalent experiments with non-irradiated melanoma cells are 

performed in triplicate. The assay is monitored for 24 hours in optimal growth 

conditions. Images are captured at t=0, 12 and 24 hours. The images in Figure S1A-F 

show that the irradiated melanoma cells have no change in adherence or morphology 

when compared to non-irradiated melanoma cells.  

To confirm that irradiation prevents mitosis we count the total number of cells in 

each field of view, as a function of time, in the three experimental replicates. Figure 

S1G shows that non-irradiated melanoma cells proliferate as we see an increase in 

average cell number over 24 hours. However, the average cell number for 

experiments with irradiated melanoma cells remains constant over 24 hours (Figure 

S1H) confirming that the irradiated melanoma cells do not proliferate. Furthermore, 

the fact that the average number of irradiated melanoma cells remains constant with 

time suggests that there is no cell death. This shows that the melanoma cells survive 

gamma-irradiation. 
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.

Figure S5.1: Live cell assay of non-irradiated and irradiated melanoma cells. 

Melanoma cells are cultured in a 24-well tissue culture plate, at approximately 10000 

cells/0.5 ml growth medium. Sub-regions of size 0.92 mm × 0.69 mm are imaged. 

The images show: (A-C) non-irradiated melanoma cells; and (D-F) irradiated 

melanoma cells. The images correspond to t=0, 12 and 24 hours, respectively. The 

scale bar in each image is 100 µm. Plots show the average cell number (n=3) for: (G) 

non-irradiated melanoma cells; and (H) irradiated melanoma cells, as a function of 

time. We count the total number of cells in each field of view, as a function of time, 

in the three experimental replicates to calculate the average cell number. In both (G) 
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and (H), the data points corresponding to experiments initialised with 10000 

melanoma cells is in blue, and experiments initialised with 5000 melanoma cells is in 

red, respectively.   

5.8.2.2 Absence of nests on control 3D experimental skin models 

To provide evidence that nests are composed of melanoma cells on the 3D 

experimental skin model, we perform a set of control experiments. We construct 

control 3D experimental skin models in exactly the same way as the main 

experiments except that we omit melanoma cells.  Therefore, the only cells present in 

the control experiments are the primary skin cells.  The metabolic activity of all cells 

on the control 3D experimental skin models is observed using an MTT assay. Results 

for the control experiments are compared to the MTT assays performed on 3D skin 

models initialised with non-irradiated melanoma cells. In this case, we use a 3D skin 

model initialised with 5000 non-irradiated melanoma cells. The MTT assay 

highlights the metabolic activity of all cells on the surface of both 3D experimental 

skin models in purple (Figure S5.2). Results in Figure S5.2A show a complete 

absence of nests, while Figure S5.2B shows clear dark purple nests. This suggests 

that the dark purple staining on the 3D experimental skin model initialised with 

melanoma cells are clusters of melanoma cells. 

Figure S5.2: Nest formation is absent on the 3D skin model without melanoma 

cells. Images show metabolically active cells (light purple) on: (A) 3D experimental 

skin model without melanoma cells; and (B) 3D experimental skin model initialised 

with 5000 irradiated melanoma cells. Nests (dark purple) in (B) are indicated 

(arrows). The scale bar in each image is 1 mm.  



191 

5.8.2.3 Conclusion 

These additional results confirm that irradiation does not alter melanoma cell 

morphology, adherence to substrate or their ability to migrate.  Further, these 

additional results confirm that the dark purple nests on the 3D experimental skin 

model are clusters of melanoma cells.  



Initial cell number: 1250 

DONOR A DONOR B DONOR C DONOR A DONOR B DONOR C
0.016 0.012 0.006 0.032 0.028 0.021
0.007 0.009 0.018 0.022 0.020 0.010
0.009 0.013 0.015 0.018 0.020 0.019
0.007 0.013 0.014 0.010 0.015 0.010
0.005 0.013 0.014 0.013 0.020 0.007
0.007 0.010 0.014 0.010 0.017 0.019
0.009 0.008 0.012 0.021 0.025 0.015
0.006 0.012 0.005 0.009 0.020 0.010
0.011 0.009 0.014 0.010 0.020 0.020
0.005 0.007 0.007 0.014 0.026 0.013
0.005 0.010 0.006 0.017 0.022 0.015
0.006 0.017 0.006 0.010 0.010 0.013
0.012 0.013 0.009 0.020 0.035 0.017
0.009 0.009 0.007 0.014 0.020 0.010
0.005 0.006 0.004 0.015 0.026 0.019
0.005 0.008 0.012 0.017 0.013
0.007 0.015 0.011 0.012
0.012 0.013 0.009 AVERAGE AVERAGE AVERAGE
0.011 0.022 0.009 0.016 0.021 0.014
0.009 0.012 0.006
0.014 0.007 MEDIAN MEDIAN MEDIAN

0.005 0.014 0.020 0.013
0.004

AVERAGE AVERAGE AVERAGE
0.008 0.012 0.009

MEDIAN MEDIAN MEDIAN
0.007 0.012 0.009

Initial cell number: 5000 Initial cell number: 8500 

NEST AREA (mm²): EXPERIMENTS USING IRRADIATED MELANOMA CELLS

nest area below 

detectable limit
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DONOR A DONOR B DONOR C DONOR A DONOR B DONOR C DONOR A DONOR B DONOR C

0.045 0.029 0.018 0.080 0.045 0.080 0.181 0.036 0.460
0.037 0.022 0.020 0.088 0.086 0.130 0.095 0.094 0.123
0.022 0.014 0.029 0.070 0.076 0.032 0.202 0.042 0.266
0.016 0.024 0.028 0.089 0.044 0.029 0.785 0.054 0.138
0.012 0.049 0.083 0.062 0.044 0.051 0.038 0.114 0.186
0.034 0.029 0.023 0.062 0.099 0.031 0.189 0.129 0.213
0.029 0.029 0.046 0.050 0.038 0.043 0.233 0.152 0.329
0.026 0.026 0.017 0.087 0.060 0.067 0.201 0.035 0.319
0.035 0.022 0.013 0.052 0.108 0.047 0.258 0.050 0.199
0.045 0.023 0.010 0.041 0.129 0.051 0.213 0.033 0.144
0.035 0.020 0.008 0.032 0.078 0.066 0.121 0.045 0.129
0.053 0.022 0.017 0.103 0.077 0.042 0.176 0.024 0.123
0.026 0.023 0.024 0.057 0.036 0.057 0.571 0.038 0.098
0.048 0.018 0.018 0.053 0.136 0.051 0.814 0.048 0.088
0.036 0.014 0.029 0.034 0.081 0.021 0.302 0.097 0.040
0.022 0.022 0.014 0.053 0.065 0.031 0.077 0.045 0.069
0.030 0.020 0.021 0.036 0.171 0.029 0.083 0.219 0.147
0.019 0.021 0.010 0.053 0.121 0.102 0.175 0.027 0.076
0.024 0.023 0.014 0.095 0.048 0.135 0.170 0.317 0.152
0.020 0.017 0.026 0.051 0.066 0.111 0.049 0.265 0.089
0.022 0.022 0.022 0.053 0.032 0.084 0.094 0.113 0.109
0.049 0.017 0.024 0.023 0.024 0.089 0.048 0.316 0.082
0.022 0.012 0.020 0.069 0.044 0.063 0.022 0.164 0.089
0.014 0.015 0.038 0.141 0.032 0.163 0.059 0.138 0.054
0.012 0.041 0.020 0.051 0.049 0.094 0.061 0.165 0.086
0.022 0.022 0.014 0.133 0.057 0.107 0.051 0.101 0.073
0.034 0.025 0.020 0.128 0.061 0.069 0.073 0.025 0.045
0.015 0.020 0.010 0.150 0.051 0.039 0.073 0.027 0.081
0.010 0.019 0.010 0.085 0.045 0.041 0.059 0.036 0.073
0.015 0.020 0.020 0.139 0.078 0.045 0.051 0.358 0.082
0.012 0.015 0.026 0.069 0.051 0.038 0.059 0.041 0.094
0.009 0.031 0.013 0.079 0.078 0.059 0.071 0.044 0.062
0.019 0.019 0.024 0.150 0.019 0.038 0.058 0.024 0.069
0.022 0.009 0.010 0.109 0.059 0.031 0.072 0.030 0.085
0.013 0.010 0.014 0.121 0.045 0.026 0.089 0.028 0.059
0.020 0.012 0.013 0.092 0.053 0.047 0.036 0.054 0.059
0.026 0.017 0.012 0.041 0.036 0.020 0.044 0.027 0.066
0.033 0.025 0.018 0.017 0.075 0.035 0.062 0.032 0.086
0.020 0.018 0.013 0.032 0.051 0.032 0.041 0.035 0.079
0.054 0.012 0.020 0.048 0.048 0.032 0.051 0.042 0.067
0.059 0.014 0.018 0.068 0.030 0.029 0.091 0.044 0.076

Initial cell number: 1250 

NEST AREA (mm²): EXPERIMENTS USING NON-IRRADIATED MELANOMA CELLS

Initial cell number: 5000 Initial cell number: 8500 
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0.026 0.022 0.014 0.028 0.043 0.035 0.044 0.070 0.059
0.022 0.018 0.038 0.084 0.047 0.041 0.092 0.049 0.032
0.035 0.024 0.020 0.028 0.034 0.032 0.032 0.036 0.056
0.014 0.009 0.028 0.011 0.017 0.047 0.031 0.028 0.082
0.034 0.012 0.017 0.071 0.031 0.045 0.028 0.023 0.044
0.017 0.012 0.018 0.020 0.057 0.061 0.026 0.015 0.073
0.022 0.018 0.012 0.067 0.050 0.039 0.017 0.053 0.026
0.036 0.038 0.014 0.087 0.054 0.037 0.026 0.141 0.065
0.025 0.029 0.020 0.019 0.042 0.036 0.030 0.138 0.077
0.032 0.024 0.023 0.019 0.032 0.056 0.047 0.084 0.061
0.025 0.010 0.017 0.055 0.153 0.043 0.041 0.057 0.052
0.022 0.012 0.013 0.028 0.075 0.033 0.040 0.130 0.042
0.014 0.011 0.010 0.045 0.083 0.039 0.046 0.051 0.040
0.023 0.019 0.008 0.063 0.071 0.041 0.055 0.047 0.042
0.017 0.022 0.017 0.028 0.076 0.046 0.045 0.068 0.078
0.017 0.021 0.024 0.089 0.084 0.024 0.043 0.047 0.042
0.020 0.014 0.018 0.057 0.029 0.026 0.049 0.046
0.024 0.012 0.029 0.058 0.066 0.031 0.063
0.017 0.013 0.014 0.076 0.032 0.025 AVERAGE AVERAGE AVERAGE
0.009 0.021 0.021 0.203 0.025 0.032 0.118 0.083 0.101
0.013 0.009 0.010 0.102 0.057 0.036
0.012 0.011 0.014 0.051 0.039 0.034
0.010 0.008 0.026 0.055 0.039 0.036 MEDIAN MEDIAN MEDIAN
0.012 0.007 0.022 0.041 0.017 0.026 0.059 0.048 0.078
0.016 0.012 0.022 0.042 0.059 0.031
0.012 0.009 0.018 0.058 0.054 0.028
0.017 0.009 0.024 0.039 0.034 0.025
0.012 0.008 0.009 0.028 0.061 0.023
0.012 0.013 0.012 0.164 0.049 0.045
0.010 0.008 0.012 0.015 0.028 0.034
0.012 0.005 0.018 0.019 0.021 0.043
0.017 0.008 0.022 0.062 0.031
0.022 0.029 0.020 0.032
0.014 0.045 0.032 0.030
0.014 0.025 0.051 0.028
0.012 0.046 0.015 0.028
0.014 0.044 0.031 0.029
0.015 0.048 0.037 0.032
0.010 0.034 0.067 0.031

AVERAGE AVERAGE AVERAGE 0.021 0.048 0.042
0.023 0.018 0.020 0.018 0.043 0.026

0.028 0.070 0.026
MEDIAN MEDIAN MEDIAN 0.012 0.054 0.039

0.020 0.018 0.018 0.018 0.015 0.032
0.057 0.023 0.020
0.020 0.014 0.032
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0.032 0.043 0.043
0.029 0.030 0.040
0.033 0.014 0.013
0.015 0.020 0.031
0.031 0.033
0.061 0.024
0.037 0.026

0.026
0.021
0.026
0.031
0.035
0.035
0.020
0.020

AVERAGE AVERAGE AVERAGE
0.059 0.054 0.043

MEDIAN MEDIAN MEDIAN
0.051 0.048 0.035
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6Chapter 6: Conclusion and Future Work 

6.1.1 Summary and Conclusion 

Melanoma is a complex disease that has therapeutic challenges (Liu et al., 2014; Chen & 

Robinson 2017). Disease relapse combined with the ineffectiveness of melanoma 

medications presses the need for novel, alternate treatment options (Waggle et al., 2011; 

Chen & Robinson 2017). New treatments require an improved understanding of the cause 

of melanoma development and progression. Thus, it is important to understand the 

underlying mechanisms that drive the progression of melanoma which still remains 

unclear. The rationale for this project is to construct 2D and 3D model systems which 

reliably showcase the early and late phase of melanoma as well as characterise the key 

features of the disease progression such as, cell migration, cell proliferation and cell 

invasion by extending previous research studies. This project is designed with four 

separate but closely linked aims that are investigated and resulted in published 

manuscripts. The outcomes from these individual studies are detailed in the preceding 

chapters and summarised below.  

To investigate particular phases of melanoma progression we use cell lines associated 

with each stage of the disease.  In this thesis we use: (i) radial growth phase (RGP) 

associated with WM35 cell line (Herlyn 1990); (ii) vertical growth phase (VGP) 

associated with WM793 cell line (Herlyn et al., 1985); (iii) metastatic cell lines, MM127 

(Pope et al., 1979) and SK-MEL-28 (Carey et al., 1976). As we will be using these cell 

lines throughout the entire project, we first aim to identify a reliable melanoma-associated 

marker to detect each melanoma cell line. We attempt to detect the melanoma cells using 

individual markers. The melanoma-associated markers, S100, HMB-45, Melan-A, MITF 

and tyrosinase are commonly used and are previously reported to identify melanoma cells 

(Eves et al., 2003a; Viray et al., 2013; Zand et al., 2016).  

We also use an array of 2D experimental techniques such as immunofluorescence, 

Western blotting and quantitative reverse transcription – polymerase chain reaction (qRT-

PCR) to ensure a thorough detection of the melanoma-associated marker expressions. 
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Collectively, the findings of this study provides evidence that standard melanoma-

associated markers detects all the melanoma cell lines examined in this study except 

MM127 cells. Alternatively, SK-MEL-28 is another metastatic cell line that can be 

accurately detected using all the melanoma-associated markers and is therefore used in 

further studies throughout this project. Hence we choose to omit MM127 cell line from 

prospective projects. Furthermore, the remaining melanoma cell lines, apart from 

MM127, used in this study are identified using the melanoma-associated marker S100 

suggesting S100 to be a reliable marker. These results concur with previous research by 

Viray et al. (2013) where their study suggests S100 to be a sensitive marker for melanoma 

cells. Ordonez et al. (2014) and Foth et al. (2016) suggest the use of a mutli marker panel 

to detect melanoma cells hence, alternate markers or a combination of the alternate 

markers could be used to detect the MM127 melanoma cell line.  

At the conclusion of the first aim of this project we are confident that we have identified a 

reliable melanoma marker that can be used to identify three different melanoma cell lines 

from different stages of the disease. Thus, we extend previous monoculture investigations 

around melanoma cell migration and melanoma cell proliferation using 2D barrier assays. 

However, the main extension from previous research investigations such as Justus et al. 

(2014); Gallinaro et al. (2013); and Treloar et al. (2013);  is the use of co-cultures instead 

of a single population of cells. This 2D co-culture displays a more relevant environment 

to human skin, where melanoma cells are surrounded by skin cells like fibroblasts. We 

hypothesise that the rates at which these heterogeneous cell populations proliferate and 

migrate might be different to when the monocultures of fibroblast and melanoma cells are 

cultured in isolation. To investigate our hypothesis we perform a series of barrier assays 

using varying densities of heterogeneous cell populations and monocultures of both cell 

types. We inhibit cell proliferation to accurately quantify cell migration.  The spatial and 

temporal spreading patterns of cell populations are further quantified using partial 

differentiation equations. Overall, our results provide evidence that the dermal fibroblasts 

do not influence the migratory pattern of the melanoma cells in 2D models. Here, we are 

successful in extending previous studies by using 2D co-culture models, however our 

results do not concur with previous research that report fibroblasts promote melanoma 

growth (Li et al., 2007; Sriram et al., 2015; Flach et al., 2011). Additionally, experimental 

results in this chapter are verified using mathematical models that provide a novel 
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analysis of co-culture interactions, as well as the spatial spreading patterns of both, 

monocultures and co-cultures. Further, using melanoma cell lines associated to other 

stages of the disease such as RGP or VGP, could result in an alternate outcome. This is 

mainly because the melanoma cell lines associated to these phases could still be under the 

control of the surrounding dermal fibroblasts as opposed to metastatic melanoma cell 

lines. However, a more realistic 3D model is required to further study these cell-cell and 

cell-substrate interactions. 

 

Melanoma cell invasion is the primary cause for the spread of the disease (Martin et al., 

2013; Xu et al., 2013). Melanoma cells divide and invade into tissues causing metastases 

(Xu et al., 2013). Most of the in vitro melanoma research data are obtained using 2D 

assays. Although these 2D assays provide a wealth of preliminary information, they 

cannot be used to assess melanoma invasion patterns (Beaumont et al., 2014). There are 

limited models that accurately represent the human skin environment, in vitro. In order to 

study the behaviour of melanoma cells in a physiologically relevant context, we further 

extend our research by using a 3D human skin equivalent (HSE) model. Here, we adapt 

the 3D HSE model to construct a 3D melanoma skin equivalent (MSE) model, through 

the addition of melanoma cells, and investigate the invasion patterns of the early and late 

phase melanoma.  

 

The 3D MSE model consists of keratinocytes, fibroblasts and melanoma cell lines WM35 

(RGP) or the SK-MEL-28 (metastatic), on a de-epidermised human skin dermis substrate. 

The protocol to construct the 3D MSE models is also adapted from previous 3D 

melanoma modelling studies (Eves et al., 2000; Dekker et al., 2000). The 3D MSE model 

with melanoma cells are cultured for 9, 15 and 20 days. VGP representative cells are not 

included as we anticipate that invasion results would remain intermediate between those 

obtained from the most aggressive metastatic phase and least aggressive RGP phases of 

the disease. Hence, we focus our study on the two different phases of melanoma.   

 

The physiology of the 3D MSE models are similar to native human skin as well as results 

from previous studies; displaying a well-defined epidermis and dermis regions across all 

the time-points (9, 15 and 20 days) examined in this study (Eves et al., 2003). Further, the 

spatial expansion of melanoma cells is also observed at the above mentioned time-points. 
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Most importantly, visually distinct colonies of cells, commonly referred to as nests are 

observed on the surface of both the MSE models, with the WM35 and SK-MEL-28 cell 

lines. These nests are anticipated to be melanoma cells as the skin models without 

melanoma cells do not show these colonies of cells and previous in vitro models report 

similar nest formations (Eves et al., 2000; Dekker et al., 2000).  

 

As the main focus of our study is to explore the invasion patterns of the melanoma cells, 

we use S100 to reliably detect melanoma cells, previously shown to identify WM35 and 

SK-MEL-28 in Chapter 2. In our 3D MSE model the aggressive SK-MEL-28 cells invade 

into the dermis at day 9 as reported by previous research studies. (Satyamoorthy et al., 

1997; Hsu et al., 1998; Meier et al., 2000). Hence, our results concur with the literature 

and previous research.  However, it is interesting to note that the melanoma colonies of 

WM35 cells are able to breach the basement membrane and invade into the dermis in our 

3D MSE model, observed at day 15 and 20. The WM35 melanoma cell line is generally 

known to be confined to the epidermal region (Clark 1991; Meier et al., 2000). Our 

results contradict literature and previous studies like (Beaumont, et al., 2014; Dekker et 

al., 2000) that show RGP cells to be restricted to the epidermis. Additionally, we quantify 

differences in the invasion patterns associated with the WM35 and SK-MEL-28 

melanoma cell lines by measuring the depth of melanoma cell invasion into the dermal 

region over time using an approach different from previous studies (Eves et al., 

2003b; Eves et al., 2003a; Marques & Mac Neil 2016).  

 

To conclude, the results from this study demonstrate the successful establishment of a 

reliable and reproducible 3D MSE model that can be used to examine the invasion of 

melanoma cells from two different cell lines associated with the melanoma progression. 

Here, we provide qualitative information about the spatial and temporal distribution of 

different cell types in the MSE models and quantitative information about the invasion 

process.  

 

Since melanoma cells in the 3D MSE models proliferate, migrate and invade into the 

dermis as in native human skin in vivo, we use this 3D model to further investigate 

another important aspect of melanoma progression, which is melanoma nest formation. 

This aspect of melanoma cell clustering is previously highlighted and detailed in the 

https://scholar.google.com/scholar_lookup?title=Melanoma%20cell%20lines%20from%20different%20stages%20of%20progression%20and%20their%20biological%20and%20molecular%20analyses&author=Satyamoorthy&publication_year=1997
https://scholar.google.com/scholar_lookup?title=Melanoma%20cell%20lines%20from%20different%20stages%20of%20progression%20and%20their%20biological%20and%20molecular%20analyses&author=Satyamoorthy&publication_year=1997
https://doi.org/10.1016%2FS0002-9440%2810%2965730-6
https://doi.org/10.1016%2FS0002-9440%2810%2964719-0
https://doi.org/10.1097%2F00008390-200004000-00005
https://doi.org/10.3390%2Fhealthcare2010027
https://doi.org/10.1023%2FB%3ACLIN.0000006824.41376.b0
https://doi.org/10.1023%2FB%3ACLIN.0000006824.41376.b0
https://doi.org/10.1038%2Fsj.bjc.6601349
https://doi.org/10.1371%2Fjournal.pone.0156931
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findings in our study summarised in Chapter 4. Early identification of melanoma nests is 

critical for effective melanoma treatment (Garbe et al., 2016). However, effective 

treatment for metastatic melanoma remains a challenge. Therefore, it is imperative to 

identify the biological mechanisms that lead to nest formation. In this study we decipher 

the dominant mechanism that drives nest formation.   

 

We use the 3D MSE model to discriminate between cell proliferation and cell 

migration, the two potential mechanisms that drive melanoma nest formation, by 

performing a suite of experiments. In this study we systematically vary the initial 

density of proliferative melanoma cells and non-proliferative melanoma cells on the 

3D MSE model.  Additionally, we also explore the role of initial cell number in these 

experiments. Collectively, our results show that higher initial number of melanoma 

cells lead to larger nests, and that cell proliferation leads to dramatically-larger nests. 

These series of experimental outcomes are consistent with a series of 3D 

mathematical simulations. Our results contradict previous melanoma coalescing 

studies in Matrigel by Wessel et al. (2017) who demonstrate cell migration to drive 

melanoma nest formation. However, our experiments are performed using melanoma 

cells cultured together with primary human skin cells, creating a more realistic in 

vitro human skin model than previous studies that examine nest formation using 

monocultures of melanoma cells. Alternatively, the duration of the experiments could 

be another interesting factor that affects melanoma nest formation. Our experiments 

are conducted for longer periods of time than Wessels et al. (2017). Overall our 

results suggest that targeting melanoma cell proliferation would result in reduced nest 

formation. Our findings concur with recent studies that report melanoma-related 

drugs and therapies target the altered gene or related protein preventing melanoma 

cell division finally inhibiting the disease metastasis (Hu et al., 2016; Kaluzki et al., 

2016; Meierjohann et al., 2017).  

 

6.1.2 Future Work 

The results presented in this thesis demonstrate the use of a reliable 3D model to study 

melanoma progression. Although these findings are important in their respective manner 

they open multiple research avenues that warrant further investigation. 
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In Chapter 2 we conclude by omitting the metastatic cell line MM127 from our project. 

This cell line is used in melanoma research (Chenevix-Trench et al., 1990; Cozzi et al., 

2006). Although we use five different melanoma-associated markers in this study, the use 

of additional sensitive melanoma markers like SOX 10, Chondroitin sulfate proteoglycan 

4 (CSPG4) and Mel-CAM  (Weinstein et al., 2014; Willis et al., 2015) could potentially 

identify MM127. Furthermore, since studies suggest the use of multiple markers to 

accurately identify melanoma cells, it is possible that a combination of melanoma-

associated markers such as: Mel-CAM + S100; PMEL17 + Melan A (MART-1) + 

tyrosinase; as suggested by Ordonez et al. (2014) and Foth et al. (2016) could identify 

MM127. Identifying a suitable marker would broaden the range of studies within which 

MM127 can be used.  

 

Further, in Chapter 3 our approach to explore the spatial spreading of co-cultures is 

limited to the use of only fibroblasts and melanoma cells. The inclusion of keratinocytes 

would not only make the 2D co-culture model more relevant to the human skin but also 

might change the outcome of this experiment. Literature suggests that keratinocytes 

promote melanoma cell invasion and migration, hence including these cells in the co-

culture model could result in an alternate outcome (Chung et al., 2011; Muller et al., 

2016). Additionally this work can further be extended using different melanoma cell lines 

from the RGP and VGP stages of the disease. For example it would be interesting to 

observe results using cell lines previously used like, RGP associated in our 3D MSE 

model (Dekker et al., 2000). Additionally, repeating these experiments using the 

melanoma cell lines from the earlier stages would also address whether the metastatic 

cells have progressed to a stage beyond being influenced by fibroblasts. The cells 

associated to the RGP or VGP phase of melanoma could potentially be influenced by 

fibroblasts and may show altered migration and proliferation patterns. 

 

Our findings in Chapters 4 and 5 are interestingly different to previous research studies 

like Dekker et al. (2000) where the RGP associated cells do not enter the dermal 

compartment and Wessels et al. (2016) who report that migration drives melanoma nest 

formation. Our 3D MSE model described in these chapters provide a strong foundation 

for future work in melanoma progression. Firstly, this work can be extended by using 



 

202 
 

other RGP cell lines to confirm our current results and note if the other RGP associated 

cell lines invade into the dermal region. Further, incorporating cell lines from the VGP 

stage into our 3D MSE model would strengthen the concept that this 3D model 

recapitulates all the stages of melanoma progression. Additionally, the invasion pattern of 

other cell types associated with the different phases of melanoma can also be quantified. 

 

Secondly, the 3D MSE models can be used to explore the interaction of melanoma cells 

with the surrounding cells and tissues. For example, the disruption of the basement 

membrane in the 3D MSE model could be driven by some kind of proteolytic enzyme 

released from either the melanoma cells or the surrounding host cells. The degradation of 

the basement membrane by proteolytic enzymes such as MMPs are considered essential 

for melanoma invasion and metastasis (Katerinaki et al., 2003). Our investigations can 

extend previous studies that mainly report these results using cell lines that are associated 

to the metastatic phase of melanoma (Katerinaki et al., 2003; Eves et al., 2003a; Marques 

& Mc Neil 2016). The 3D MSE model comprises of three cell types, hence it would be 

interesting to investigate the secretions and enzymatic activity for each cell type as well as 

the different melanoma cell lines associated with each stage of the disease. This can be 

achieved by using both 2D and 3D model systems. Also, the differences in the speed of 

invasion could be associated with the type of melanoma cells included in the study and 

the rate at which these enzymes are secreted. Identifying these enzymes and associating 

them with the respective stage of the disease will produce relevant information that could 

potentially be used for diagnostic or treatment purposes.  

 

Thirdly, the 3D MSE model has potential to translate basic cellular research to clinical 

applications. As drugs cannot be tested on humans due to ethical constraints there is need 

for reliable 3D models. The MSE model can be further developed by investigating the 

effects of anti-melanoma drugs as described in Tsai et al. (2008) and Lee et al. (2010) 

who use collagen gels in their 3D models. Similarly, using the MSE model we can 

investigate the influence of anti-melanoma drugs on the size of nests. For example, since 

the melanoma cell lines WM35 and SK-MEL-28 used in this thesis have BRAF mutations 

they can be targeted using anti-melanoma drugs like vemurafnib and or dabrafenib 

(Boussemart et al., 2014). Introducing the 3D MSE model into the pre-clinical testing 
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repertoire of anti-melanoma drugs could increase their success rate in the actual clinical 

trials. 

 

Lastly, the in vivo environment in human tissue, where melanoma cells proliferate, 

migrate and invade is more complex than our in vitro 3D MSE model. Currently there are 

3D skin models with either endothelial cells or Langerhans cells (Broek et al., 2017). 

Therefore, this 3D MSE model can be used as a basis to construct a more complex 

environment integrating other cell types such as immune cells as well as endothelial cells 

into the model. This could open possibilities to study immunotherapies for melanoma 

treatments. Further, this model can be used as a foundation to host other cancers, in 

particular other skin related cancers such as basal cell carcinoma and squamous cell 

carcinoma.  

 

6.1.3 Concluding Remarks 

The overall findings of this thesis addresses several underlying key features of melanoma 

progression. We have quantified independent roles of melanoma cell motility and 

melanoma cell proliferation in heterogeneous populations. In particular, we have 

developed a 3D MSE model to study the progression of the disease and have provided 

evidence to show that initial cell density and proliferation are important parameters that 

drive melanoma nest formation. Lastly, this thesis demonstrates how the combination of 

experimental investigations along with the mathematical models can provide 

indispensable information. The mathematical models not only aid in extrapolating data 

from experiments providing detailed information about cell migration and cell 

proliferation but also re-confirm series of experimental results. In conclusion, the findings 

from this thesis provide a deeper understanding about melanoma progression.  A revised 

illustration of the disease progression based on the outcomes from this thesis is shown in 

(Figure 6.1). These results warrant further investigation. 
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Figure 6.1: Potential re-classification of melanoma progression.  The schematic 

illustrates melanoma progression showing the localisation of nevi and clusters of 

melanoma cells. The key outcomes of this thesis is highlighted in red boxes.   

 

Efforts to explore how the 3D MSE model can be carried forward to further our 

understanding of melanoma progression will also provide better insights into effective 

treatment options for this fatal disease. 
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