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Abstract 

 

Introduction: Three dimensional (3D) models of cancer have been a major focus 

in advances to research discoveries toward cancer progression and the 

involvement of the cancer stroma. Next to extracellular matrix components such 

as hyaluronic acid (HA), cancer associated fibroblasts (CAFs) are highly 

differentiated and heterogenous cancer stromal cells that promote tumour 

growth, angiogenesis and matrix remodelling.  

 

Methods: We utilised a novel 3D in vitro model of colorectal (CRC) and 

pancreatic cancer, composed of an artificial cancer mass (ACM) with varying 

invasive propensities and a stromal compartment. We incorporated extracellular 

matrix components and six colorectal patient-derived CAF samples to study their 

differential effects. The chemotherapy drug paclitaxel was tested on 3D models 

of pancreatic cancer with increasing complexity. 

 

Results: The main finding was that the invasive nature of a cancer mass directly 

influenced the complexity of a developing vascular network. All network 

alignments were quantified and endothelial structures aligned along the 

chemotactic gradient formed by the CRC mass. CRC and pancreatic cancer 

invades as clusters and sheets in contrast to their non-cancerous counterparts. 

Using quantitative PCR, we demonstrated the key genes and active proteins 

responsible for this invasion. The addition of stromal fibroblasts and endothelial 

cells provided a biomimetic microenvironment which was reflected by the 

upregulation of invasive genes. CAFs enhanced the distance and surface area of 

the invasive cancer mass whilst inhibiting vascular-like network formation. 
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Pancreatic cancer cells within a highly complex 3D model responded to paclitaxel 

and dose response curves could be established.  

 

Conclusion: These results support, within a biomimetic 3D, in vitro framework, 

the underlying gene pathways involved in cancer invasion and vascularisation.  

Furthermore, a complex model of pancreatic cancer was developed accounting 

for the large stromal proportion and used as a drug testing platform.  
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Impact Statement 

 

The expertise, knowledge, analysis, discovery and insight gained from this thesis 

can be used beneficially inside and outside academia.  

 

Inside academia, the nested co-culture can be used to further study cancer 

invasion processes at the invasive edge. Furthermore, the method can be 

replicated to study the cancer stroma in particular and applies to most types of 

cancer, other disease models and even to study healthy processes within the 

body. The collagen density of this model is more biomimetic than what has been 

used in the past in the context of 3D models and allows for a better representation 

of cellular alignment and distribution. The model is not only easily manipulated 

but also easily analysed and studied. The model can be extracted for the 

morphology of cells, staining of structures, extraction of RNA for gene analysis 

and protein analysis expressed into the supernatant. This gives an extensive and 

full picture of processes implicated in what is being studied from gene to protein 

level. Patient samples can be incorporated into the model and within time, the 

model could be used as a testing platform for personalised healthcare by testing 

whether the particular patient responds to a range of chemotherapies. This would 

then give a pre-clinical indication of the efficacy of a drug without the need for 

animal sacrifice.  

 

Outside of academia, the model may be made commercially available as a drug 

testing platform for pharmaceutical companies. An array of novel drug 

compounds can be tested on numerous cell lines and the effect on cancer mass 

and stroma can be investigated. Furthermore, the advances made to 3D 
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modelling of disease will impact and reduce the use of animal studies being used. 

Whilst in vivo work is still the gold standard pre-clinical testing platform, complex 

3D models pose as a useful alternative and can reduce the number of animals 

sacrificed in the future. Finally, the model is easily illustrated and explained. It is 

visible by eye and observations can be explained to the lay population. This is 

extremely important in educating the public about cancer progression and 

disease awareness. An increase in awareness and understanding can lead to an 

increase in screening uptake and primary healthcare success. This will then also 

most importantly lead to patients feeling more comfortable consenting to trials 

and knowing what their samples may be used for.   

 

Finally, with the rise of 3D models and cancer research becoming more 

accessible and large-scale, the education of the younger generation and interest 

in science may be increase and young scientists of the future may hopefully find 

the topic more interesting.  
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Research Outline 

 

Aims and Objectives 

The overall aim of this work was to tissue-engineer a high throughput, 

reproducible and biomimetic model of cancer containing a central cancer mass; 

the ACM, placed within a stromal compartment to create a tumouroid. Monomeric 

collagen type I was used primarily as a matrix and plastic compressed to achieve 

a biomimetic collagen density. A highly-invasive and less-invasive CRC cell type 

was used and compared to a normal colon cell to specifically investigate what 

gene markers were elevated and responsible for the initial steps of invasion and 

cancer specific phenotype leading to metastases. Patient specific CAF samples 

were used in order to create personalised 3D in vitro cancer models from the 

stromal perspective to study what signals within the tumour stroma and 

microenvironment are responsible for aiding invasion and cancer growth. A 

specific focus of this work was to study how the cancer stroma is affected, 

specifically the vascular structures, by the degree of invasiveness of the original 

cancer. Following on from this vasculogenesis and angiogenesis with respect to 

the tumour stroma were investigated to try and establish clear differences 

between the two. Finally, pancreatic cancer was modelled in 3D. The aim was to 

model the tumour stroma, which accounts for a large proportion of tumour mass. 

Drug response was then tested within this novel system.  
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Contents of this Thesis 

 

The contents of this thesis focus on how a novel 3D cancer model can be used 

to biomimetically model different types of gastric cancers, study invasion patterns 

and the tumour stroma. This specific model is biomimetic in that it uses a higher 

collagen concentration than previously used in hydrogels. Next to this, different 

cell populations were implanted in proximity to the cancer to recreate the tumour 

stroma. Finally, patient samples could be incorporated and initial drug testing 

could be conducted. The context of this work was created by firstly conducting a 

literature review to study the current literature on cancer invasion, angiogenesis, 

stroma surround and 3D models used to place the work in the current climate of 

this field of research.  

 

Next, methods used consistently throughout the project were described in detail 

for accurate reproducibility. Additionally to this, every experimental chapter would 

also have a specific methods section where applicable. 

 

Throughout the first experimental chapter of this thesis, the focus of the work was 

to demonstrate that the outgrowth of CRC cells we observe from the original ACM 

into the stromal compartment could be termed as “invasion”. This was conducted 

by comparing morphology and gene expression to a normal colon cell line and 

observing the outgrowth patterns and specific gene markers of invasion were 

investigated.  

 

In the second experimental chapter, primary colorectal CAF samples from six 

patients were incorporated into the model. Changes in invasion patterns and 
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angiogenesis were investigated and gene markers, as well as active protein 

changes, expressed into the media were studied.  

 

Lastly, within the final and third experimental chapter of the thesis, the aim was 

to model the physiological stroma of pancreatic cancer by incorporating 

extracellular matrix components present in abundance including HA. The 

tumouroids were then treated with paclitaxel and dose response curves were 

established.  

 

The work was then concluded, discussed for integrity and placed within the 

present literature throughout the final chapters of the thesis.  
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Chapter One 

Literature Review 

 

1.1 Introduction- The Fundamental Purpose of 3D Cancer Models  

In recent years, utilising 3D models of disease has become a major focus of 

research1. Two-dimensional (2D) monolayers of cells do not recapitulate the 

immediate spatial, cellular, tensile and chemical environment of the highly 

complex tumour stroma2. Increasingly, the focus has now been to utilise a range 

of 3D models to better understand tumour growth. These models are used to not 

only model the cancer mass itself but also the surrounding stroma, which has 

proven extremely important in promoting cancer growth.  

 

 

 

 

 

 

 

 

 

 

 

 
Key of Symbols for Figures 1,2,3 and 4 A. Figures were created using Servier Medical 
Art according to a Creative Commons Attribution 3.0 Unported License guidelines 3.0 
(https://creativecommons.org/licenses/by/3.0/). Adjustments and colour changes 
were made to the original cartoons. 
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One traditionally used approach has been the use of spheroids (a cluster 

formation of cancer cells) grown on low-attachment tissue culture plates. This 

formation allows cancer cells to be within immediate proximity to one another in 

a 3D configuration having formed a ‘mass’ and releasing low levels of  cellular 

collagen3. However, within spheroid formations, significant aspects of the tumour 

environment not produced by the actual cancer cells are still missing. Another 

simple method used has been the hanging drop approach. This method utilises 

the tensile force of a drop of growth media to force the cells to cluster together 

also in a spheroid formation4. This method has similar limitations to the spheroids 

grown in low-attachment plates.  

More complex models utilising biological scaffolds such as decellularized 

matrices, Matrigel® and collagen are used to provide an extracellular matrix5 for 

the cancer cells to populate in order to achieve biomimicry for the initial cancer 

mass but to also allow for the co-culture with stromal cells as well as incorporating 

chemical factors and extracellular matrix proteins6. Self-assembled organoids, 

originally used for stem cell research, have been utilised for cancer research 

more recently. Bioreactors and flow systems are used to force the cells into 

formation7. This allows for co-cultures to be utilised and interstitial fluid pressure 

conditions to be recreated.  

Patient derived xenograft (PDx) models are the gold standard and a very strong 

tool for pre-clinical in vivo models of cancer especially when orthotopically 

transplanted. A major limitation of PDx models however is that the tumour 

microenvironment cannot be recreated due to important stromal cells such as 

CAFs and endothelial cells not being explanted together with the tumour sample 

taken from the patient8. Additionally, the adaptive immune component of cancer 

resistance cannot accurately be modelled, whilst in some complex 3D models, 
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immune cells can now be incorporated to allow for this process9. Some groups 

have now proposed the use of cancer specific organoids with a dense 

extracellular matrix provided from collagen. These models have been termed as 

“tumouroids”10.11.  

These tumouroids are meant to be used as a predecessor of in vivo work as they 

can recapitulate not only the cancer mass itself but also the stromal environment.  

All of the 3D models currently used outlined in Figure 1, come with their own 

benefits and limitations (Table 1). The following paragraphs aim to stress what 

the important aspects of the tumour stroma are and how they should best be 

incorporated into 3D models of cancer.  

 

 

 

 

 

 

 

 

Figure 1: Outlining the main 3D models used currently to model cancer and the cancer 
stroma. Traditionally, spheroids and hanging drop cultured were used which consist 
of cancer cells only within media. The next generation was matrigels with cell lines 
implanted or the clinical samles in the form of explant culture. More complex 
organoids and organs on a chip have been a more specialised approach to move 
towards co-culture. The current middle man between these simple culture and the 
gold standard in vivo are tumouroids. These provide a clear cancer to stroma edge 
and allow for extracellular matrix components to be incorporated.  
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Table 1: Benefits and limitations of 3D models of cancer currently used.  

 

 

1.2 Colorectal Cancer  

 CRC, also referred to as colon, bowel or rectal cancer, is the second and third 

most common type of cancer diagnosed in men and women respectively. 

Annually, the health cost burden of total cancer treatment is estimated to be £18.3 

billion to society (gov.co.uk). CRC originates in the colon or rectum and early 
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signs and symptoms include bowel movement alterations, changes in weight and 

energy levels or blood in the stool. Common risk factors include low fibre diets, 

smoking, obesity and diseases such as Crohn’s disease and ulcerative colitis12. 

Recently specifically a high consumption of red meat has been added to these. 

Some genetic predispositions may also play a role such as hereditary 

nonpolyposis colorectal cancer (HNPCC), Gardner syndrome and familial 

adenomatous polyposis (FAP)13. Common gene mutations contributing to the 

development of CRC are POLE and POLD1 for familiar CRC and APC, mutations 

of other genes in the Wnt pathway, p53, TGF-b, KRAS, RAF, PTEN, MYC and 

PI3K for general CRC14.  

CRC often starts as a benign tumour in the form of a polyp (see Schematic 1 

below), which transitions to a cancerous type during the polyp to cancer 

progression brought about by a number of mutations disabling programmed cell 

death15. The tumours are diagnosed during colonoscopy and confirmed with 

medical imaging (CT, PET and/or MRI), histopathology and genotyping to be 

staged using the TNM system16.  

Common treatments for CRC are surgery, chemotherapy and radiation therapy 

whilst prevention includes a number of lifestyle changes17.  

 

 

Schematic 1: Colon Cancer and its origin within the epithelium of the colon or 
rectum. Often the growth will start as a polyp and develop into a cancerous 
mass due to a number of mutations. Copied from Servier Medical Art. 
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1.3 Cancer Invasion and Metastasis   

Progression and metastasis of especially epithelial cancers is a disease process 

that is understood to originate by the epithelial cells themselves within a healthy 

tissue that undergo the epithelial-to-mesenchymal transition (EMT). EMT enables 

cells to migrate to different sites where once reached they will revert to an 

epithelial phenotype, undergoing the so far minimally researched mesenchymal-

to-epithelial transition (MET), in order to form a new stable colonisation of cancer 

cells18.  There are a number of hypotheses on what causes this initial EMT, 

including prolonged inflammation causing elevated levels of IL-619 and eventually 

the induction of EMT transcription factor (EMT-TF) SNAIL20. This process is often 

furthered by the upregulation of E-cadherin, which will maintain the metastases 

especially in the lungs after the MET21.  The initial ‘budding’ of cell clusters (≥5 

cells)22 may be initiated by the loss of E-cadherin23 and then driven by an 

overexpression of matrix metallopeptidase 9 (MMP9) in order to break down the 

surrounding matrix and create a path to a new source of oxygen and nutrients24. 

The newly established invasive body will require a number of factors in order to 

survive as a now independent cluster of cells. Some genes, such as metastasis-

associated in colon cancer protein 1 (MACC1) are crucial markers for  metastatic 

colorectal cancers being a key regulator in hepatocyte growth factor (HGF)-

induced MET25, whilst freely circulating matrix metallopeptidase 7/matrilysin 

(MMP7) is associated with distant metastasis in CRC26. Matrix metalloproteinase-

2/collagenase IV (MMP2) especially, “effectively identifies the presence of CRC” 

and is activated especially by clustering cells27.  Furthermore, it has recently been 

shown that even circulating tumour cells (CTC) recruit and communicate with 

endothelial cells in order to form clusters of tumour-derived endothelial cells28. It 

is also vital for a metastasis to promote vasculature, mainly through the disruption 
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and angiogenesis of local endothelial networks. This remodelling often leads to 

highly disorganised and leaky vasculature forming around the tumour with a 

reduced surface area to volume ratio and high interstitial pressure29,30. Whilst 

most tumours form a necrotic and hypoxic core, the outer ‘leader cells’ of the 

cancer mass will recruit perivascular support cells for the formation and 

remodelling of vessels leading to a constant cross-talk between cancer and 

stromal cells to promote tumour growth31.  

Cancer invasion is thought to be initiated by a combination of processes. There 

are certain aspects that need to occur for the original cancer cells to break free 

from the cancer mass and exist as an independent cluster of cells and form 

secondary tumours. Whilst the phenomenon of single CTCs exists, a cluster of 

cells will be much more successful in establishing a mass at a distant site21. One 

of the early events in the cancer “invasion-metastasis” cascade is the initial 

invasion followed by intravasation and finally extravasation. In order for a cluster 

of cells to start the process of invasion, a number of extracellular matrix proteins, 

growth factors and MMPs need to be in place and eventually adhesion molecules 

will guide the invasive body into the stroma. The leader cells of these invasive 

bodies will utilise integrins and proteases to break down the matrix surround and 

squeeze this new mass through the healthy tissue. Intravasation involves the 

process of letting this invasive body enter the blood or lymph vessels of the 

body32. There would be an upregulation in integrins and adhesion molecules 

again in order for the cancer cells to attach to the endothelial cells of vessels or 

to lymph nodes. A number of growth factors and cytokines will then be produced 

by the cancer cells in order to increase vascular permeability and let the cancer 

cells enter the lumen of the vessel. Two major players in this process are 

transforming growth factor beta (TGF-b) and vascular endothelial growth factor A 
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(VEGFA)33. Whilst in the harsh conditions of circulating blood, the cancer mass 

will adapt through a number of mechanisms which are thought to heavily rely on 

the EMT of the CTCs as well as the coating by platelets and immune evasion. 

The way the invasive mass eventually becomes trapped into a new tissue is by it 

essentially getting stuck in a capillary bed where it will undergo extravasation and 

start to grow as a new tumour. This extravasation is often caused by an 

upregulation of  adhesion molecules such as cadherins and integrins. 

Furthermore, in this case the cancer cells will express MMPs and angiopoietin 2 

(ANGPT2) to remodel the endothelium34. Some secondary tumours however do 

not initially enter the circulatory system and merely push themselves through the 

body cavity and into the surrounding tissues. Some of the main differences 

between the process driven by the primary tumour as compared to the metastasis 

can be taken from Table 2 below.  

 

 

Table 2: The different processes involved and driven by the primary tumour 

compared to a new metastasis.  
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1.4 The Cancer Stromal Population  

The permissive role of the tumour microenvironment in contributing to the 

process of tumour progression is increasingly recognised35,36 (see Figure 2). 

Within this complex and dynamic stromal response, CAFs are of particular 

interest37. CAFs are highly differentiated and activated fibroblasts that comprise 

a range of subtypes and phenotypes38. In the healthy tissue, resting fibroblasts 

line the lamina propia adjacent to the epithelium and precryptal fibroblasts 

contour the walls of the crypts contributing to tissue integrity39. Some subtypes of 

CAFs are derived from these local fibroblast populations that appear to reside in 

the margins of the tumour. Other subtypes may migrate from distant sites such 

as the bone marrow (BM) whilst other are speculated to have derived from other 

cell types that differentiate into CAFs. CAFs are also believed to be 

(differentiated) cancer cells through EMT38,39. Furthermore, mesenchymal stem 

cells (MSCs) have been thought to be able to differentiate into CAFs and 

consequently give rise to other stromal cells such as endothelial cells (ECs) which 

will differentiate into tumour endothelial cells (TECs)37. CAFs promote tumour 

growth40 by the overexpression of growth factors, cytokines, chemokines and 

matrix-remodelling enzymes whilst increasing stiffness of the tumour41. This 

stiffening in itself can drive tumour growth. Recent work has highlighted the role 

of stiff tumour tissue on cellular communication network factor 1 (CCN1) 

regulation in endothelial cells, which enhances melanoma cell-endothelium 

interaction to promote metastasis through the vasculature42. The reactive stroma 

is in an inflammatory state and under constant stress such as oxygen and nutrient 

deprivation.  CAFs induce the tumour macrophage polarization towards the M2 

phenotype, also known as tumour activated macrophages (TAM)38, major 

orchestrators of cancer-related inflammation43. This process is driven mainly by 
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interleukin-6 (IL-6), which is highly expressed by CAFs44. The key signature of 

CAFs is the overexpression of alpha smooth muscle actin (aSMA), a contractile 

stress fibre also expressed by myofibroblasts during wound healing45. A number 

of “CAF markers” are used to differentiate between normal fibroblasts (NFs) and 

CAFs. They include fibroblast-specific protein-1 (FSP-1/S100A4), fibroblast-

activating protein (FAP), platelet-derived growth factor receptor (PDGFR) and 

prolyl 4-hydroxylase subunit alpha-1 (P4HA1), however, CAFs are a highly 

heterogenous population with various activation states present, which makes 

them difficult to be chracterised38,41. Initially, CAFs repress tumour growth due to 

gap junction formation amongst activated fibroblasts, but consequently they path 

the way for extracellular matrix (ECM) remodelling and stiffening46. The ECM is 

remodelled physiologically and chemically during cancer progression due to 

factors expressed and released by the cancer cells and CAFs, including 

proteases breaking down the ECM through increased covalent cross-linking of 

collagen fibrils mediated by lysyl oxidase (LOX)47,37. This in turn increases 

interstitial fluid pressure within the tissue, which activates CAFs to upregulate 

TGF-b-138 and MMPs thus promoting and guiding cancer cell tissue invasion48. 

Stiffness plays a major part in cancer progression and mechanotransduction and 

yes associayed protein (YAP)-dependent remodelling of the matrix is required for 

the creation and maintenance of CAFs49,50. CAFs produce and excrete a number 

of soluble factors which stimulate neighbouring stromal cells to excrete further 

tumour growth supporting soluble factors21. This cancer-stroma cross-talk 

recruits immune cells and local vasculature due to CAFs increasingly excreting 

VEGF44. Overexpression of IL-6 by CRC cells and CAFs drives cytokinetic 

angiogenesis and further upregulates VEGF secretion through prostaglandin-E2 

(PGE-2) mediation48.The recruited vascular networks promote cancer escape 
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from the primary tumour and metastases. Colon CAFs specifically secrete growth 

factors, like HGF, which activates mitogen-activated protein kinase (MAPK) and 

phosphophatidylinositol 3-kinase (PI3K)/AKT pathways responsible for cell 

survival and invasion of the cancer51. 

 

 

 

 

 

 

 

1.5 The Immune Reaction to Cancer 

Cancer immune infiltration is extremely important in the local inflammatory 

response and later escape mechanisms and resistance. Immune cells play a 

major role in not only the cancer response but also its rise. Prolonged 

inflammation due to for example Helicobacter pylori or the nonhuman form of 

sialic acid—N-glycolylneuroaminic acid (Neu5Gc) in red meat have shown to 

Figure 2: The developed and permissive tumour microenvironment compared to a 
metastasis and how it enters a new site.  On the left, essential components are 
outlined as the cancer grows within a healthy tissue. As the mass gets bigger, the 
cancer and surrounding tissue will get stiffer through contractile forces. Cellular 
population will differentiate or be recruited around the cancer mass. These include: 
CAFs, TECs, immune cells and a number of cytokines. A number of genes will start 
to be upregulated. When the CTC reach a new tissue through the circulation such as 
the liver, this process will start again, this time faster as the cancer cells have gained 
a certain level of resistance.  
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contribute to the rise of gastric cancers especially in recent years52. Although 

cancer immunotherapy has been on the rise in recent years there are still some 

knowledge gaps in understanding the cancer immune cycle. The sequential 

response that occurs within the body after a cancer cell is detected occurs in a 

step wise manner. The first sign to the immune system that a cancer cell is 

present, is the release of neoantigens detected by local dendritic cells (DCs). 

Dying cancer cells may then release pro-inflammatory cytokines amongst other 

pro-inflammatory factors. The DCs will then present the antigens on major 

histocompatibility complex (MHC) I and MHCII to recruit a T-cell response53. 

Macrophages will also play a key role cancer related inflammation, specifically in 

the form of TAMs. These types of macrophages often adopt M2-like properties. 

TAM recruitment is caused by a release of chemokines and factors such as 

VEGFA and colony stimulating factor-154. The cancer related inflammation 

caused will in turn upregulate angiogenesis, tumour growth and invasion. The 

cancer cells therefore actually hijack the immune response for their own benefit. 

Another major junction of TAMs is to suppress the T-cell mediated anti-tumour 

immune response and therefore act in a immunosuppressive way also43. This 

balance is tuned in order to benefit the tumour from the local tissue and 

corresponding immune response caused and promoted. So what can the immune 

system actually do against growing cancer cells? Initially, natural killer cells and 

CD8+ T-cells will be able to fight off immunogenic cells. And T-cell infiltrated 

tumours have shown a better prognosis in certain tumour types, however the 

cancer cells can still escape. This is caused due to immune editing, a process by 

which less immunogenic cancer cells escape this process, survive and develop 

an immune-resistant phenotype52. Lastly, immunotherapy has been a promising 

novel development. The use of cellular immunotherapy and antibody therapy is 
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now a widely used treatment option in the form of either active or passive 

immunotherapy. The active form will directly attack tumour cells or be 

administered in the form of a cancer preventing vaccine whilst passive therapies 

will enhance the immune response already present in the body55.  

 

1.6 Physical and Chemical Changes caused by the Presence of Cancer 

The growing tumour mass will start to alter not only the stromal cells within 

proximity but eventually also start to affect the physical and chemical tissue 

environment. As the cancer grows, the collagen fibrils surrounding the tumour will 

start contracting and increase the stiffness of the tissue essentially pulling the 

surround tissue towards it. This change in architecture occurs due to not only the 

physical growth of the cancer mass but also the degradation of the tissue in order 

for the cancer cells to break through the basement membrane. The tissue gets 

degraded due to an increased release of proteases56.  Whilst the exact 

mechanics are poorly understood, some studies have shown that increased 

stiffness in breast and prostate cancer leads to a poorer diagnosis57,58. Tumours 

themselves are more rigid and dense with integrins and mechanoreceptors 

contributing to cell tension of the cancer cells themselves and surrounding 

stroma59. As cancer cells grow and proliferate in a now stiff matrix, the core of the 

mass will start to become necrotic due to poor vascularisation of the tumour. This 

will cause a build-up of necrosis and a change in metabolism of the cancer cells 

within this new microenvironment. The rise of anaerobic respiration (the “Warburg 

Effect”), an escape mechanisms cancer cells use to proliferate in harsh 

environments, will lead to an increase in lactic acid. This in turn will lead to a rise 

in reactive oxygen species and H+ in the surrounding tissue60.  
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1.7 Vasculogenesis vs. Angiogenesis- Cancer Vasculature 

Firstly, it is important to distinguish between vasculogenesis and angiogenesis 

(see Table 3 below). Vasculogenesis is the formation of new de novo blood 

vessels whilst angiogenesis is the remodelling and formation of new blood 

vessels from pre-existing ones. Vasculogenesis is the process of endothelial 

progenitor cells (EPCs); angioblasts fusing together and forming new vessels and 

was firstly only believed to take place at the embryonic stage. However, it has 

now come to light that vasculogenesis also plays a large part in adult life and is 

implicated in a number of diseases.  

 

 

Table 3: Comparing between angiogenesis and vasculogenesis.  

 

 

Postnatal vasculogenesis is believed to occur especially during wound healing 

after trauma or in endometriosis, however in recent years the involvement of 

vasculogenesis in tumour growth has been looked at especially in the context of 

vasculogenic mimicry61. Whilst angiogenesis is largely driven by VEGFA and 

other proangiogenic factors such as HGF, IL-8, angiogenin (ANG) and ANGPT2, 

vasculogenesis is a much less understood process and it is not entirely clear what 
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drives this process in postnatal tissue62. Whilst the two processes often occur in 

parallel, there are distinct differences between them in health and disease. 

Healthy vasculogenesis occurs when local cues signal for endothelial precursor 

cells to migrate to an a area and form new vessels. Normally, healthy 

angiogenesis occurs in order to ultimately achieve sprouting, splitting and re-

branching during growth and development and also wound healing63. During the 

early events of, driven by angiogenic growth factors act on endothelial cells to 

release proteases in order to degrade the surround basement membrane and 

path a way for the new endothelial cells within the local tissue.  

 

 

 

 

 

 

 

Figure 3: Outlining the main differences between angiogenesis and vasculogensis in 
the context of a tumour within proximity. Whilst it is widely understood that the tumour 
expresses a high number of angiogenic growth factors in order to recruit vasculature, 
the effect on vasculogenesis is poorly understood. The potential that the tumour might 
actually be blocking new vessels from forming is now becoming a more accepted 
hypothesis.   
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Chapter Two 

Materials and Methods 

 

2.1 Introduction 

This chapter outlines the main methods used throughout all experimental 

chapters. When applicable, further detail specific to the experimental sfet up will 

be described in the following chapters individually.  

 

2.2 Cell Maintenance 

All cells were routinely cultured in a humidified incubator at 37°C and 5% CO2 

atmospheric pressure. If cells required to be frozen down, >200 000 cells/1 mL 

of media with 10% dimethyl sulfoxide (DMSO) were used to sequentially freeze 

the cells 48 h in -80°C in an isopropanol surround and then stored in liquid 

nitrogen. If cells needed to be brought back up, the vial was defrosted for 5 min 

in a 37°C water batch and spun down to remove the DMSO. Cells were then left 

to attach undisturbed in the flask for 48 h and subsequently split or media was 

renewed. When cells needed to be passaged, they were ‘split’ by removing the 

media, washed with PBS and incubated with 1X Trypsin for the cancer cells or 

1X TrypLETM Express Enzyme for all other cells for 5 min at 37°C. Cells were 

then centrifuged at 2000 rounds per minute (RPM) for 5 min and subsequently 

re-suspended and distributed into new flasks. All cells were counted using 0.4% 

Trypan blue solution and a haemocytometer (all GibcoTM through Thermo Fisher 

Scientific, Loughborough, UK).  
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2.2.1 Cancer Cell Lines and Colon Normal Cells  

Cancer cell lines used were colorectal cancer HT-29, HCT 116 and pancreatic 

cancer MIA PaCa-2 cells. Normal colon cell line used were the CCD841 CoN 

cells. All cancer cell line 2D monolayers were “split” twice per week at applicable 

dilutions (generally 1:6 to 1:10).  

HT-29 and HCT 116 cell lines were obtained through The European Collection of 

Authenticated Cell Cultures (ECACC) and cultured in Dulbecco’s Modified Eagle 

Medium (DMEM) at 1 000 mg/L glucose (all through Sigma-Aldrich, Dorset, UK). 

Media was supplemented with 10% Foetal Calf Serum (FCS) (First Link, 

Birmingham, UK), 100 units/mL penicillin and 100 µg/mL streptomycin (GibcoTM 

through Thermo Fisher Scientific, Loughborough, UK).  

MIA Paca-2 cell line was also obtained through ECACC (through Sigma-Aldrich, 

Dorset, UK) and cultured in DMEM at 4 500 mg/L glucose and supplemented with 

10% Foetal Calf Serum (FCS) (First Link, Birmingham, UK), 100 units/mL 

penicillin and 100 µg/mL streptomycin (GibcoTM through Fisher Scientific, 

Loughborough, UK).  

CCD841 CoN were obtained through ECACC and cultured in Minimum Essential 

Medium (MEM) supplemented with 1 mM sodium pyruvate (both GibcoTM through 

Fisher Scientific, Loughborough, UK) and supplemented with 10% Foetal Calf 

Serum (FCS) (First Link, Birmingham, UK) additionally to 100 units/mL penicillin 

and 100 µg/mL streptomycin (GibcoTM through Fisher Scientific, Loughborough, 

UK). 

 

2.2.2 Stromal Cells  

Stromal cells used were human adult-donor dermal fibroblasts (HDF) and human 

umbilical vein endothelial cells (HUVEC). Both cell types were used at passage 
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>5 when included in the tumouroid models. HDFs and HUVECs were routinely 

cultured in 2D monolayers were “split” twice per week at applicable dilutions 

(generally 1:2 to 1:6). 

HDFs were cultured in 4 500 mg/L DMEM. HUVECs were cultured in Endothelial 

Cell Growth Medium (all Promocell, Heidelberg, Germany). Both media were 

supplemented with 10% Foetal Calf Serum (FCS) (First Link, Birmingham, UK) 

additionally to 100 units/mL penicillin and 100 µg/mL streptomycin (GibcoTM 

through Fisher Scientific, Loughborough, UK). HDF and HUVECs were used up 

until passage 5 in the tumouroids. 

 

2.3 3D Tumouroid Model Fabrication 

All 3D tumour models were made, initially, using monomeric type 1 collagen (First 

Link, Birmingham, UK) and the RAFTTM protocol pages 8-9 (Lonza, Slough, UK). 

As seen in the screenshot above, a recipe is given of how much volume per 

reagent is added of the following: 10X MEM (Sigma-Aldrich, Dorset, UK Sigma-

Aldrich, Dorset, UK), collagen, neutralising agent (N.A.) (17% 10 M NaOH 

(Sigma-Aldrich, Dorset, UK) in 1 M HEPES buffer GibcoTM through Thermo Fisher 

Scientific, Loughborough, UK)) mixed with cell suspension resulting in 80% 

collagen, 10% 10X MEM, 6% N.A. and 4% cells. This whole process was 

conducted under sterile conditions and on ice. The RAFTTM protocol uses a 
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different final volume and therefore the total would be divided by our sample size 

(in this case 240 µL) in order to obtain the total number of samples possible. For 

example, in row 3 a total of 1.7 mL would give 7.083 samples at 240 µL and 

therefore 1.4 mL of collagen would be added to 0.17 mL of 10X MEM and 

neutralised with 0.099 mL N.A.. Finally, a cell suspension of 0.071 mL would be 

added.  

 

2.3.1 Artificial Cancer Mass (ACM) 

For the ACMs, 5x104 cells/ACM of either HT-29, HCT 116 or MIA PaCa-2  cells 

were used in 240 µL of the collagen mix, which was added to a 96-well plate 

(Corning® Costar® through Sigma-Aldrich, Dorset, UK). The gel mix was 

polymerised, or ‘set’ at 37˚C for 15 minutes (min), followed by plastic-

compression using the 96-well RAFTTM absorbers (Lonza, Slough, UK) (see 

Figure 4A). 200 µL of corresponding media was added on top of the ACMs and 

they could be cultured at 5% CO2 atmospheric pressure and 37˚C to the desired 

time point with 50% media changes every 48 h.  

 

2.3.2 Complex Tumouroid Model 

In order to produce a complex tumouroid model with a stromal compartment 

engulfing the ACM, the ACMs were nested into this stroma. The collagen solution 

was prepared as described, and ACMs were directly embedded into a 24-well 

plate (Corning® Costar® through Sigma-Aldrich, Dorset, UK) containing 1.3 mL 

of the non-cross-linked collagen mix (see Figure 4B). Extracellular matrix 

components and cell populations to remodel the tumour stroma could be added 

to this stroma. In the case of the colorectal cancer tumouroids mouse laminin64 

at 50 µg/mL (Corning® through Sigma-Aldrich, Dorset, UK) additionally to 
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2.5x104 HDFs/ CAF samples and 105 HUVECs were added to the collagen mix. 

For the pancreatic cancer tumouroids, mouse laminin64 at 50 µg/mL (Corning® 

through Sigma-Aldrich, Dorset, UK), human fibronectin at 25 µg/mL (Sigma-

Aldrich, Dorset, UK) and >1.8 MDa sodium hyaluronate (NaHy) at 100 µg/mL 

(LifecoreTM Biomedical, Chaska, U.S.) were added to the collagen mix. The 

resulting tumouroids were first polymerised at 37˚C for 15 min and plastic-

compressed using the 24-well RAFTTM absorbers (Lonza, Slough, UK). 

Tumouroids were cultured to the desired timepoint at 5% CO2 atmospheric 

pressure and 37˚C with 50% media changes every 48 h.  
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Figure 4 A: Concept behind how to make complex 3D models. Compared to 
2D cell monolayers, 3D cellular configuration in a plastic compressed collagen 
gel allows the compartmentalisation between cancer mass and stromal 
compartment. Monomeric collagen type I is used to create an ACM, which is 
implanted into the stromal compartment. This is the completed tumouroid 
which can then be used for analysis. 

Figure 4 B: ‘Fabrication of CRC “Tumouroids”’: utilising Type 1 collagen. 
Collagen mix for ACMS was pipetted into a 96-well plate cross-linked and 
plastic compressed (A). The ACM was then placed into the stromal 
compartment before it had set and subsequently set and compressed (B). To 
measure invasion patterns, the tumouroid was imaged at one focal plane in 4 
positions at a 10x magnification (C). 
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2.4 Staining and Immunofluorescent Imaging 

The 3D constructs were formalin fixed for 30 min in 10% neutrally buffered 

formalin (Genta Medical, York, UK) for 30 min and then washed and stored in 

phosphate buffered saline (PBS) (GibcoTM through Fisher Scientific, 

Loughborough, UK). The constructs were permeabilised and blocked for 1 h at 

room temperature using 0.2% Triton X 100 and 1% bovine serum albumin (BSA) 

(both Sigma-Aldrich, Dorset, UK) dissolved in PBS. Primary antibody incubation 

was then performed overnight at 4˚C. The primary antibody was washed off with 

three consecutive 5 min washes in PBS on a plate shaker. The secondary 

antibody incubation was conducted the next day for 2.5 h at room temperature. 

This was followed by three consecutive 15 min washes in PBS on a plate shaker. 

Antibodies were diluted in the same Triton X 100 and BSA solution and suppliers 

and source were as follows: primary 1:200 anti-CK20 rabbit D9Z1Z (New England 

Biolabs, Herts, UK), anti-platelet cell adhesion molecule (CD31) mouse JC70/A 

(Abcam, Cambridge, UK) anti-Vimentin mouse V9 (Santa Cruz, Texas, US) and 

secondary 1:1000 anti-mouse Alexa Fluor® 488 IgG H&L ab150113 and anti-

rabbit DyLight® 594 ab96885 (both Abcam, Cambridge, UK). In order to stain for 

Phalloidin, the Alexa FluorTM 568 Phalloidin kit was used. All targets were 

counterstained with DAPI, using NucBlueTM (both InvitrogenTM through Thermo 

Fisher Scientific, Loughborough, UK).  

 

2.4.1 Measuring Invasion and Evaluating Endothelial Network Complexity 

All constructs were imaged on the Zeiss AxioObserver with ApoTome.2 

instrument and software (Zeiss, Oberkochen, Germany). In order to measure the 

outgrowth (‘invasion’) from the original ACM-to-stroma boarder into the stromal 

compartment and orientation of endothelial structures towards ACMs, 4 images 
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were taken at a 10x magnification evenly spaced out in alignment with a clock 

face at 12, 3, 6 and 9 o’clock on the same focal plane (see Figure 4 C). This was 

to randomise the pictures taken and find a truer average per sample rather than 

measure all points of significance. All samples were assessed for number of 

invasive bodies, as well as distance and cross-sectional surface area of invasion 

on the given focal plane. In order to analyse the complexity of the endothelial 

networks formed within the stromal compartment, the same image pattern was 

taken further within the stromal compartment of the tumouroids and endothelial 

networks were assessed for number, width and length of branches additionally to 

number of junctions and loops within the networks (see Figure 5). The images 

obtained were then analysed in Fiji ImageJ software65 and results were analysed 

in GraphPad Prism 7/8 software along with all data obtained throughout the 

study. 

 

 

 

 

 

 

 

Figure 5: Endothelial Network Evaluation. The endothelial networks formed 
within the stroma of the tumouroids were quantified for complexity by looking 
at the number of branches, junctions and loops and measuring the width and 
length of the branches per image taken. These were then collectively used to 
establish the number present on average within the images taken and 
therefore tumouroids overall. Green=CD31 and blue=DAPI.  
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2.5 Molecular Biology  

All molecular biology protocols are outlined below individually. Extreme care was 

taken to prevent RNAse and DNAse contamination by using molecular grade 

reagents and plastics. All procedures were carried out on ice when necessary. 

 

2.5.1 RNA Extraction  

RNA was extracted using the phase separation TRI Reagent® and chloroform 

method as previously described66 (both Sigma-Aldrich, Dorset, UK). Briefly, cells 

or constructs were dissolved in 400 µL of TRI Reagent® and mixed with 80 µL 

chloroform (5:1) and vortexed for 30 sec. The sample was then centrifuged at 12 

000 RPM for 15 min at 4˚C for phase separation. The clear supernatant 

containing the RNA was pipetted off and placed in a fresh tube. 175 µL of ice-

cold 100% isopropanol were added and the sample was vortexed for 30 sec and 

centrifuged at 12 000 RPM for 15 min 4˚C for alcohol precipitation of RNA. The 

supernatant was pipetted off, leaving the RNA pellet behind. The RNA pellet was 

then washed in three steps; 100% ethanol, 75% ethanol and again with 100% 

ethanol at 13 000 RPM for 10 min each at 4˚C to clean off water and alcohol 

soluble contaminants (all alcohols through Sigma-Aldrich, Dorset, UK). After the 

last wash, the ethanol was pipetted off and the RNA pellet was left to dry and re-

suspended in 25 µL of H2O. The Total RNA content obtained was quantified and 

assessed for integrity using the NanoDropTM. In general, a 260/280 ratio of ~1.8 

and a 260/230 ratio of ~2.0 were accepted67.  
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2.5.2 complementary DNA (cDNA) Transcription through polymerase chain 

reaction (PCR) 

Transcription into cDNA was conducted using the High-Capacity cDNA Reverse 

Transcription Kit (Applied BiosystemsTM through Fisher Scientific, Loughborough, 

UK) in a 20 µL or 40 µL reaction on the T100TM Thermal Cycler (Bio-Rad, Watford, 

UK). Conditions for the cDNA transcription can be seen in Table 4 below.  

 

Table 4: Conditions for cDNA Transcription 

Settings Step 1 Step 2 Step 3 Step 4 

Temperature (˚C) 25 37 85 4 

Time (min) 10 120 5 ¥ 

 

 

2.5.3 Quantitative PCR (qPCR) and Analysis 

Gene target amplification was conducted using iTaqTM Universal SYBR® Green 

Supermix on the CFX96TM Touch System (both Bio-Rad, Watford, UK) in 10 µL 

reactions with 20 ng sample cDNA and primer concentration of 0.2 µM with 

settings for quantification and melting curve analysis as seen in Table 5. Relative 

gene expression was calculated using the ∆Ct and 2-∆∆Ct method68 normalising to 

reference gene hypoxanthine-guanine phosphoribosyltransferase (HPRT1) with 

primers for this gene taken from literature69.  
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Table 5: Conditions for qPCR 

Step Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 

Temperature (˚C) 95 95 60 95 65 95/0.5 

Time (min) 30 5 30 10 5 - 

 

 

 

2.5.4 Primer Pair Design and Optimisation 

Primers were designed according to the MIQE with an annealing temperature 

(Ta) of 60˚C, sequences and efficiencies are listed in Table 2 below, and were 

purchased through Eurofins Genomics (Ebersberg, Germany). Briefly, primer 

pairs were designed within Primer3Plus to be in the coding sequence (CDS), 

preferably towards 3’ end if possible and to be exon spanning or even on an exon-

exon junction. Product Size: Min-100 base pairs (bp) Opt-120bp Max- 200bp. 

Primer Size: Min-20 bp Opt-22 bp Max-25 bp. Primer Tm: Min- 58°C Opt-60°C 

Max-65°C (so that Ta will be ca. 60°C). Max Self Complementary: 5.00. Max 

3’Self Complementarity: 3.00. Max. Poly-X: 3. GC Clamp: 1. The software mfold 

(http://mfold.rna.albany.edu/?q=mfold/DNA-Folding-Form) was used to check for 

secondary structures with conditions folding Temperature: 60°C. Ionic Conditions 

of SYRB in mM: 50 Na+, 3 Mg2+. Structures accepted were with few loops, best if 

none, no loops in primer attachment region, ΔG was accepted until -4. Finally, 

primer BLAST was used to check for specificity of the primers. Specificity was 

accepted if primers only detected transcript variants and ‘PREDICTED’ has ≥3 

mismatched bp.  

Primer efficiency was tested in a variety of cells over five cDNA concentrations 

(100 ng/µL, 100 ng/µL, 10 ng/µL, 1 ng/µL and 0.1 ng/ML). Generally, an efficiency 

x39 
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between 90-110% over at least three standards was accepted (see Table 6 

below).  

 

Table 6: Primer pair sequences and efficiencies 

 Efficiency Cells 
Tested 

CAF Markers  
ACTA2 (NM_001320855.1) 
F’: GATAGAACATGGCATCATCAC  
R’: ACATACATGGCTGGGACATTG 
Product Size: 193 bp 

95.1% over 3 Standards  HCT 116 

S100A4 (NG_027993.1) 
F’: AAAGAGGGTGACAAGTTCAAGC 
R’: ATGCAGGACAGGAAGACACAG 
Product Size: 182 bp 

97.0% over 5 Standards HCT 116 

P4HA1(NM_000917.3) 
F’: GGGTTGCTGTGGATTACCTG 
R’: CGAGGCTTGTCCCATTCATC 
Product Size: 178 bp 

97.5% over 5 Standards  HCT 116 

TGFB1 (NM_000660.6) 
F’: CACCAACTATTGCTTCAGCTCCAC 
R’: TGTCCAGGCTCCAAATGTAGGG 
Product Size:158 bp 

95.5% over 5 Standards  HCT 116 

PDGFRA (NM_006206.4) 
F’: AAGGACTGGGAGGGTGGTCTG 
R’: TGAAGGTGGAACTGCTGGAACC 
Product Size: 178 bp 

98.2% over 5 Standards  PSC 

FGF2 (NM_002006.4) 
F’: TGGCTTCTAAATGTGTTACGGATG 
R’: TGCCCAGTTCGTTTCAGTGC 
Product Size: 121 bp 

97.9% over 3 Standards  PSC 

SNAI1 (NM_005985.3) 
F’: AGCCGTGCCTTCGCTGAC 
R’: CGGACTCTTGGTGCTTGTGGAG 
Product Size: 133 bp 

106.0% over 5 
Standards  

PSC 

FAP (NM_004460.3) 
F’: GTCTTACGCCCTTCAAGAGTTC 
R’: TCTTGTCCTGAAATCCAGTTTG 
Product Size: 125 bp 

98.9% over 5 Standards  HCT 116 

Angiogenic Markers 
VEGFA (NM_001171623.1) 
F’: GCCTTGCCTTGCTGCTCTAC 
R’: GAAGATGTCCACCAGGGTCTCG 
Product Size: 155 bp 

110.6% over 3 
Standards  

HUVEC 

IL-6 (NM_000600.5) 
F’: AGTGAGGAACAAGCCAGAGC 
R’: GCGCAGAATGACATGAGTTG 
Product Size: 183 bp 

96.3% over 4 Standards HDF 
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CDH5 (NM_001795.4) 
F’: CCGTGGTCATCTCAGACAATGG 
R’: ATCCTCGCAGAAGGTGAACTCG 
Product Size: 107 bp 

91.8% over 3 Standards  HUVEC 

HGF (NM_000601.5) 
F’: AGCATCATCGAGGGAAGGTGAC 
R’: CCACGACCAGGAACAATGACAC  
Product Size: 195 bp 

109.1% over 3 
Standards  

PSC 

IL8 (NM_000584.3) 
F’: TCTTGGCAGCCTTCCTGATTTC 
R’: ATTTCTGTGTTGGCGCAGTGTG 
Product Size: 172 bp 

109.4% over 4 
Standards  

HCT 116 

CTNNB1 (NM_001904.3) 
F’: GGGTCCTCTGTGAACTTGCTC 
R’: CCGTTTCTTGTAATCTTGTGGCTTG 
Product Size: 173 bp 

100.6% over 3 
Standards 

HUVEC 

NES (NM_006617.1) 
F’: CCTTGCCTGCTACCCTTGAGAC 
R’: CTGTTTCCTCCCACCCTGTGTC 
Product Size: 194 bp 

99.9% over 3 Standards  PSC 

ANG (NM_001145.4) 
F’: CCTGACCTCACCCTGCAAAGAC 
R’: GCAAGTGGTGACCTGGAAAGAAG 
Product Size: 142 bp 

106.3% over 3 
Standards 

HUVEC 

ANGPT2 (NM_001147.2) 
F’: ACAGGAGGCTGGTGGTTTGATG 
R’: GGTTGTGGCCTTGAGCGAATAG 
Product Size: 141 bp 

110.5% over 4 
Standards  

HUVEC 

FBLN5 (NM_006329.3)  
F’: CAAGCCACGACCCGCTACC 
R’: GCTGCCTCTGAAGTTGATGACAG 
Product Size: 198 bp 

104.2% over 4 
Standards  

PSC 

PECAM1 (NC_000017.11) 
F’: AGAGCCAACCACGCCTCCAG 
R’: CACTCCGATGATAACCACTGC 
Product Size: 105 bp 

108.0% over 3 
Standards  

HUVEC 

Matrix Remodeling and Tumour Invasiveness Markers  
MMP2 (NM_004530.5) 
F’: CAGGAGGAGAAGGCTGTGTTC 
R’: TAAAGGCGGCATCCACTCG 
Product Size: 136 bp 

99.4% over 5 Standards  PSC 

MMP7 (NM_002423.4) 
F’: ATGAACGCTGGACGGATGGTAG 
R’: GGGATCTCCATTTCCATAGGTTGG 
Product Size: 140 bp 

95.5% over 3 Standards HCT 116 

MMP8 (NM_002424.2) 
F’: AAGCACACCCAAACCCTGTGAC 
R’: TCGACTCTTTGTAGCTGAGGATGC 
Product Size: 124 bp 

98.4% over 3 Standards  MSC 

MMP19 (NM_002429.5) 
F’: 
GGGATGAGGAAGAAGAAGAGACAG 

99.2% over 4 Standards  PSC 
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R’: AAGGGCAGACACTCGGAACAAG 
Product Size: 200 bp 
HPSE (NM_006665.5) 
F’: TAAGACCTTTGGGACCTCATGG 
R’: CAGATGCAAGCAGCAACTTTGG 
Product Size: 193 bp 

103.3% over 5 
Standards 

HCT 116 

COX-2 (M90100.1) 
F’: 
CCTCCCACAGTCAAAGATACTCAGG 
R’: ACATCATCAGACCAGGCACCAG 
Product Size: 115 bp 

108.2% over 3 
Standards  

PSC 

EGFR (NM_005228.3) 
F’: GGCCGACAGCTATGAGATGGAG 
R’: AGATCGCCACTGATGGAGGTG 
Product Size: 171 bp 

97.8% over 5 Standards HCT 116 

EPCAM (NM_002354.2) 
F’: TTGCTGTTATTGTGGTTGTGGTG 
R’: CCCATCTCCTTTATCTCAGCCTTC 
Product Size: 112 bp 

100.6% over 5 
Standards 

HCT 116 

PLAU (NM_002658.4) 
F’: CGCCACACACTGCTTCATTG 
R’: TTTCCACCTCAAACTTCATCTCC 
Product Size: 110 bp 

108.1% over 4 
Standards  

HCT 116 

TIMP1 (NM_003254.2) 
F’: TACTTCCACAGGTCCCACAACC 
R’: GCATTCCTCACAGCCAACAGTG 
Product Size: 168 bp 

93.2% over 5 Standards  HCT 116 

HIF1A (NM_001530.3) 
F’: CCAGCAGACTCAAATACAAGAACC 
R’: TGTGGGTAGGAGATGGAGATGC 
Product Size: 134 bp 

104.0% over 5 
Standards  

HCT 116 

MACC1 (NM_182762.3) 
F’: TACGACTCACAAAGCAACAAATGG 
R’: AAATCATAGGCAGGTTTCCACATC  
Product Size: 100 bp 

97.0% over 5 Standards  HCT 116 

KRT20 (NM_019010.2) 
F’: ATTGCTACTTACCGCCGCCTTC 
R’: GACACGACCTTGCCATCCACTAC 
Product Size: 143 bp 

98.3% over 4 Standards  HT-29 

THBS1 (NM_003246.3) 
F’: 
GACGGGTTTCATTAGAGTGGTGATG 
R’: 
CGTATTTCAGGTCAGAGAAGAACAC  
Product Size: 146 bp 

97.6% over 4 Standards  HCT 116 
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2.5.5 Protein Extraction 

Cell monolayers of ≥200 000 cells were lysed and scraped for protein with RIPA 

buffer (100 µL for 100% confluency in 6-well plate) containing protease inhibitor 

cocktail at 1:100 dilution (both Sigma-Aldrich, Dorset, UK). Tubes were vortexed 

for 30 sec every 15 min three times consecutively. Lysed cell suspensions were 

quantified for protein concentration using the PierceTM BCA Protein Assay Kit 

(Thermo Fisher Scientific, Loughborough, UK). Working solutions were made up 

to 0.5 µg/µl with RIPA and 2x Concentrate Laemmli Sample Buffer (Sigma-

Aldrich, Dorset, UK).  

 

2.5.6 Western Blotting 

Samples were boiled at 95°C for 5 min and 10 µg per sample were loaded onto 

10% Mini-PROTEAN® TGXTM Precast 10-well protein gels and run at 200 Volts 

(V) for approximately 45 min using the Mini-PROTEAN Tetra Cell and 

PowerPacTM 300 using tris-glycine SDS running buffer (all Bio-Rad, Watford, UK). 

The prrotein ladder SeeBlueTM Plus 2 Pre-stained Protein Standard (InvitrogenTM 

through Thermo Fisher Scientific, Loughborough, UK) was used to compare 

protein size. Proteins on the gels were then dry transferred onto nitrocellulose 

membranes using Trans-Blot® Mini Nitrocellulose Transfer Packs and the Trans-

Blot® TurboTM Transfer System (Bio-Rad, Watford, UK). Membranes were 

blocked for 1 h with 5% milk (Sigma-Aldrich, Dorset, UK) (in tris-buffered saline 

and 1% Tween 20 (TBST), both Bio-Rad, Watford, UK)), incubated with 1° 

antibodies for a-SMA 1A4 and loading control b-tubulin N-20 in 5% milk overnight 

at 4°C at dilutions 1:1000 and 1:200 respectively followed by five quick rinses and 

three 5 min washed with TBST. 2° antibodies IgG-HRP anti-goat sc-2953 and 

anti-mouse sc-2314 at 1:1000 dilutions were incubated for 1 h in 3% milk (all 
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antibodies through Santa Cruz Biotechnology, Dallas, US), followed by three 15 

min washes with TBST, and developed using PierceTM ECL Western Blotting 

Substrate (Thermo Fisher Scientific, Loughborough, UK). Blots were imaged 

using the ChemiDocTM XRS imaging system and Image LabTM software (Bio-Rad, 

Watford, UK). 

 

2.5.7 Enzyme-Linked Immunoabsorbent Assay (ELISA) 

500 µL media aliquots from cultured tumouroids were taken at every 48 h media 

change, kept in-80 ˚C, and assessed for metallopeptidase inhibitor 1 (TIMP-1), 

matrix metallopeptidase-8/neutrophil collagenase (MMP8), VEGF, plasminogen 

activator/urokinase (PLAU), HGF, hypoxia inducible factor-1 alpha (HIF-1a) and 

vascular endothelial cadherin (VE-Cadherin) active protein expression using the 

R&D Systems (Abingdon, UK) Human Magnetic Luminex® Assay, Human VE-

Cadherin Quantikine ELISA Kit or the InvitrogenTM HIF1A Human ELISA Kit 

(through Thermo Fisher Scientific, Loughborough, UK) according to 

manufacturer’s instructions and subsequently read on the Bio-Rad Bio-Plex® 

MAGPIXTM Multiplex Reader (Watford, UK) or the Tecan M200 PRO Microplate 

Reader (Männedorf, Switzerland). 

 

2.6 Histology 

Prior to processing, samples were formalin fixed initially using 10% neutrally 

buffered formalin (Genta Medical, York, UK) and then stored within cassettes to 

be processed by the histopathology department at the Royal National 

Orthopaedic Hospital, Stanmore, UK. The samples were then embedded into 

blocks and sectioned into 5 µM thick sections. H&E staining was conducted using 
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the Leica Autostainer XL (Wetzlar, Germany). All sections were imaged using the 

Zeiss ApoTome.2 instrument and software (Zeiss, Oberkochen, Germany). 

 

2.7 Optical Projection Tomography 

Tumouroids were imaged for OPT at the UCL Centre for Advanced Biomedical 

Imaging (CABI). Samples were formalin fixed initially using 10% neutrally 

buffered formalin (Genta Medical, York, UK) for 30 min and then washed in 

phosphate buffered saline (PBS) (GibcoTM through Fisher Scientific, 

Loughborough, UK), permeabealised and stained as mentioned above with 

primary 1:200 anti-cytokeratin 20 (CK20) rabbit D9Z1Z (New England Biolabs, 

Herts, UK) and secondary 1:1000 anti-rabbit Alexa Fluor® 568 IgG H&L 

ab175473 (both Abcam, Cambridge, UK),  and then embedded in 1% agarose at 

37°C after being cut into quadrants. Dehydration was conducted using 50%, 80% 

and 100% ethanol for 24 h each and replenishment with alcohol every 12 h. 

Finally, the samples were optically cleared using BABB (1:2 benzyl alcohol and 

benzyl benzoate). The tumouroids were then imaged using the OPT Scanner 

3001M (Bioptonics MRC, Edinburgh, UK), reconstructed using NRecon 

(SkyScan, Kontich, Belgium) and analysed using MATLAB 2017b and Amira 

5.4TM software.  

 

2.8 Statistical Analysis  

All statistical analysis for this thesis was conducted using GraphPad Prism 7/8 

software. Data was tested for normality with the Shapiro-Wilk test (n≥3) or the 

D’Agostino test (n≥8) and the appropriate test for statistical significance was 

applied depending on data parameters (t-test, Mann-Whitney, One-way analysis 

of variance (ANOVA) with Dunnet’s Post Hoc or Kruskal-Wallis with Dunn’s 
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multiple comparisons test). The tests used for each data set are outlined within 

the figure legends individually. Significance was regarded at p-values <0.05. All 

data points are represented as mean with standard error mean (SEM) in graphs 

and values stated in text as mean with standard deviation (STDEV). In general, 

n=3 with 3-4 technical replicates, details are described within the figure legends 

for each individual data set. F-values, t-values and degrees of freedom (DOF) 

are stated within the figure legends for each set of statistical tests. Two-tailed 

tests for significance were used when appropriate. 
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Chapter Three 

Colorectal Cancer Cell Invasion Morphology and 

Vascularisation Signalling in 3D 

 

3.1 Introduction 

Whilst there has been a major leap in the 3D modelling of cancer recently10, there 

are still some very apparent lacks within the work investigating invasion and 

vascularisation especially. One of the first major questions still to answer is that 

the outgrowth of cancer cells we see, whether it is within an agarose gel, collagen 

gel, or decellularized matrix, can actually be termed as “invasion”21. All 

proliferating cells will find space to fill in order to achieve outgrowth and to not 

competitively outgrow each other70. Within 3D models, it has not been shown to 

date whether specific invasive gene markers are expressed that would drive the 

actual invasion. Additionally, the way invasion has been measured has not been 

randomised or conducted in a reproducible and accessible way. It is for this 

reason these topics were approached and optimised within the following chapter. 

Furthermore, tumour vascularisation and angiogenesis has been extensively 

studied as a drug target especially71. What has not been extensively researched 

is the way vascularisation may be affected by the degree of invasiveness of the 

cancer. In order to study this, a new way of quantifying the complexity of vascular 

networks was evaluated and a quantification method was established. This 

chapter therefore aims to fill the gaps in present literature in terms of quantifying 

cancer invasiveness and vascularisation in 3D models. 
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The focus is on investigating and optimising the measurement of colorectal 

cancer invasion patterns. This was done by comparing to a normal colon cell line 

in 3D and comparing between a less-invasive and highly-invasive colorectal 

cancer cell line. The second aspect studied was how vascularisation of the 

tumour stroma in 3D is affected by the aggressiveness of the cancer. These to 

aspects were quantified with optimised methods and molecular and protein 

switches were investigated. The hypotheses were that cancer cells in a 3D matrix 

form clusters, “spheroids” over time whilst normal cells will not adapt this 

phenotype. Furthermore, cancer cells will invade into a surrounding stroma 

maintaining a cluster phenotype, expressing invasive markers, whilst normal cells 

will proliferate outwards to find space. Cancers produce vast amounts of 

angiogenic growth factors that trigger angiogenesis and therefore the second 

hypothesis was that the more aggressive the cancer, the less complex the 

vascularisation in the stroma would be as the phenomenon of “leaky vasculature” 

would be much more prominent.  
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3.2 Materials and Methods  

3.2.1 Histology of Compressed Collagen Samples 

The tumouroid samples were embedded and processed as described in chapter 

2. Great care had to be taken and a vertical (face down) and horizontal (upright) 

embedding approach had to be tried, with the horizontal approach being more 

successful in the end. The tumouroids could only be sectioned successful for a 

very low number of sections (approximately 5) due to their thickness (100-120 

µm). The processing also damaged the stromal part of the tumouroids and 

therefore only the ACM part was assessed. The samples were assessed blindly 

by a registered histopathologist and graded. 

 

3.2.2 Cell Maintenance  

HT-29, HCT 116, CCD841 CoN, HUVEC and HDF cells were cultured as 

described in chapter 2. The cells were routinely cultured and cell suspensions as 

needed were prepared on the day of the experiment and counted using a 

haemocytometer.  

 

3.2.3 Complex Tumouroids with Acellular Stromal Compartment   

Complex tumouroids were fabricated as previously described in chapter 2, 

however in order to specifically investigated the signalling patterns involved in 

early invasion, an acellular stromal compartment was used. This was done by 

implanting the ACMs into a 24-well sized stromal compartment only containing 

laminin at the regular 50 µg/mL (Corning® through Sigma-Aldrich, Dorset, UK) 

concentration. The tumouroids were left to cultivate for 21 days and samples were 

processed for RNA extractions. Media samples were also collected every 48 

hours for ELISA analysis.  
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3.2.4 6-Well Tumouroids 

As the proliferation of CCD841 CoN cells in 3D was relatively low and therefore 

the RNA yield was not sufficient, the setup had to be upscaled. The way this was 

achieved was to implant a 24-well ACM into a 6-well stroma. The proportions had 

to be kept the same in terms of collagen volume and cell number. This was done 

by finding the relationship in surface area to volume ratio between the different 

well sizes and applying the ratio to the new 6-well format (see Table 7 and Figure 

6). This resulted in 250 000 cells being used for the 24-well ACM and a collagen 

volume of 6.0 mL for the 6-well stromal compartment. For plastic compression, a 

sterile 6-well sized Whatman® paper disc was applied to the hydrogels with three 

24-well-sized RAFTTM absorbers on top. Furthermore, two 6-well tumouroids 

were pooled for the RNA extraction, which gave sufficient RNA values. 

 

 

Table 7: Surface areas, collagen mix volumes and types of absorbers used for 

the different sized gels. The approximate ratio of surface area and volumes were 

used to generate the volumes for the 6-well set up. 

 Surface Area 

(cm2) 

Collagen Mix 

Volume (mL) 

Absorbers Used 

96-well 0.32 0.24 1x 96-well 

24-well 1.9 1.3 1x 24-well 

6-well 9.5 6.0 3x24-well + 

Whatman® Paper 
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Figure 6: Fabrication of 6-well Tumouroids. 6-well tumouroids were made by 
applying Whatman® paper and three 24-well sized RAFTTM absorbers to the 
hydrogels (left). This achieved plastic compression within the normal 15 min. 
The final look of the 6-well tumouroids (right). 
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3.3 Results  

3.3.1 Is our Model Biomimetic? 

In order to establish whether the tumouroid model measured up to the gold 

standard of histopathology, the samples were compared to actual patient 

samples of CRC in order to observe potential similarities. Histology H&E analysis 

deemed the tumouroid model as having a similar phenotype to what would be 

observed in patient samples (Figure 7A&B). Necrotic cores within cell clusters 

were observed (Figure 7C&D), a phenomenon identified as “dirty necrosis” in 

CRC72. The clustering of cells and consequent spheroid formation was seen in 

the less-invasive HT-29 ACMs, as well as the highly-invasive HCT 11673 ACMs 

(Figure 8), however the colon normal cells remained as single cells when cultured 

in a 3D collagen matrix (Figure 9A).  

 

3.3.2 Cancer Cells Form Spheroids over Time in 3D 

The first set of experiments to demonstrate that cancer cells cluster and form 

spheroids over time in 3D73 was conducted on ACMs alone over time. HT-29 and 

HCT 116 cells were left in 96-well plate compressed collagen gels for 21 days 

and over time it was observed that the cells began to cluster by day 7 and these 

clusters increased in size with each time point (see Figure 8). This observation 

leads to the conclusion that cancer cells will form spheroids in the 3D matrix 

comprised of compressed collagen over time. This clustering was a cancer 

exclusive phenotype, as this phenotype was not observed in the CCD841 CoN 

ACMs that were made even by day 21 (see Figure 4). This result was underlined 

by the high expression of EpCAM (epithelial cell adhesion molecule), which is 

responsible for cell-to-cell connection and overexpressed in tumours that arise 

from epithelial tissue74&75. When the mRNA expression of EpCAM was compared 
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between the three constructs, HT-29 and HCT 116 containing tumouroids 

showed significantly upregulated expression (both p=<0.0001).  
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Figure 7: Histology H&E staining of patient samples and tumouroids. With low 
grade colon adenocarcinoma (A), high grade colon adenocarcinoma (B), HT-
29 tumouroids (C) and HCT 116 tumouroids (D) with scale bar for all images 
representing 100 µm.  
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Figure 8: Cancer growth in 3D ACMs over time. HT-29 (top panel) and HCT 
116 (bottom  panel cancer cells were left to grow in 96-well plate ACMs over 
21 days to observe the clustering, or “spheroid” formation. Red=CK20 and 
blue=DAPI. 
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It is important to note here that HCT 116 cells within an isolated ACM still express 

CK20 (Figure 10A), whilst in the next section of the results, HCT 116 cells appear 

to lose CK20 expression when they undergo an invasive phenotype and by being 

in co-culture (Figure 10B&C) as compared to HT-29 cells which have a very 

strong CK20 expression throughout (Figure 10D,E,F&G). The gene expression 

for KRT20 reflected this difference with a significant upregulation in HT-29 

tumouroids both in 2D (p=0.004) and 3D (p=<0.0001) and also when comparing 

2D and 3D for the HCT 116 tumouroids (p=0.0282) (Figure 10 H). 

 

 

 

 

Figure 9: 3D Morphology of CCD 841 CoN in 3D collagen matrix and EpCAM 
Expression. Picture of CCD841 CoN “ACM” taken at day 14 with 
red=cytokeratin 20 (CK20), blue=DAPI and scale bar representing 50 µm (A). 
EpCAM (epithelial cell adhesion marker) mRNA levels in ACMs with HT-29, 
HCT 116 or normal colon cells CCD 841 CoN (B). Value shown is normalised 
to HPRT1 mRNA levels (mean ± SEM) with n=3 and 3 technical repeats. One-
way ANOVA with Dunnet’s Post Hoc test p-values, with values 0.05=*, 
0.005=**, 0.0005=*** and 0.00005=****.  
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3.3.3 Cancer Cells Invade as Cell Clusters whilst Normal Cells Migrate out 

as Single Cells 

In order to demonstrate that the cells not only aggregate when in 3D but that their 

outgrowth patterns also differ between cancer and non-cancerous, the ACMs 

were implanted into a stromal compartment. For the first set of experiments, the 

stroma was left acellular in order to attribute the upregulation of any invasive 

markers to the cancer alone and not the stromal cells. Over time clusters of cells, 

grew from the ACM into the stromal compartment and formed detached, invasive 

Figure 10: Loss of CK20 Expression in HCT 116 Tumouroid compared to HT-29. 
Images demonstration CK20 expression in HCT 116 ACM (A) and tumouroids (B&C). 
Images demsontrating  CK20 expression in HT-29 ACM and tumouroids. cross talk 
between cancer cells and surrounding stroma (D,E,F&G). Scale bar=50 µm for A&B 
and 100 µm for the rest with red=CK20, green=CD31 and blue=DAPI. KRT20 
(cytokeratin 20) mRNA levels (H). Value shown is normalised to HPRT1 mRNA 
levels (mean ± SEM) with n=3 and 3 technical repeats. Unpaired t-test p-
values, with values 0.05=*, 0.005=**, 0.0005=*** and 0.00005=****.  
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bodies (Figure 11A,B&C). In order to validate and term the outgrowth of cancer 

cells as ‘invasion’ and not migration, the invasive CRC gene markers MACC176, 

MMP777 and HPSE78 were measured within the constructs containing an acellular 

stroma at day 21 (Figure 11D,E&F). The results identified that MACC1 was 

upregulated significantly in HT-29 (p=<0.0001) and HCT 116 (p=0.0073) 

tumouroids compared to CCD 841 CoN constructs. When comparing MMP7 

expression, this gene was upregulated in the HT-29 tumouroids (p=0.0007) 

compared to CCD 841 CoN. Although MMP7 expression would be expted to be 

higher in a more invasive cell line, the more rounded clusters broke down the 

matrix more efficiently and therefore expressed higher levels of this enzyme. 

When comparing the expression of HPSE, HCT 116 tumouroids had a 

significantly higher expression (p=0.0013) compared to CCD 841 CoN.  

 

 

 

 

 

 

Figure 11: Invasive markers in tumouroids with acellular stroma. Invasive ‘blebbing’ 
(A), detached bodies formed (B) in HT-29 tumouroids and single cell outgrowth in 
CCD841 CoN samples by day 14 with red=CK20, green=vimentin and blue=DAPI, 
scale bar= 50 µm.), MMP7 (matrix metalloproteinase 7) (D), MACC1 (metastasis 
associated in colon cancer 1) (E) and HPSE (heparanase) (F) mRNA levels in ACMs 
of colon cancer cell lines HT-29 and HCT 116 and normal colon cells CCD 841 CoN 
embedded into acellular stromal compartments. Value shown is normalised to HPRT1 
mRNA levels (mean ± SEM) with n=3 and 3 technical repeats. One-way ANOVA with 
Dunnet’s Post Hoc test p-values, with values 0.05=*, 0.005=**, 0.0005=*** and 
0.00005=****.  
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The less-invasive HT-29 tumouroids invaded from the original ACM into the 

stromal compartment in rounded and well-defined cell clusters resembling tumour 

‘budding’21 formation with CK20 positive leader cells10 at the invading edge 

(Figure 12A). However, the highly-invasive HCT 116 tumouroids demonstrate a 

heterogenous CK20 sheet-like formation when invading into the surrounding 

stroma (Figure 12B). These HCT 116 sheets are not rounded and show a 

narrower, spindle like phenotype towards the leading edge with no defined 

boundaries. The highly invasive nature of HCT 116 CRC cells was also 

demonstrated by the significant upregulation (p=0.0009) of EGFR compared to 

tumouroids containing HT-29 CRC (Figure 12C). EGFR is highly upregulated in 

CRC and has been used as a target for monoclonal antibody treatment in 

combination with chemotherapy79.  

 

 

 

 

 

 

To further quantify cancer invasion, the distance of outgrowth (termed as 

‘invasion’) and cross-sectional surface area were measured over time (Figure 

13A&B) and compared between the two cell lines used within the model. The 

more invasive HCT 116 tumouroids invaded further at days 7 (82.47 µm±41.13 

Figure 12: Comparison between HT-29 and HCT 116 tumouroids and EGFR 
expression. Images representing invasion of HT-29 (A) and HCT 116 (B) cancer cells 
from ACM into stroma and endothelial structures formed by day 21 with green=CD31, 
red=CK20 and blue=DAPI, scale bar= 100 µm. EGFR (epidermal growth factor 
receptor) mRNA levels (C). Value shown is normalised to HPRT1 mRNA levels (mean 
± SEM) with n=3 and 3 technical repeats. T-test p-values, with values 0.05=*, 
0.005=**, 0.0005=*** and 0.00005=****.  
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µm), 14 (228.5 µm±114.6 µm) and 21 (463 µm±207 µm) as compared to HT-29 

tumouroids at days 7 (39.52 µm±15.09 µm), 14 (90.43 µm±38.23 µm) and 21 

(110.2 µm±47.7 µm) with corresponding p-values for days 7, 14 and 21 all being 

p=<0.0001. This observation is in line with previous in-group publications by 

Magdeldin et al10. Another factor that was significantly upregulated in the HCT 

116 tumouroids (p=<0.0001) and released into the media was the active protein 

form of urokinase-type plasminogen activator (PLAU) (Figure 13C).  This is 

correlated with tumour malignancy and is understood to contribute to tissue 

degradation to aid metastasis80.  

 

 

 

 

 

 

 

3.3.4 The Aggressiveness of the Cancer Distinguishes the Complexity of 

Endothelial Networks Formed 

The endothelial cells added within the tumouroids started to form primitive 

vasculature with time. Two different levels of vascular complexity were observed. 

Not only does the cancer respond to endothelial cells within its proximity, which 

was seen through the phenomenon of ‘vascular mimicry’ (Figure 14A) in a 

number of invasive bodies that had budded from the original ACM into the stromal 

Figure 13: Comparison between HT-29 and HCT 116 tumouroids and PLAU 
expression. Average distance (A) and surface area (B) of invasion measured within 
tumourouds. Data time points show day 1, 7, 14 and 21 for HT-29 and HCT 116 
tumouroids (mean ± SEM) for n=3 with 3 technical repeats. Mann-Whitney p-values, 
with values 0.05=*, 0.005=**, 0.0005=*** and 0.00005=****. Functional temporal 
protein expression of PLAU (C) released into the cell media by tumouroids containing 
HT-29 or HCT 116 ACMs. Two-way ANOVA p-values 0.05=*, 0.005=**, 0.0005=*** 
and 0.00005=****. 
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compartment. Vascular mimicry, especially in CRC plays a major prognostic 

role81 and has been used as a predictor for poor disease outcomes82.The 

endothelial structures that developed within the stromal compartment were more 

complex for the less-invasive HT-29 tumouroids compared to the highly-invasive 

HCT 116 tumouroids (Figure 14B&C).  

 

 

 

 

 

The complexity of the endothelial networks was assessed from the same images 

to measure invasive outgrowth and (Figure 15A-E) by the number of junction, 

loops and branches additionally to the width and length of these individual 

branches. The images for this analysis were taken further away from the ACMs, 

as the endothelial networks complexity appeared to be of higher complexity in 

those regions. In the presence of HT-29 cancer cells, all complexity measures 

were statistically significantly higher (p=0.0002, 0.0093, 0.0034 and <0.0001 

respectively) than the HCT 116 tumouroids except for the length of the branches 

(p=0.7585). This points towards the phenomenon that more aggressive cancers 

are more likely to disrupt vasculogenesis. Less aggressive cancers allow for the 

formation of more complex endothelial networks within our model. When using 

the CCD841 CoN colon normal cells within the ACM, this phenomenon could not 

Figure 14: Vascular mimicry and endothelial networks formed. Vascular mimicry, as 
observed in invasive bodies of HT-29 cells (A),with red=CK20 and blue=DAPI and 
scale bar=50 µm for both images. Vascular networks in stroma of tumouroids by day 
21 containing either HT-29 (B) or HCT 116 (C) ACMs with green=CD31 and 
blue=DAPI and scale bar=100 µm. 
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be measured as the stromal cells competitively outgrew the colon normal cells. 

Therefore the comparison of vasculogenesis in the presence of normal colon cells 

could not be conducted. 

 

 

 

 

 

 

This trend was further investigated by measuring the expression of a number of 

genes and proteins known to be involved in vasculogenesis and angiogenesis. 

Firstly, a panel of angiogenic genes was tested over the temporal time points day 

7, 14 and 21 of growth in HT-29 and HCT 116 tumouroids. Secondly media 

samples were taken from the tumouroids at every 48 hour 50% media change 

and VE-Cadherin, VEGFA, and HGF were analysed. In terms of genes, ANG, 

ANGPT2, CTNNB1, CDH5 and VEGFA were looked at between the HT-29 and 

HCT 116 tumrouoids in order to investigate what causes this difference in 

endothelial network complexity. No significant difference was found in genes such 

as ANG, ANGPT2 or CTNNB1 (Figure 16D, E and F). The following genes and 

proteins showed contrasting differences between the two CRC types: VEGFA 

Figure 15: Assessment of Complexity of Endothelial Networks. Complexity was 
classified by assessing number of loops (A), number of junctions (B) and number of 
branches (C) additionally to the width (D) and length (E) of these branches formed 
within the networks (mean ± SEM) for n=3 showing Mann-Whitney p-values, with 
values 0.05=*, 0.005=**, 0.0005=*** and 0.00005=****. 
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(Figure 16A); the number one driver of angiogenesis30, CDH5 (Figure 16B); a 

gene involved in endothelial cell-to-cell junctions83, hepatocyte growth factor 

(HGF);  also a potent angiogenic factor34 and vascular endothelial cadherin (VE-

cadherin); a major player in vascular junctions and complexity of networks83.  

 

 

 

Figure 16: Temporal angiogenic gene expression changes. VEGFA (A), CDH5 (VE-
Cadherin) (B), CTNNB1 (C), ANG (D) and ANGPT2 (E) in tumouroids containing HT-
29 or HCT 116 ACMs. Value shown is normalised to HPRT1 mRNA levels (mean ± 
SEM) with n=3 and 3 technical repeats. Unpaired t-test p-values, with values 0.05=*, 
0.005=**, 0.0005=*** and 0.00005=****. 
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VEGFA mRNA levels were significantly higher in the HCT 116 tumouroids by day 

21 (p=0.0229) as was the active HGF protein released into the media (p=0.0057) 

(Figure 17A). The active VE-cadherin protein released into the tumouroid media 

was measured and showed high expression in both groups during early time 

points, possibly during the initial formation of endothelial networks (Figure 17B). 

The results confirmed that over time, the HT-29 tumouroids consistently released 

significantly more VE-cadherin (p=0.006) than the HCT 116 tumouroids. The 

active protein form of VEGFA released into the media was an inconclusive result, 

as based on the elevated gene expression within the HCT 116 tumouroids, 

protein expression should be in line was that but was actually the other way 

around with the HT-29 tumouroids releasing significantly higher amounts into the 

media (p=0.0044) (Figure 17C).  

 

 
Figure 17: Functional temporal angiogenic protein expression. HGF (A), VE-cadherin 
(B) and VEGFA (C) released into the cell media by tumouroids containing HT-29 or 
HCT 116 ACMs. Two-way ANOVA p-values 0.05=*, 0.005=**, 0.0005=*** and 
0.00005=****. 
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3.3.5 Testing Chemoattractant Gradient Between Cancer and Endothelial 

Cells During the experiments and whilst observing tumouroid growth, it became 

clear that endothelial cell structures in the surrounding stroma were affected by 

the presence and type of ACM as the cancer expresses high amounts of growth 

factors that will attract endothelial structures towards it84. Just by looking at the 

lower magnification image below of the ACM and surrounding stroma (Figure 18), 

it can be seen that the endothelial structures are oriented radially surrounding the 

ACM.  

 

 

 

 

 

 

 

 

 

 

 

 

This was validated by measuring the angles of endothelial structures to the ACMs 

(Figure 19A&CB), grouping them into 9 groups of increasing angle size, with 0˚ 

being perfectly perpendicular to the edge of the ACM (Figure 19C). The results 

showed that by day 21, the majority of endothelial structures had oriented 

themselves towards the ACM at an angle of 9˚ or less. This trend was observed 

within the HT-29 tumouroids where by day 21 the higher proportion of structures 

Figure 18: Low magnification image of HT-29 tumouroids showing orientation of 
endothelial structures towards ACM. At day 21 with red=CK20, green=CD31 and 
blue=DAPI, scale bar= 500 µm. 
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fell into the category of 0-9˚ (39.26%±7.393%). When comparing day 7 to day 14 

and day 21, the results showed that within the 0-9˚ group the fraction of 

endothelial structures was significantly increased by day 21 (p=0.0341). 

Furthermore, the same trend was seen for the HCT 116 tumouroids, within which 

by day 21 41.56%±4.582% of endothelial structures were within the 0-9˚ group 

out of the 9 angle groups. Again, when comparing day 7 values to day 14 and 

day 21, there was a statistically significant increase by day 21 (p=0.0146) 

demonstrating that over time, up to 50% endothelial structures align 

perpendicular to the cancer. This implies that a chemotactic gradient is generated 

by the ACM within the construct which attracts the surrounding endothelial cells.  

 

 

 

 

Figure 19: Angle of endothelial structures towards ACMs. Measured for HT-29 (A) 
and HCT 116 (B) tumouroids, grouped (mean ± SEM) and compared showing 
Kruskal-Wallis post hoc Dunn test p-values 0.05=*, 0.005=**, 0.0005=*** and 
0.00005=****. An angle of 0 degrees would have been perfectly perpendicular to the 
ACM (C) with green=CD31 and blue= DAPI. Scale bar= 100 µm. 
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3.3.6 Facilitation of Novel Acellular Ring Model to Demonstrate Coross-Talk 

Between Cancer and Stromal Cell 

The assumed cross-talk between cancer and stromal endothelial cells was 

validated by placing an acellular ring of compressed collagen in between the ACM 

and vascularised stromal compartment to test the effect of a chemoattractant 

gradient without cell-to-cell interaction. It was observed that cancer cells and 

vascular networks moved towards each other indicating a chemoattractive 

gradient between the two compartments (Figure 20A, B&C). 

 

 

 

 

 

3.3.7 Optical Projection Tomorgraphy to Measure Volume of Invasion 

Finally, a state of the art imaging approach, the OPT 3D imaging technology, was 

used to quantify total number of invasive bodies as well as total surface area and 

volume to give three binarised values per quarter for HT-29 tumouroids (Figure 

Figure 20: Novel acellular ring model with 48-well acellular ring in between ACM and 
stromal compartment. With green=CD31 and blue= DAPI. Scale bar= 100 µm. 



 77 

21A). The tumouroids were cut into quadrants due to processing limitations and 

then these four quadrants were imaged in the OPT individually. Total number of 

invasive bodies (Figure 21B) for  quadrant 1-4 were 12.33±5.859, 70.67±20.11, 

15.00±8.185 and 22.33±3.786.  Volume of cancer growth was also quantified 

(Figure 21C) for quadrants 1-4 at 6.273e µm3+008±1.599e+008 µm3, 

1.863e+009 µm3±2.454e+008 µm3, 4.252e+008 µm3± 3.157e+008 µm3 and 

6.837e+008 µm3±1.961e+008 µm3. Here it could be observed that number of 

invasive bodies preliminarily appeared to be in line with total volume of cancer 

growth per quadrant.  

 

 

 

 

 

 

 

 

 

 

 

Figure 21: OPT data for HT-29 tumouroids. Reconstructed image of HT-29 tumouroid 
(A) with central cancer mass at day 21 with scale bar = 3 mm and extracted data 
showing number of invasive bodies/cell clusters (B) and total volume of cancer (C). 
N=1 with 4 quadrants and therefore no statistical analysis. 
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3.4 Discussion 

This chapter explored extensively the pre-invasive morphologic and gene events 

leading to the proliferation and outgrowth of cancer. Utilising a biomimetic 3D 

model, the work was able to demonstrate spheroid formation with necrotic cores 

greatly comparing to the phenomenon and staging involved within 

histopathology. Using a normal cell line within the model to compare the genes 

involved enabled us to identify genes involved in the clustering and invasion of 

cancer cells. Furthermore, the stroma of this model was successfully 

vascularised and chemical gradients between the cancer and endothelial 

networks could be quantified and controlled by the aggressiveness of the cancer. 

In our biomimetic tissue-engineered 3D CRC model, we were therefore able to 

demonstrate three novel findings. Firstly, we were able to obtain comparative 

observations to the golden standard of histopathology. Secondly, we validated 

the process of invasion as opposed to migration within our model and how the 

aggressiveness of the cancer dictated the rate of this invasion. Thirdly, the 

interaction between cancer and the stromal vascular network response was 

quantified and validated through the use of a novel set up to demonstrate the 

chemoattractant pull between cancer and its vascularised stroma.  

 

The pre-invasive and hence pre-metastatic clustering of cancer cells, has 

previously been described as a mechanism regulated by adherent junction 

protein up-regulation. This is associated with the filamentous actin (F-actin) 

cytoskeleton causing a tensional force to bring cells together with limited 

interstitial space73 and the overexpression of EpCAM in gastric cancers75. Non-

cancerous colon cells such as CCD 841 CoN have been used in previous models 

as a control85, however their epithelial origin has not been thoroughly validated 
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(as stated by ATCC). This leads to the possibility that this particular cell line may 

be a heterogenous cell population, possibly not entirely made of colon epithelial 

cells and therefore not serving as a good control when comparing to CRC 

adenocarcinomas. It is therefore more appropriate that we refer to them as ‘colon 

normal cells’ as opposed to healthy colon epithelial cells. Nevertheless, the trend 

of single cell outgrowth due to spatial limitation and proliferative drive from the 

central mass into the stromal compartment was observed in the normal cells 

whilst cancer cells exclusively grew out as cell clusters. This was supported by 

the tinmarker for advanced CRC76, whilst MMP7 is associated with invasive 

tumour growth and distant metastasis in CRC26. HPSE plays an important role in 

tumour invasion and is associated with poor prognostic outcomes in gastric 

cancers78&86. Therefore, the outgrowth in our model can be termed as ‘invasion’ 

and mimics the invasion pattern of CRC in situ.   

 

HCT 116 tumouroids showed a more invasive phenotype in our model, as 

demonstrated by an increase in distance and surface area of invasion into the 

stromal compartment compared to other cell lines in our model. Comparative 

studies in mice, injected with the two cell lines demonstrated that HCT 116 cells 

would achieve liver metastasis in 100% whilst HT-29 cells achieved less at 88.9% 

of samples87. Although, it should be pointed out here that more invasive does not 

always mean more metastatic as intact, rounded clusters are required for 

successful distant metastases88. Within the tumouroid model, HT-29 invasive 

bodies exhibited this phenotype of rounded intact clusters, whilst HCT 116 grew 

as thin sheets with frayed edges and as spindles. For observational purposes, 

HT-29 cells may therefore be more beneficial to use within the tumourouds as 

they demonstrate more defined CK20 positive boundaries. Whilst HT-29 cells 
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have a p53 mutation, HCT 116 ‘tolerate’ the presence of a non-mutated p53 and 

overwrite its function89. The inherently higher metastatic properties of HCT 116 

CRC cells were underlined furthermore by the overexpression of HPSE by the 

cancer cells in the acellular stroma tumouroid. This is in line with previous work 

having emphasised that HPSE plays a particularly important role in invasion, 

metastasis and poor prognosis of gastric cancers90,78.  

Whilst we observed that endothelial networks forming further from the ACM 

(approximately 160 µm) were of higher complexity than closer to the ACM, the 

other measures were related to vasculogenesis. However, this indicates an 

interesting interplay between cancer and endothelial cells, which has previously 

been outlined in the phenomenon of vasculogenic mimicry61. As demonstrated in 

our data, highly invasive cancers disrupt vasculature more than less-invasive 

cancers, which is in direct correlation with the cancer thriving and attempting to 

not only obtain a higher nutrient gradient on the outer cell layer consisting of 

highly invasive leader cells, but also to enter the blood stream in order to 

metastasize91. For this work, we used VE-Cadherin as a measure of complexity 

for the endothelial networks, a strictly endothelial adhesion molecule which 

controls cellular junctions and blood vessel formation83. VE-cadherin was 

consistently expressed at lower levels at the gene and active protein level for the 

less-invasive CRC. It is for this reason that the model demonstrates how VE-

cadherin is crucial in vascular complexity. This is a phenomenon that has been 

investigated in different types of cancer as a dysfunction of the molecule92. 

Interestingly, VE-cadherin has also been directly implicated in the extravasation 

of tumour cells93, which in turn would support its lower expression in highly-

invasive CRC. This naturally would lead to the idea of targeting cancer-induced 

antagonists of VE-cadherin. The research on this particular aspect of the cancer 
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cascade is not particularly uniform, with some groups also arguing that they have 

found VE-cadherin to be elevated in CRC patient sera due to a dissociation with 

b-catenin complexes94. A promising approach has been seen in directing 

monoclonal antibodies against epitopes of VE-cadherin that would disrupt tumour 

vasculature but not normal blood vessels95. Another potential drug target we 

investigated was HGF, which has been a promising alternative to VEGFA in 

pancreatic cancer96. The fact HGF was highly expressed in our HCT 116 

tumouroids validates the level of measurable biomimicry we can achieve whilst 

modelling CRC.  

It is important to note that in these particular experiments we are investigating 

overall gene expression of all cell types within the tumouroid and not necessarily 

individual cell populations (“smoothie vs. fruit salad” argument by Axel 

Thomson97). This is a methodological limitation that a lot of groups are working 

on surpassing through for example prior cell sorting. Unfortunately, we are 

currently not able to extract a single cell type from our tumouroids when we use 

co-cultures and can therefore not distinguish which cell type is expressing which 

signalling. 

 

Finally, the OPT was used for the first time on plastic compressed collagen 

constructs to extract 3D morphological data from the tumouroids. Although the 

data received was limited due to time constraints only allowing for an n=1, it was 

successfully demonstrated that such an imaging technique could be used on this 

type of sample to provide quantitative data. Providing 3D image data and 

quantification of a 3D model is vital to appropriately analyse morphological 

features. OPT has largely been used to look at developmental stages of the 
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mouse embryo and specific target organs of interest. It is a promising tool to use 

for large volume high resolution imaging especially in cancer vasculature98,99.   

 

Whilst there have been great advances in 3D CRC models recently, our model is 

able to demonstrate hallmarks of cancer with a range of invasive and metastatic 

properties. We were able to utilise our platform to create a high through-put and 

novel analysis tool to measure distance, surface area and volume of invasion. 

This also enabled us to answer and validate questions about early steps of 

invasion and the important interplay between cancer and stromal cells, in 

particular the tumour vasculature. Future work could include manipulating the 

model further in order to answer even more focussed questions such as how the 

collagen matrix is remodelled during invasion and what markers are expressed 

by the cells during this process. These could then pose as important potential 

drug target candidates.  

The ultimate personalised healthcare goal would be to utilise patient-specific 

cancer, stromal and immune cells in order to recreate patient tumours in vitro. 

Our model could be used as a tool to extensively research various drug 

treatments on tumours with consideration of the tumour microenvironment, which 

a lot of models still currently lack. Finally, the development of our 3D model 

enables hypotheses to be investigated in a structured and accurate manner with 

great biomimicry and the ability to manipulate single variables at a time.  
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Chapter Four 

Incorporating Cancer Associated Fibroblasts into 

the Tumouroid Stroma 

 

4.1 Introduction  

The use of CAFs in in vitro 2D and 3D cancer models has been very limited in 

CRC and using patient-derived samples. CAFs cultured in collagen have 

increased contractility compared to NFs47 and differentiate into cancer cells within 

co-culture73. Previous approaches have used spheroid formation, basic 2D 

invasion assays and microfluidic devices100 in order to replicate the tumour 

stroma. These approaches are limited in their 3D representation of the tumour 

stroma by lacking vital components, such as vasculature and a clearly defined 

tumour-stroma margin through the compartmentalisation of cancer mass and 

stroma. By replicating the tumour-stroma margin it is possible to study the 

interplay of different cell populations during cancer progression.  

Our approach to engineering a 3D in vitro colorectal cancer model incorporates 

patient-derived CAFs in the stromal compartment and allows us to study the 

patient-specific effect on vasculature formation during cancer growth and 

progression. This novel approach of modelling cancer-CAF interplay allows us to 

directly demonstrate the cellular cross-talk between the cancer and CAFs and 

also the other stromal cells and CAFs within a stable and stiff ECM.  

Within this chapter we identified three clear aims to be studied to better 

understand the interaction of cancer cells and CAFs and also the interaction of 

other stromal cell populations and CAFs. Firstly, we hypothesised that invasion 
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of cancer cells into the stromal compartment is enhanced in the presence of 

CAFs. Secondly, we hypothesised that CAFs would upregulated angiogenesis, 

the remodelling of vasculature towards the cancer. Finally, we also hypothesised 

that the formation of new vasculature (vasculogenesis) in proximity to the cancer 

would be upregulated in the presence of CAFs.  
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4.2 Materials and Methods  

4.2.1 CAF Isolation 

Primary human colorectal cancer associated fibroblasts were isolated from 

tumour tissues acquired from surgeries at the Royal Free Hospital, London, UK. 

Patients provided informed consent for tissue donation for research, under the 

ethics code: 11/WA/0077. Fresh samples were provided by the pathology team 

on site, ensuring diagnostic margins were not compromised.  Tissue was 

disaggregated using a tumour dissociation kit (Miltenyi Biotec, Bergisch 

Gladbach, Germany) and grown in Fibroblast Growth Medium 2 (Promocell, 

Heidelberg, Germany) supplemented with 10% Foetal Calf Serum (FCS) (First 

Link, Birmingham, UK) additionally to 100 units/mL penicillin and 100 µg/mL 

streptomycin (GibcoTM through Fisher Scientific, Loughborough, UK). For the first 

72 hours (h) cells were left undisturbed followed by media changes every 48 h in 

order to isolate the fibroblast cell population. The tissue samples were called T7, 

T10 and T11 for the first round of successful samples and T6, T9 and T13 for the 

second lot. Patient-derived CAF samples were then tested for positive vimentin 

expression and negative CK20 expression, to exclude colorectal epithelial cell 

contamination, and also CD31, to eliminate endothelial cell contamination. CAF 

samples were used up until passage 3 in the set ups in order to prevent 

differentiation of primary cells. 

 

4.2.2 CAF Characterisation 

After isolation, the six CAF samples were tested for protein expression of a-SMA 

and a number of fibroblast and CAF specific gene markers (ACTA,2 S100A4, 

P4HA1, PDGFRA, FAP and IL-6). For three of the CAF samples, metabolic rate 

was tested with an alamarBlue® (Bio-Rad, Watford, UK) assay over different cell 
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densities and compared to HDFs. Vimentin expression and corresponding ‘stress 

fibre’ production was then also compared to HDF cells in 3D.  

 

4.2.3 Protein Extraction and Western Blotting  

CAF cell monolayers were lysed for protein with RIPA buffer containing protease 

inhibitor cocktail at 1:100 dilution (both Sigma-Aldrich, Dorset, UK). Lysed cell 

suspensions were quantified for protein concentration using the PierceTM BCA 

Protein Assay Kit (Thermo Fisher Scientific, Loughborough, UK). Working 

solutions were made up to 0.5 µg/µl with RIPA and 2x Concentrate Laemmli 

Sample Buffer (Sigma-Aldrich, Dorset, UK) and 10 µg per sample were loaded 

onto 10% Mini-PROTEAN® TGXTM Precast 10-well protein gels and run at 200 

Volts (V) for approximately 45 min using the Mini-PROTEAN Tetra Cell and 

PowerPacTM 300 using tris-glycine sodium dodecyl sulfate (SDS) running buffer 

(all Bio-Rad, Watford, UK). Protein ladder SeeBlueTM Plus 2 Pre-stained Protein 

Standard (InvitrogenTM through Thermo Fisher Scientific, Loughborough, UK) 

was used. Proteins on the gels were then dry transferred onto nitrocellulose 

membranes using Trans-Blot® Mini Nitrocellulose Transfer Packs and the Trans-

Blot® TurboTM Transfer System (Bio-Rad, Watford, UK). Membranes were 

blocked for 1 h with 5% milk (Sigma-Aldrich, Dorset, UK) (in tris-buffered saline 

and 1% Tween 20 (TBST), both Bio-Rad, Watford, UK)), incubated with 1° 

antibodies for a-SMA 1A4 and loading control b-tubulin N-20 in 5% milk overnight 

at 4°C at dilutions 1:1000 and 1:200 respectively followed by five quick rinses and 

three 5 min washed with TBST. 2° antibodies IgG-HRP anti-goat sc-2953 and 

anti-mouse sc-2314 at 1:1000 dilutions were incubated for 1 h in 3% milk (all 

antibodies through Santa Cruz Biotechnology, Dallas, US), followed by three 15 

min washes with TBST, and developed using PierceTM ECL Western Blotting 
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Substrate (Thermo Fisher Scientific, Loughborough, UK). Blots were imaged 

using the ChemiDocTM XRS imaging system and Image LabTM software (Bio-Rad, 

Watford, UK). 

 

4.2.4 CAF ‘Treatment’ 

For the CAF treatment and order to see whether CAFs could induce angiogenesis 

and the remodelling of mature endothelial networks, CAFs were added at day 21 

to a developed endothelial network (see Figure 22 below). 25 000 CAF cells of 

three different patient samples (T6, T9 and T13) were added to the sample at day 

21 within 1 mL of CAF media. This was done for HT-29 and HCT 116 tumouroids. 

The tumouroids were then left to propagate for a further 7 days and the samples 

were analysed at day 21+7.  

 

 

 

 

 

 

Figure 22: CAF Treatment Set-Up. Tumourids were set up and left to propagate for 
21 days to form endothelial networks. CAFs were then added to the system and left 
to propagate for a further 7 days. With green=CD31 and blue=DAPI, scale bar= 50 
µm. 
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4.3 Results 

4.3.1 Characterisation of Patient-Derived CAF Samples  

Six patient-derived CAF samples (n=6) were established from tumour samples             

and successful culturedand expanded on 2D tissue culture plastic (passage ≤3) 

for subsequent nclusion inthe 3D tumouroid model. The samples were of variable 

location, gender and origin (Table 8), but all samples were from the lower bowel, 

colon or rectum with 5 being of adenocarcinoma and 1 being of neuroendocrine 

type. Samples were of varying grade in terms of tumour margin infiltration and 

vascular invasion. 

 

Table 8: numbering, origin, type and additional notes of six patient-specific CAF 

samples obtained 
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All samples were successfully cultured in 2D monolayers and tested for a number 

of fibroblast markers at the gene level (Figure 23). The data showed that all six 

samples were positive for ACTA2, S100A4, PDGFRA, FAP, P4HA1 and IL-6. 

This confirms that the cells are activated fibroblasts, especially based on the high 

expression of S100A4 in all samples101. IL-6 is also a recently identified CAF 

marker involved in activation37. Gene expression levels were compared between 

the samples and their differences can be taken from Figure 23A&B. Secondly, 

the western blots showed that the a-SMA protein was expressed in all samples 

(Figure 23C), this is a measure previously used to distinguish samples as 

CAFs102.  

 

 

 

 

 

 

 

 

 

 

 

Figure 23: CAF Sample characterization. 2D cell samples were analysed for fibroblast 
markers ⍺-SMA (alpha smooth muscle actin), S100A4 (fibroblast specific protein-1),  
PDGFRA (platelet derived growth factor receptor a) (A) and FAP (fibroblast-activating 
protein), P4HA1 (prolyl-4 hydroxylase) and IL-6 (interleukin 6) (B). Value shown is 
normalised to HPRT1 mRNA levels (mean ± SEM) with n=3 and 3 technical repeats. 
One-way ANOVA with Dunnet’s Post Hoc for ACTA2, S100A4, FAP, PDGFRA and 
Kruskal-Wallis with Dunn’s Multiple comparisons test p-values for P4HA1, with values 
0.05=*, 0.005=**, 0.0005=*** and 0.00005=**** with DOF for first four genes all=20 
and f-value for ACTA2=92.1, S100A4=136.7, FAP=31.83 and PDGFRA=16.2.  
Western blot of ⍺-SMA protein expression within 2D monolayers of cells with 
LC=loading control beta-tubulin (C). 
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Thirdly, vimentin staining was done in CAF tumouroids grown to confluency and 

the morphology was compared to normal HDFs within tumouroids (Figure 

24A&B).  It was observed that the CAF samples overall appeared to have more 

stress fibres and had a much less organised structure. 

 

 

 

 

 

 

 

 

 

An additional comparison that was conducted was the metabolic activity of HDF 

compared to three CAF samples. CAFs are known to have a higher metabolic 

activity as compared to normal fibroblasts (Figure 25). When different cell 

densities of HDFs were compared to corresponding CAFs metabolic activities it 

was observed that all three CAF samples had significantly higher rates with 

arbitrary units (AU) at 304.567±10.032, 199.189±11.827 and 261.278±6.622 for 

T7, T10 and T11 respectively compared to 167.678±1.612 for HDF cells at 200 

000 for example (p<0.0001 for all comparisons).  

Figure 24: Visualisation of stress fibers with vimentin expression. HDF (A)  and CAFs 
(B) respectively when cultured in 3D with scale bar=100 µm for both images and 
green=vimentin and blue=DAPI. 
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4.3.2 A Normal Stroma does not Significantly Increase Cancer Cell Invasion 

Compared to an Acellular One  

There is an evident cross-talk between the cancer cells and surrounding stroma. 

This was first observed in images taken (Figure 26A,B&C) and in the previous 

chapter this observation was thoroughly investigated. However, the previous 

chapter looked mainly at how the type of cancer affects the surrounding stroma. 

In this chapter, the focus was on how the surrounding stroma affects the cancer 

cells present within the tumouroid model. Extensive primitive endothelial 

networks are formed within the stroma whilst the fibroblast population becomes 

confluent and overgrows the collagen within the stromal compartment.  

 

 

 

Figure 25: Metabolic activity of different cell densities of HDF and three different CAF 
samples (T7, T10 and T11). Values (mean ± SEM) with n=3 and 3 technical repeats. 
Ordinary one-way ANOVA Dunnett’s multiple comparisons test with p-values 0.05=*, 
0.005=**, 0.0005=*** and 0.00005=****. 
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The effect of adding cells to the stromal compartment was measured by firstly 

setting up tumouroids with an acellular stroma and then comparing the rate of 

invasion to a stroma containing normal fibroblasts and a primitive vascular 

network.  

Firstly, the number of invasive bodies increased in the presence of a cellular 

stroma (Figure 27A), significantly in the HT-29 tumouroids (p=0.0123) with an 

average of 2.000±1.044 in an acellular stroma compared to 4.000±2.216 average 

invasive bodies per image analysed. However, the average distance of invasion 

decreased significantly (Figure 27B) in the HT-29 tumouroids (p=0.0006) with an 

average distance of invasion within the acellular stroma of 264.3 µm±138.9 µm 

and  110.2 µm± 47.7 µm when a cellular stroma was present. The surface area 

of invasion decreased significantly (Figure 27C) in the presence of a cellular 

stroma (p<0.0001) for both the HT-29 and HCT 116 tumouroids. For the HT-29 

acellular stroma the average surface area of invasion was 321 801 µm2± 182232 

µm2 and 26 963 µm2±26 871 µm2 within a cellular stroma and within the HCT 116 

tumouroids it was  510 240 µm2±313 463 µm2 for acellular and 97 946 µm2± 95 

469 µm2 for a cellular stroma present.  

Figure 26: Interaction between stromal and cancer cells. Z-stack of endothelial 
networks formed within the stroma (A) and cross talk between cancer cells and 
surrounding stroma (B&C). Scale bar=100 µm for left image and 50 µm for right image 
with red=CK20, green=CD31 and blue=DAPI. 
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This means that although the number of invasive bodies increased when 

incorporating a cellular stroma, the distance and surface area invaded 

decreased. This is a more biomimetic observation as highly aggressive cancers 

are more likely to “disperse” into a larger number of invasive bodies.  

When analysing at the genes correlating with the different invasion patterns, a 

number of genes were significantly upregulated when going from an acellular to 

a cellular stroma including MMP2 for HT-29 and HCT 116 tumouroids (p=0.001 

and p=0.0098 respectively), TIMP1 (p=<0.0001 and 0.0099 respectively) and 

THBS1 (p=0.0039 and p=0.0007 respectively) (see Figure 28A,B&C 

respectively).  

 

 

Figure 28: Genes upregulated in the presence of a cellular stroma. MMP2 (A),  TIMP1 
(B) and THBS1 (C). Value shown is normalised to HPRT1 mRNA levels (mean ± 
SEM) with n=3 and 3 technical repeats. All n=3 with 4 technical repeats and showing 
Unpaired t-test p-values, with values 0.05=*, 0.005=**, 0.0005=*** and 0.00005=****. 

Figure 27: Comparison of invasiveness between acellular and cellular stroma.  
Number of invasive bodies (A), distance of invasion (B) and surface area of invasion 
(C) in tumouroids containing either HT-29 or HCT 116 cells. Value shown is mean ± 
SEM with n=3 and 3 technical repeats. All n=3 with 4 technical repeats and showing 
Mann-Whitney p-values, with values 0.05=*, 0.005=**, 0.0005=*** and 0.00005=****. 
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Additionally, HIF-1a was upregulated (Figure 29B) in the presence of a cellular 

stroma compared to an acellular stroma in HT-29 tumouroids (p=<0.0001), 

indicating that there was more hypoxia occurring within the tumouroids. As we 

are not able to separate cancer cell and stromal cell expression in this set up, 

HIF-1a may have been expressed by the stromal cells. Since we are not able to 

measure the volume of the invasive bodies and only cross-sectional distance and 

surface area of invasion (Figure 29A), a possible explanation could be that the 

higher number of invasive bodes grew larger within their proximity. Interestingly, 

MACC1 was downregulated in the presence of a cellular stroma within the HT-

29 and HCT117 tumouroids (p=0.0041 and 0.0024 respectively) (Figure 29C). 

MACC1 is a marker of colon cancer and was upregulated in the CRC tumouroids 

as compared to the colon normal tumouroids as described in chapter three. In 

this case, the relative expression of MACC1 decreased in the presence of a 

cellular stroma, however this may be purely due to the signal of the cancer cells 

being “diluted”, a major limitation of gene expression measurement within the 

model to be discussed later on.  

 

 

 

Figure 29: Genes up and downregulated in the presence of a cellular stroma. Example 
of an invasive body of HT-29 within the stromal compartment (A). Genes altered when 
a cellular stroma was included in the model  hypoxia inducible factor 1 alpha (HIF-1a) 
(B) and metastasis-associated in colon cancer protein 1 (MACC1) (C).Value shown 
is normalised to HPRT1 mRNA levels (mean ± SEM) with n=3 and 3 technical repeats. 
All n=3 with 4 technical repeats and showing Unpaired t-test p-values, with values 
0.05=*, 0.005=**, 0.0005=*** and 0.00005=****. Scale bar= 50 µm with red=CK20 and 
blue=DAPI. 
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4.3.3 A Cancerous Stroma Significantly Increases Invasion Compared to a 

Non-Cancerous One 

When CAFs were incorporated into the cancer stroma within the 3D tumouroid 

model containing either a HT-29 or HCT 116 ACM, invasion was significantly 

upregulated. The cancerous CAF-derived stroma caused an increase in the 

distance and surface area of invasion compared to HDF-containing stroma 

(Figure 30A,B,C&D). For the less-invasive HT-2987 tumouroids, samples T6, T10, 

T11 and T13 caused a significant upregulation in the distance of invasion 

(p=<0.0001, 0.0014, <0.0001 and <0.0001 respectively) with an average distance 

of invasion (µm) as follows: T6=320.4±162.3, T10=239.9±132.3, 

T11=352.4±209.9 and T13=361.9±224 as compared to HDF containing 

tumouroids =110.2±47.7. In the highly-invasive HCT 116 tumouroids, the CAFs 

statistically increased the average distance of invasion (µm) in the presence of 

sample T13 (p=0.0489) =693.6±253.2 compared to HDF containing =463±207.  

The average cross-sectional surface area (µm2) invaded for the HT-29 

tumouroids was significantly greater in the presence of CAF samples T6, T11 and 

T13 (p=<0.0001 for all three) with T6=205,140±164,304, T11=290,460±311,530 

and T13=203,120±193493 compared to HDF containing =26,963±26,871. For 

the HCT 116 tumouroids, the average cross-sectional surface area invaded (µm2) 

by the cancer cells was significantly upregulated in the presence of samples T6, 

T11 and T13 also (p=<0.0001 for all three) with T6=415,796±181,028, 

T11=456,344±232,945 and T13=537,545±257466 as opposed to HDF containing 

being =97,946±95,469. This is shown in the images taken by day 21 of 

tumouroids (Figure 31A&B), which demonstrate the increase in size of the 

invasive bodies in the presence of CAFs. It can be seen that the average surface 

area of the invasive bodies was upregulated by a factor of up to 10 times.  
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Figure 30: Invasiveness in the presence of CAFs. Average distance of invasion in the 
presence of CAFs within HT-29 tumouroids (A) and HCT 116 tumouroids (B).  
Average surface area of invasion within HT-29 (C) and HCT 116 (D) tumouroids in 
the presence of CAFs. All values compared to an HDF containing stroma by day 21 
All n=3 with 4 technical repeats and showing Kruskal-Wallis with Dunn’s multiple 
comparison’s test p-values, with values 0.05=*, 0.005=**, 0.0005=*** and 
0.00005=****.  

Figure 31: Increased invasion in the presence of CAFs) Representation of average 
invasive bodies at day 21 in a ‘normal’ HDF containing tumouroid (A) in comparison 
to a CAF containing tumouroid (B). Scale bar=100 µm for left and 500 µm for right 
image, with red=CK20 and blue=DAPI. 
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Genes that were upregulated in the CAF tumouroids and therefore correlating 

with this increase were HGF, ACTA2 and TIMP1 (Figure 32A,B&C respectively). 

In the HT-29 tumouroids, HGF was upregulated significantly in the presence of 

T9 (p=0.0105) and within the HC T116 tumouroids, HGF was significantly 

upregulated in the presence of samples T7 (p=0.0001), T10 (p=0.0071) and T11 

(p=0.0255). There was a tendency for increased ACTA2 in CAF-containing HT-

29 tumouroids, but it was not statistically significant whilst for the HCT 116 

tumouroids, ACTA2 was upregulated significantly in the presence of samples T7 

(p=0.0015) and T10 (p=0.0457). Finally, TIMP1 was highly overexpressed in the 

presence of the majority of the CAF samples. In the HT-29 tumouroids, the 

presence of samples T6 (p=0.0010), T9(p=0.0001), T10 (p=0.0026) and T13 

(p=0.0001) significantly increased TIMP1 expression and in the HCT 116 

tumouroids, TIMP1 expression was significantly increased in the presence of 

samples T6 (p=0.0264), T9 (p=0.0329), T10 (p=0.0001) and T13 (p=0.0087).  

 

 

 

 

Figure 32: Genes upregulated in the presence of a cancerous CAF containing stroma. 
ACTA2 (A), HGF (B) and TIMP1 (C). Value shown is normalised to HPRT1 mRNA 
levels (mean ± SEM) with n=3 and 3 technical repeats. All n=3 with 4 technical repeats 
and showing Mann-Whitney p-values, with values 0.05=*, 0.005=**, 0.0005=*** and 
0.00005=****. 
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4.3.4 The Presence of CAFs within the Tumouroid Stroma Inhibits Vascular 

Network Formation 

 Within the normal stroma, there was extensive endothelial network formation 

observed as described in the previous chapter. The next step now was to 

incorporate six patient-specific CAF samples into the stromal compartment of the 

tumouroids in place of the HDFs used previously. The first observation made was 

that there was a decrease or diminishment of elongated endothelial structures 

formed. As seen in Figure 33 A&B below, normally there would be a complex 

endothelial network forming, however in the presence of the CAFs (Figure 33 

C&D), no complex structures formed, and if they did then solely around invasive 

protrusions from the ACM or around invasive bodies.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33: Interaction between endothelial networks and invasive bodies in normal 
and CAF stroma. Representation of endothelial networks and the interaction (A) with 
invasive bodies (B) at day 21 in a ‘normal’ HDF containing tumouroid in comparison 
to  CAF containing tumouroids (C). Endothelial networks appeared to only form 
around invasive protrusions and bodies (D). Scale bar=100 µm for left images and 50 
µm for right images, with red=CK20, green=CD31 and blue=DAPI. 
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CAF containing tumouroids demonstrated an inhibition of vasculogenesis; the de 

novo formation of endothelial networks71. This was seen as a decrease in the 

number of elongated endothelial structures formed within the cancerous CAF 

stroma by day 21 of tumouroid growth. In the HT-29 tumouroids (Figure 34A), the 

number of endothelial structures was reduced significantly in the presence of 

samples T6, T7, T11 (all p=<0.0001) and T13 (p=0.0008) with the average 

number of endothelial structures being T6=0.4167±0.6686, T7&T11=0±0, and 

T13=2.833±2.25 compared to endothelial structures in HDF containing 

tumouroids averaging 41.92±5.468. In the HCT 116 tumouroids (Figure 34B), the 

presence of CAFs significantly decreased the average number of endothelial 

structures for samples T6, T9 (both p=<0.0001), T10 (p=0.0479), T11 (p=0.0215) 

and T13 (p=<0.0001) with average number of endothelial structures 

T6=0.25±0.4523, T9=5.67±9.664, T10=15.79±27.21, T11=14.86±22.98 and 

T13=0.179±1.488 compared to HDF-tumouroids=50.67±4.697.  

 

 

 

 

Figure 34: Decrease of endothelial structures formed within the CAF stroma. Number 
of endothelial structures formed within  HT-29 (A) and HCT 116 (B) tumouroid stromal 
compartments at day 21 (mean ± SEM) containing either HDF or one of six patient-
specific CAF tissue samples. All n=3 with 4 technical repeats and showing Kruskal-
Wallis with Dunn’s multiple comparison’s test p-values, with values 0.05=*, 0.005=**, 
0.0005=*** and 0.00005=****. 
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The protein levels of VE-Cadherin, a protein involved in endothelial cell end-to-

end fusion83, showed a temporal decrease in VE-cadherin levels over the 21 day 

culture period (Figure 35). The amount of produced VE-Cadherin (ng/mL) 

significantly decreased in the HT-29 tumouroids with sample T13 (p=0.0148) from 

22.07±2.144 at day 2 to 12±1 by day 21. Within the HCT 116 tumouroids, the VE-

Cadherin production significantly decreased in the presence of T6 (p=0.0413) 

going from 25.04±2.649 at day 2 to 13.86±1.415 by day 21. The  gene expression 

level of FBLN5, a gene which inhibits endothelial cell proliferation103, 

angiogenesis104 and especially sprouting63,  were measured in CAF- and HDF-

tumouroids at day 21 (Figure 36). In the HT-29 tumouroids samples T9, T10 (both 

p=0.0001) and T13 (p=0.0007) caused a significant upregulation in the relative 

gene expression while in the HCT 116 tumouroids, samples T7 (p=0.0063) and 

T9 (p=0.0014) significantly upregulated FBLN5 compared to the HDF-

tumouroids. 

 

 

 

 

 

 

 

 

 

 

Figure 35: Active VE-Cadherin protein released into the media of one of  CAF 
containing tumouroids. HT-29 (A) or HCT 116 (B) tumouroids over 21 days (mean ± 
SEM). Paired t-test comparisons test with p-values 0.05=*, 0.005=**, 0.0005=*** and 
0.00005=**** with DOF=2 for both and t-value for HT-29=8.115 and HCT 116=4.766. 
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4.3.5 The Disruption of Pre-Formed Vascular Networks by CAFs; a Model of 

Angiogenesis 

In order to investigate the effect and remodelling abilities of CAFs on a developed, 

mature endothelial network, CAF samples were added on top of tumouroids at 

day 21 and propagated for 7 days. Endothelial cells within the tumouroid stroma 

start off as single cells on day 1 (Figure 37 A) and then grow to form complex, 

branched networks by day 21 (Figure 37 B) in the presence of HDFs within a 

tumouroid. After CAF addition, a disruption of the endothelial networks was 

observed (Figure 37 C). The disruption of vascular networks was assessed by 

the number of endothelial structures.  
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Figure 36: FBLN5 gene expression at day 21 within HDF or one of six CAF containing 
tumouroids. HT-29 or HCT 116 tumouroids (mean±SEM). Value shown is normalised 
to HPRT1 mRNA levels (mean ± SEM) with n=3 and 3 technical repeats. Ordinary 
one-way ANOVA Dunnett’s multiple comparisons test with p-values 0.05=*, 0.005=**, 
0.0005=*** and 0.00005=****. 
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The number of endothelial structures on day 21+7 (21 days of tumouroids growth 

with a normal stroma plus 7 days of growth after CAFs were added) decreased 

in the presence of all three CAF samples for both the HT-29 tumouroids and HCT 

116 tumouroids (Figure 38 A&B). For the HT-29 tumouroids, samples T6, T9 and 

T13 significantly decreased the number of endothelial structures after 7 days 

(p=0.0155, 0.0003 and <0.0001) with average number of endothelial structures 

T6=17.42±4.033, T9=15.17±2.623 and T13=9.333±2.741 compared to HDF 

containing tumouroids with 29±3.384. Within the HCT 116 tumouroids, samples 

T6, T9 and T13 also caused a significant decrease in the average number of 

endothelial structures after 7 days (p=<0.0001, <0.0001 and 0.0029) with values 

T6=10.67±3.42, T9=9.083±3.753 and T13=13.08±4.66 compared to HDF 

containing tumouroids with 27.33±4.942.  

 

Figure 37: Endothelial structures at day 1, 21 and after CAF addition. (A) Example of 
single cell endothelial cells at day 1 of tumouroid growth, (B) example of matured 
networks at day 21 and finally (C) example of disrupted networks at day 21+7 (21 
days normal stroma growth and 7 days after CAF addition). Scale bar=100 µm and 
green=CD31 and blue=DAPI. 
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The vascular disruption was further confirmed by a significant decrease in CDH5 

gene levels, coding for VE-Cadherin. VE-Cadherin is a protein located at 

intercellular junctions of endothelial cells83. A decrease in this gene coding for 

this proteins indicates that a decrease in junction formation is occurring. Relative 

CDH5 levels decreased significantly (p<0.0001 for all) in both HT-29 and HCT 

116 tumouroids at day 21+1, day 21+3 and day 21+7 (Figure 39 A&B).  

 

 

Figure 38: Disruption of endothelial structures after CAF addition.  Number of 
endothelial structures formed within HT-29 (A) and HCT 116 (B) tumouroid stromal 
compartments at day 21+7 (mean ± SEM) containing either HDF or one of six patient-
specific CAF tissue samples. All n=3 with 4 technical repeats and showing Kruskal-
Wallis with Dunn’s multiple comparison’s test p-values, with values 0.05=*, 0.005=**, 
0.0005=*** and 0.00005=**** 

Figure 39: CDH5 gene expression after CAF addition. CDH5 (VE-Cadherin) 
expression in HT-29 and (A) HCT 116 tumouroids,(B) after CAF addition at days 1, 3 
and 7 (mean±SEM). Value shown is normalised to HPRT1 mRNA levels (mean ± 
SEM) with n=3 and 3 technical repeats. Ordinary one-way ANOVA Dunnett’s multiple 
comparisons test with p-values 0.05=*, 0.005=**, 0.0005=*** and 0.00005=****. 
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Furthermore, FBLN5 gene expression increased significantly after CAF addition 

(Figure 40A&B). FBLN5 is a gene highly expressed in remodelling arteries as it 

promotes the adhesion of endothelial cells to another105. In HT-29 tumouroids 

containing samples T6 and T9 on day 21+7 (p=0.0001 and 0.0395). Within the 

HCT 116 tumouroids, FLBN5 was upregulated significantly for T13 at day 21+1 

(p=0.0001), T9 and T13 for day 21+3 (p=0.0261 and 0.0024) and T6 and T13 for 

day 21+7 (p=0.0300 and 0.0001). Finally, VEGFA gene levels were analysed 

after CAF addition (Figure 40C&D) and a general increase was measured. Within 

the HT-29 tumouroids sample T9 caused a significant upregulation at day 21+1 

(p=0.02304) and samples T6 and T9 at day 21+7 (p=0.0233 and 0.0072). For the 

HCT 116 tumouroids sample T13 caused a significant upregulation at day 21+1 

(p=0.0372), samples T6, T9 and T13 at day 21+3 (p=0.0008, 0.0071 and 0.0019) 

and sample T13 for day 21+7 (p=0.0282).  
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Figure 40: FBLN5 and VEGFA gene expression after CAF addition. FBLN5 in HT-29 
(A) and HCT 116 (B) tumouroids and VEGFA expression in HT-29 (C) and HCT 116 
(D) tumouroids after CAF addition at days 1, 3 and 7 (mean±SEM). Value shown is 
normalised to HPRT1 mRNA levels (mean ± SEM) with n=3 and 3 technical repeats. 
Ordinary one-way ANOVA Dunnett’s multiple comparisons test with p-values 0.05=*, 
0.005=**, 0.0005=*** and 0.00005=****. 
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4.4 Discussion 

The findings for this chapter can be summarised as follows.  First, the presence 

of CAFs increased the distance and surface area of invasion of colorectal cancer 

(CRC) whilst, at the same time, inhibiting vasculogenesis. These processes 

correlated with the up-regulation of hepatocyte growth factor (HFG), 

metallopeptidase inhibitor 1 (TIMP1) and fibulin 5 (FBLN5).  Second, the re-

modelling appeared to occur through the process of disruption of complex 

endothelial networks and was associated with up-regulation of vascular 

endothelial growth factor (VEGFA) and a down-regulation in vascular endothelial 

cadherin (VE-Cadherin). These results support, within a biomimetic, 3D, in vitro 

framework, the role of CAFs in promoting cancer invasion and driving both 

vasculogenesis and angiogenesis. 

 

The first of our observations of this novel work can be further explained as the 

enhanced invasive properties of less-invasive HT-29 and highly-invasive HCT 

116 cancer cells in 3D tumouroids in the presence of CAFs, causing an increase 

in the distance (up to 3-fold) and surface area of invasion (up to 10-fold) over a 

21-day period. CAFs pro-invasive properties and their ability to enable cancer 

cells to metastasise has been demonstrated previously106,107. Logsdon et al.108 

described the importance of CAFs in a 3D pancreatic cancer  model using 

Matrigel®-coated invasion chambers and soft-agar colony formation and 

although this model showed an increased in proliferation and metastasis during 

in vivo validation, the 3D model is not compartmentalised and does not allow for 

a measurement of invasion in vitro. The majority of 3D cancer models lack 

appropriate tensile force and stiffness associated with tumour tissue, as they 

commonly use soft hydrogels, which have too high a water content57. Our 
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biomimetic 3D in vitro cancer model (tumouroid) has a collagen density of up to 

40x higher compared to standard hydrogels and therefore mimics the in vivo stiff 

tumour environment more closely10; an important aspect especially for CAFs109. 

The tumouroid model permits the  investigation of  invasion patterns and 

quantification of the genes that may be responsible for the increase in invasion. 

From a personalised healthcare perspective, the prospect of culturing patient 

specific cells in the presence of a highly or less invasive cancer mass allows the 

possibility to interrogate the interaction of these two cell populations. Primary 

cancer cells are especially difficult to culture and therefore utilising patient 

specific CAFs instead creates an avenue to overcome this limitation and 

supplement information we can retrieve.  

 

The second of our observations can be interpreted in the following manner; CAFs 

play a key role in vascular network formation and remodelling. Whilst it is 

understood that CAFs play a major role in angiogenesis and recruiting 

vasculature towards the cancer110, in this study we also demonstrated that CAFs 

play a major role in vasculogenesis and the disruption of vascular network 

formation. This aspect has not been studied with the same rigour. Some studies 

have introduced CAFs at the same time point as HUVECs and observed end-to-

end fusion of the HUVEC cells into endothelial structures111. Whilst this could be 

an observation of vasculogenesis, our model, with tissue specific parameters 

including biomimetic matrix density, shows no de novo formation of vascular 

networks in 3D in the presence of CAFs. At 25 000 CAFs per 24-well tumouroids, 

we observed 100% confluency of these cells in 3D by day 7, whilst HUVECs in 

our “normal” HDF containing cultures would not start forming complex endothelial 

structures until at least day 14. Our data indicates that CAFs start expressing 
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factors that block vascular network formation. One of the factors, that was 

significantly increased, was VEGFA. Although VEGFA is the major player in 

angiogenesis and involved in recruiting mature blood vessels towards the cancer, 

its role in early vascular network formation or its disruption is unknown. The major 

cross-talk between cancer cells and endothelial cells in our set up was growth 

factor driven, which was ascertained through an additional 3D set up. This set up 

demonstrated the chemoattractant driven migration and recruitment of 

endothelial structures to the cancer mass through an acellular ring placed 

between the cancer mass and stromal compartment. Interestingly, a study 

looking at cardiac mouse development found a correlation between the disruption 

of vasculogensis and elevated VEFGA levels112. Within our model we observed 

the inhibition of vascular network formation in the presence of CAFs and, even 

within the HDF-tumouroids, we observed that closer to the central cancer mass, 

the endothelial networks became less complex. This indicates that the additional 

VEGFA released by the cancer cells could be inhibiting vasculogenesis close to 

the cancer mass and further underlines the fact that highly metastastic cancer 

cells and its stromal counterparts may disrupt the initial formation of highly 

complex endothelial networks. This was further studied by Brown et al. when 

looking at how the prevention of vasculogenesis but not angiogenesis prevented 

the recurrence of glioblastoma in mice113. Cancer cells are known for their high 

turnover and over-production of angiogenic growth factors91. This is in an attempt 

to recruit host vasculature from surrounding tissues. The unregulated and 

upregulated production and release of angogenic growth factors by solid tumours 

results in the formation of abhorrent and leaky vasculature surrounding 

tumours114. We have measured increased levels of VEGFA in our tumouroid 

cultures which are resulting in disrupted vasculogenesis and angiogenic 
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remodelling to form non-complex networks. Vasculogenesis in cancer and 

especially in relation to the presence of CAFs is not a major focus of research as 

angiogenesis and remodelling of cancer is the biomimetic environment in which 

cancer arises. However, by gaining insights into how cancer angiogenic signalling 

can influence vasculogenesis may help further our understanding of tissue 

necrosis and vascular remodelling in cancer.  

 

In our third observation we quantified how CAFs disrupt engineered, pre-formed 

in vitro vascular networks (“CAF treatment”). By day 7, post CAF addition, the 

endothelial networks that had previously formed were disrupted and an overall 

decrease in the number of endothelial structures was observed. Furthermore, we 

found a decrease of CDH5 levels within the tumouroids. The role CDH5 and the 

corresponding protein VE-Cadherin is becoming more pertinent in the study of 

angiogenesis as it has been specifically implicated in the local production of 

junctions within complex endothelial networks83. The literature on CAF interaction 

with VE-Cadherin is limited, although the role of CAFs as major sources of 

VEGFA production is established and understood to be mediated through HIF-

1a/GPER signaling115. This particular gene (VEGFA) was increased after we 

added CAFs to our cultures and in fact this will have played an important role in 

the disruption (or angiogenesis) observed, however it would be crucial to study 

further how stromal cells cause this angiogenesis as the normalisation of these 

remodelled vascular networks has been a target for many antiangiogenic 

drugs116. An interesting gene to be upregulated in the context of CAF addition 

was FBLN5, which is meant to be an inhibitor of VEGFA and therefore 

angiogenesis63. Whilst the protein of fibulin-5 itself is meant to be involved in the 

adhesions of integrins and the Arg-Gly-Asp (RGD) motif as well as EGF-like 



 110 

domains and thought to be expressed in developing arteries as opposed to adult 

arteries117. The exact role is not yet widely understood although there has been 

some indication that fibulin-5 might be involved in tumour growth and colony 

formation in pancreatic cancer demonstrated in FBLN5-/- mice118. It is for this 

reason that the upregulation of FBLN5 in our samples may not be due to the 

angiogenesis effect observed but rather due to the increase in invasive 

properties. 

 

Our results need to be understood in the context of the following methodological 

limitations.   We report the interactions at the interface of a cancer mass and 

patient-derived cancer associated fibroblasts in a 3D vascularized colorectal 

cancer model. A total of six patient-derived CAF samples were successfully 

isolated and cultured from colorectal cancer tissue samples. Primary CAF 

characterisation is a topic of debate in literature. Some groups have done 

extensive characterisation on the gene and protein level of ‘CAF specific’ 

markers51,119,110. In this study, we successfully demonstrated that our CAF 

samples expressed widely recognised markers for CAF identification. CAF 

populations have often been classified based on their location within the tumour 

margin22. For comparison purposes, we used human dermal fibroblasts (HDFs) 

as our control or “healthy” stromal cells, which are not an immortalised cell line 

and could  also start to differentiate into CAFs while in co-cultured with cancer 

cells within the tumouroids. It could be argued that most primary fibroblast 

samples will adapt a cancerous phenotype due to being cultured on plastic or in 

co-culture with cancer cells120. For future work it would be ideal to use paired CAF 

and NF samples from the same patient as part of a larger comparison study. 

Patient-derived NFs would serve as a better control and further our investigations 
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into what signalling is caused by CAFs. Additionally, following on from this work 

potential of identifying what drives CAFs and their cancer promoting properties 

could be pin pointed. One pathway would be to generate knockout CAFs with a 

deletion of HGF, TIMP1 and FBLN5; genes we found to be upregulated in the 

tumouroids and possibly responsible for increased invasion and vascular 

remodelling. Specific protagonists to VE-Cadherin such as could be used to 

potentially normalise the “leaky vasculature” caused by VEGFA upregulation, 

which are independent of one another.  
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Chapter Five 

Optimisation of Modelling the Pancreatic Cancer 

Stroma for Drug Testing  

 

5.1 Introduction 

Pancreatic ductal adenocarcinoma (PDA) is one of the most devastating cancer 

prognoses due to extremely poor 5-year survival rates of 15-20%121. The current 

understanding is that next to inherited predisposition, the development is initiated 

by a series of events involving activating and somatic mutations in K-ras, p16, 

p53 and DPC4122. Preneoplastic lesions can be described using the pancreatic 

intraepithelial neoplasm (PanINs) system; 1a/b, 2 and 3123. Preventative 

treatment may involve pancreatectomy124. As PDA progresses, the staging is 

defined by the size of the tumour and the spread to lymph nodes, major local 

blood vessels and eventually other organs such as the spleen, lung or liver. 

Common treatments available may involve surgery to remove parts of the 

pancreas (e.g. Whipple) or complete pancreatectomy125. Palliative radiotherapy 

may also be applied to shrink tumour mass. Most commonly, chemotherapies 

such as gemcitabine, cisplatin or paclitaxel are used for prolonged treatments126. 

Surgery, which can be curative in pre-metastatic disease 10-20%, depends solely 

on the location, size and spread of the primary tumour. Whilst surgeries such as 

Whipple procedures or total or distal pancreatectomy may be curative, some 

palliative surgeries may also be applied to bypass the tumour and prolong life. 

These may include a biliary or gastric bypasses or stent placements. After 

surgery, adjuvant chemotherapy may be used. This will then often include 
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gemcitabine or 5-FU. Neoadjuvent therapies in the form of chemotherapy or 

radiotherapy may also then be used after surgery127. The most commonly used 

chemotherapies are gemcitabine, 5-FU, mitomycin c, platinum compounds and 

taxanes either as mono or combinational therapies sometimes also in 

combination with antibodies or tyrosine kinase inhibitors. If patients receive 

neoadjuvant radiotherapy applying ranges from 24 Gy to 63 Gy. Median survival 

is generally highest for patients who will have received tumour resection post 

neoadjuvant therapy128.  Whilst there are a range of treatments available for 

pancreatic cancer, only 4% of patients will live 5 years after they were initially 

diagnosed129. A major reason for this treatment failure is attributed to 

chemoresistance due to an ongoing mutation process caused by escape 

mechanisms within the cancer. Although genetic mutations drive tumour 

progression, there is a poor association with chemoresistance. There has been 

speculation that EMT transition130 and CD44 positivity may contribute to this 

chemoresistance observed.  

 

The pancreatic cancer stroma is very unique as it involves the trigger of an 

extensive desmoplastic reaction and is one of the few hypovascular ones, making 

drug delivery particularly difficult131.  Secondly, the dense tumour stroma is 

responsible for the poor profusion of chemotherapies. Pancreatic cancer is 

unique in that up to 90% of the tumour bulk mass may be made up of the tumour 

stroma. This tumour stroma is a dense, fibrotic capsule forming around the 

abnormal cells which will enhance the local tissue stiffness and contractility132. 

This “capsule” is densely populated by pancreatic CAFs producing large amounts 

of fibronectin. Other extracellular matrix proteins present in high abundance are 

laminins and HA. The collagen concentration of the tumour stroma has also been 
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measured to be three times as high compared to the central tumour mass or 

surrounding healthy tissue. One of the important factors here is the abundance 

of HA, a nonsulfated glycosaminoglycan present in the tumour stroma. 

Pancreatic cancers highly express CD44, a cell surface glycoprotein and receptor 

for HA. CD44 is largely involved in cell migration and angiogenesis explaining the 

accumulation of HA around the cancer133. This high concentration of HA also 

contributes to an increased level of interstitial fluid pressure (IFP), as HA retains 

water molecules with a high affinity, further contributing to the hypovascular 

tumour stroma134. Although 3D models of pancreatic cancers such as spheroids 

have been used to model the cancer itself, it has become quite apparent that the 

tumour stroma may be just as important, if not as important in order to correctly 

model the disease. The compartmentalisation of central cancer cells to tumour 

stroma capsule needs to be demonstrated in order to directly study the disease 

progression and why treatments thus far have failed.  

 

 

The use of 3D models, particularly of cancer, has been widespread in order to 

study the disease135 and improve testing platforms to find an alternative to in vivo 

works. For pancreatic cancer, spheroid models have been used extensively to 

demonstrate in particular the matrix-rich chemoresistance phenotype136.  Some 

more complex 3D models with an actual matrix utilising Matrigel® have also been 

looked into137. These models still often lack the very important extracellular matrix 

components for this type of tumour and its stroma. There has been limited work 

using collagen I and HA in combination to create a biologically derived matrix as 

a 3D model138.  
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The main aim will be developing a biomimetic 3D model of pancreatic cancer and 

therefore create a pancreatic tumouroid. The aim will be to recreate the tumour 

stroma especially by adding components such as laminin, fibronectin, HA and 

increasing collagen concentration. The model will be utilised as a drug testing 

platform as a potential for novel nanodrug delivery in the future.The hypotheses 

are that moving from 2D to 3D will increase the IC50 and therefore decrease the 

efficacy of paclitaxel. Further increasing the biomimicry of the model will also 

further increase the IC50 as chemical and physical barriers will increase.  
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5.2 Materials and Methods 

5.2.1 Monomeric Collagen Type I Extraction from Rat-Tail 

Type I collagen in the monomeric form was extracted from rat-tails, provided by 

Dr. Anita Singhani through the Royal Veterinary College, London. The rat-tails 

were kept at -80°C until read to be used. On average, 30 rat-tails are used per 

extraction. The rat-tails were sliced open with a scalpel to roll away the skin and 

remove the tendons with strong forceps and a tight rolling action towards the 

anterior part of the tail and placed in 0.5 M acetic acid (Sigma-Aldrich, Dorset, 

UK). The tails were left in the acetic acid at 4°C for about one week to dissolve 

the tendons. The resulting solution was then filtered through glass wool 

(Glaswarenfabrik Karl Hecht GmbH & Co. KG, Sondheim vor der Rhön, 

Germany) to remove remnants of the tendons and be left with a gloopy collagen 

solution. Five litres of pH 7.2 12.5 mM sodium phosphate dibasic (16.7 g)  and 

11.5 mM sodium phosphate monobasic (9.0 g) (both Sigma-Aldrich, Dorset, UK) 

dialysis buffer in distilled H2O for each dialysis step. The collagen solution was 

filled into 10K MWCO 22 mm SnakeSkinTM dialysis tubing (Thermo Fisher 

Scientific, Loughborough, UK) and dialysed against the buffer at 4°C whilst stirred 

for six days with a solution change every 48 h. The collagen should precipitate 

out of its solution and an opaque, white jelly like mass should remain in the tubes. 

This solution was then centrifuged at 12 200 RPM for 10 min at 4°C and then left 

to dissolve in 1.5 L of 0.15 M acetic acid overnight. The following day 75.0 g of 

sodium chloride (Sigma-Aldrich, Dorset, UK) was added and the solution was left 

overnight on a stirrer at 4°C again. This solution was then centrifuged again with 

the same parameters and underwent dialysis again for one week. The contents 

of the tubing was then centrifuged again and the supernatant discarded. The 

pellet was covered with 70% EtOH for two days and centrifuged a final time, 
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supernatant removed and transferred into a petri dish where the collagen was 

washed again with 70% EtOH. After the washes, the collagen was frozen to -

80°C and freeze dried in order to lyophilise the collagen. This collagen can then 

be dissolved in 0.6% acetic acid and be used for collagen gels. Sterilisation, if 

necessary can be done on this solution with 1:1 chloroform stirring under a fume 

hood over the weekend.  

 

5.2.2 Incorporation of Laminin, Fibronectin, HA and increasing the Collagen 

Concentration 

Extracellular matrix components were incorporated into the stromal compartment 

in the form of; laminin, fibronectin and HA. Mouse laminin64 at 50 µg/mL 

(Corning® through Sigma-Aldrich, Dorset, UK), human fibronectin at 25 µg/mL 

(Sigma-Aldrich, Dorset, UK) and >1.8 MDa sodium hyaluronate (NaHy) at 100 

µg/mL (LifecoreTM Biomedical, Chaska, U.S.) were added to the collagen mix that 

made up the stromal compartment. A second set up was also conducted with 

adding 500 µg/mL NaHy to the stroma; the maximum concentration possible. For 

some of the experiments, the collagen concentration within the stromal 

compartment was increased from 2 mg/mL to 6 mg/mL in order to achieve a 3-

fold increase from ACM to stroma.  

 

5.2.3 Alcian Blue Staining  

Alcian blue staining was conducted on sectioned samples in order to prove that 

the NAHy was incorporated into the collagen and not removed again during the 

process of plastic compression. After sectioning, a 500 µg/mL, 100 µg/mL and 0 

µg/mL HA gel was stained with alcian blue together with a positive control of 

porcine cartilage. The samples were fixed with cold methanol for 1 h at -20°C, 
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washed with distilled H2O and subsequently stained with a 2% alcian blue 

solution overnight (all Sigma-Aldrich, Dorset, UK). The samples were then 

washed extensively in distilled H2O and imaged for colorimetric analysis. 

 

5.2.4 Establishment of IC50 for Paclitaxel 

For the drug assays and establishment of IC50 in response to the chemotherapy 

drug paclitaxel, a drug assay set up for MIA Paca-2 was used first in 2D and the 

moved to the 3D. For the 2D set up 500 or 1000 cells were seeded in 96-well 

plates and treated with seven increasing concentration of paclitaxel dissolved in 

media containing 0.2% DMSO; 0.03 nM, 0.1 nM, 0.3 nM, 1 nM, 3 nM, 10 nM and 

30 nM (all Sigma-Aldrich, Dorset, UK). Cells were seeded and left to attach for 

24 h followed by two doses at 72 h intervals. Metabollic activity was then 

measured with the use of PrestoBlue® (Thermo Fisher Scientific, Loughborough, 

UK).  For the 3D drug assay, ACMs containing 10 000 cells were initially used to 

test the drug effect in 3D by increasing the drug concentrations by 10, 100 and 

1000-fold as compared to the 2D drug assay. The metabolic activity was then 

measured with CellTiter-Glo® 3D Viability Assay (Promega, Southampton, UK).  
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5.3 Results 

5.3.1 Alcian Blue Staining for Presence of HA  

The indicative colorimetric data for the alcian blue stain concluded that the HA 

was successfully incorporated into the collagen matrix and withstood the plastic 

compression process. As demonstrated in Figure 41, the alcian blue stained the 

cartilage fully with cells visible whilst only staining the negative control (0 µg/mL) 

with some background within the collagen and similarly within the 100 µg/mL 

samples. The 500 µg/mL was the only concentration that had a visible alcian blue 

stain indicating the presence of HA.  

 

 

 

 

 

 

 

 

 

 

 

5.3.2 Modelling the Pancreatic Tumour Stroma  

Initial experiments showed that the MIA Paca-2 cells were successfully cultured 

within the model and invasive outgrowth  occurred at the ACM-stromal edge. This 

was first evident within simple phase-contrast images taken at temporal time 

Figure 41: Alcian blue staining in control and samples. Demonstrating the alcian blue 
stain within the (+) tendon control, the (-) 0 µg/mL HA within collagen control and with 
100 µg/mL and 500 µg/mL within collagen. Scale bar= 50 µm.  
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points as seen in Figure 42 below. It can be observed that compared to day 1, 

the cancer cells grow out as single cells and cell clusters, detaching from the 

original ACM.  

 

 

 

 

These invasive bodies or clusters were then stained for Phalloidin and DAPI and 

further images (Figure 43 A&B) and z-stacks were taken. It can be observed that 

the same observation was occurring within the cancer cells and that the invasive 

bodies were of a 3D nature as seen in the z-stacks taken (Figure 43 C&D). 

Figure 42: Demonstrating phase contrast images of invasive outgrowth within MIA 
Paca-2 tumouroids over time. Scale bar= 100 µm.  
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In order to measure proliferation within the tumouroids, and if the MIA Paca-2 

cells are surviving in the 3D, plastic compressed set up, a metabolic assay was 

performed. This would also then later serve as  an outcome measure for the drug 

assay. Firstly, PrestoBlue® was performed (Figure 44 A), however the readings 

for this actually showed that there was only a significant increase between day 7 

and day 14 (p<0.0001) and appeared to decrease from day 14 to day 21. This 

may be due to the fact that PrestoBlue® cannot completely penetrate the 

spheroids formed within the tumouroids. It is for this reason that an alternative 

was sought out. When performing CellTiter-Glo® 3D assay was performed 

(Figure 44B). With this assay, there was a significant increased between day 1 

Figure 43: Outgrowth from ACM into stroma of pancreatic tumouroids. Invasive 
outgrowth and (A&B) invasive bodies growing out from the ACM into the stromal 
compartment. Scale bar = 100 µm. Z-stacks of invasive bodies within the acellular 
stroma showing their volume (C&D). Red=Phalloidin and blue=DAPI. 
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and day 7 (p=,0.0001), day 7 and day 14 (p=<0.0001) and day 14 and day 21 

(p=0.0002). This was further validated with the distance in invasion measured 

(Figure 44C). The same quantitative measurements were conducted as 

described in previous chapters and in this way, distance and surface area of 

invasion was measured within the pancreatic tumouroids. It could be observed 

that the distance of invasion progressively increased over time with a significant 

increase from day 1 to day 21 (p<0.0001) and day 7 to day 21 (p=0.0019). As the 

metabolic data from CellTiter-Glo® and distance of invasion measurements show 

similar trends, this metabolic assay was carried forward. 

 

 

 

Figure 44: Metabolic activity measures in pancreatic tumouroids. PrestoBlue® (A) and 
CellTiter-Glo® readings (B) for MIA Paca-2 tumouroids over day 1, 7,14 and 21.  
Values are (mean ± SEM) with n=3 and 3 technical repeats.Ordinary one-way ANOVA 
Dunnett’s multiple comparisons test with p-values 0.05=*, 0.005=**, 0.0005=*** and 
0.00005=****. Distance of invasion from the MIA Paca-2 ACM into the fibrous stromal 
compartment (C) showing Kruskal-Wallis post hoc Dunn test p-values 0.05=*, 
0.005=**, 0.0005=*** and 0.00005=****. 
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5.3.3 Paclitaxel Drug Assay and Establishment of IC50 in 2D  

Preliminary drug testing with paclitaxel was carried out in 2D in order to establish 

he IC50 for the cells in 2D and establish familiarity. Firstly, a dose response curve 

was developed for 500 or 1000 cells per well (Figure 45). The IC50 for 500 

cells/well was 0.189 nM and for 1000 cells/well was 2.64 nM. When conducting 

statistical analyses of multiple t-testing between the two dose response curves, 

the first discovery and significant difference (p=0.000491) was established at the 

fourth lowest drug concentration of 0.3 nM of paclitaxel. Meaning that the cell 

death after this concentration was so high that no significant difference between 

the two cell numbers occurred anymore. This relates to the fact that a higher drug 

concentration is needed for a higher cellular concentration but also underlines 

the fact that cell number and increase in IC50 is not directly proportional. 

 

 

 

 

 

 

 

 

5.3.4 Paclitaxel Drug Assay and Establishment of IC50 in 3D 

The next step was to now establish the IC50 for MIA Paca-2 cells in 3D ACMs. 

Since the seeding density would be higher in 3D at 10,000 cells/ACM, the drug 

Figure 45: Dose response curve to increasing paclitaxel concentrations in two 
different cellular concentrations. Data represents (mean ± SEM) with n=3 and 3 
technical repeats. Values were normalized to DMSO vehicle control, transformed and 
a non-linear fit was applied. 
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concentrations used for the dose response curves were increased by 10, 100 and 

1000-fold (Figure 46A,B&C). 

 

 

 

 

In order to validly use a dose response curve, the IC50 needs to have at least two 

concentrations above and below and one concentration needs to be sufficient 

enough to kill the majority of cells. At the same time, the R2 should be as close to 

0.9 as possible. As seen in Figure 46, the IC50 and R2 values were 3.02 nM 

(R2=0.9738), 5.26 nM (R2=0.9867) and 8.578e-006 nM (R2=0.5707) for the 10, 

100 and 1000-fold increase respectively. Going on these parameters, the 10-fold 

increase in drug concentration compared to the 2D assay was chosen to carry 

forward for the complex tumouroid set up.  

 

Figure 46: Dose response curve to increasing paclitaxel concentrations in 3D MIA 
Paca-2 ACMs. Drug concentrations were increased by 10-fold (A), 100-fold (B) and 
1000-fold (C) compared to the 2D assay in order to establish the best upscale. Data 
represents (mean ± SEM) with n=3 and 3 technical repeats. Values were normalized 
to DMSO vehicle control, transformed and a non-linear fit was applied. 
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5.3.5 Paclitaxel Drug Assay and Establishment of IC50 in 3D Complex 

Tumouroids. The next step was now to use the dose response curve on complex 

tumouroids containing an ACM embedded into the fibrous stromal compartment 

modelling the pancreatic tumour microenvironment.  

 

 

 

 

 

 

 

 

 

When the drug assay was performed on the complex tumouroids (Figure 47), the 

IC50 stayed similar to the ACMs at 3.803 nM (R2=0.9437). However, this time 

50,000 cells were used within the ACM as there would have been more space for 

outgrowth and therefore the values are not directly comparable. Nevertheless the 

data underlines how this complex tumouroid model of pancreatic cancer may bs 

used for initial drug screening.   
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Figure 47: Dose response curve to increasing paclitaxel concentrations in complex 
pancreatic tumouroids. Data represents (mean ± SEM) with n=3 and 3 technical 
repeats. Values were normalized to DMSO vehicle control, transformed and a non-
linear fit was applied. 
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5.4 Discussion  

This final experimental chapter focused on a completely novel approach to 3D 

models by tissue-engineering specifically the  pancreatic cancer stroma. Firstly, 

we were able to account for the major extracellular matrix components present 

within the dense and fibrous pancreatic cancer stroma establishing a pancreatic 

tumouroid. Secondly we were able to validate invasion and growth within these 

pancreatic tumouroids. Lastly, the tumouroid model could be used to conduct 

paclitaxel drug testing, making it a candidate for future drug screening and patient 

specific modelling.  

The research and advances within the pancreatic cancer field has been limited 

over recent years with little breakthroughs especially in drug treatment and 

resistance. Whilst the majority of work is conducted in 2D, some pancreatic 

cancer models to study growth and invasion have been used in the form of 

organoids and 3D models7. Common cell lines used are PANC-1, BxPC-3, AsPC-

1, Capan-1/3, PaTu II and MIA Paca-2, the one used within this study139.  Some 

of these models have used a collagen I and Matrigel mix, presumably in order to 

account for some of the extracellular matrix proteins that would be needed137. 

Whilst a lot of 2D and 3D models have their advantages and disadvantages a 

common feature is that the stroma has not been modelled in a compartmentalised 

model like this before140.   Some 3D models have utilised the co-culture with CAFs 

in order to form spheroids to investigate HIF-1a pathways141. Again, these 

spheroids do not account for the stroma of the tumour. Preclinical PDAC models 

are under development but are limited as they circumvent the stromal influences 

a pancreatic tumour would harbour142.  

In terms of drug testing, there are some drug screenings using spheroids of 

different pancreatic cancer cell lines136. Our model not only tests within a 3D set 
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up for the cells themselves but provides an extracellular matrix as well as the 

tumour stroma which has proven extremely important in drug resistance. CD44 

positive cells are known to promote gemcitabine resistance143. As MIA Paca-2 

cells express CD44 strongly, the use of these cells is very valid in this scenario.  

 

This particular chapter has extensive future potential for continuing works. Firstly, 

the incorporation of a fibroblast population would be extremely important as they 

are known to not only densely populate the cancer stroma but also additionally 

produce important fibrotic factors such as additional fibronectin. These fibroblasts 

could be either a cell line or patient-specific CAFs could be used here to make 

the model personalised. Another interesting future approach for this work would 

be of course to use this platform for primary cancer samples, another way of 

making the model personalised. Different drugs could then be screened on the 

model in order to establish a range of IC50s and determine what drugs would work 

best for this specific patient. Equally, this model can also be used as a tool for 

drug development. New formulations or conjugated compounds can be tested on 

this pre in vivo system.  
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Chapter Six 

 

Conclusions  

 

The research presented in this thesis project, reflects significant advances in 

studying early cancer invasion and stromal interaction within a 3D model. By 

making the move almost entirely from 2D to 3D models, this work was conducted 

in a novel and more complex platform, which although posing more challenges is 

a more biomimetic standard. The biomimicry of the tumouroid model was 

validated through the comparison to patient samples with the gold standard 

diagnostic tool of histopathology. 

 

Firstly, invasion was quantifiable and measurable within the model and a 

standardised method was developed to analyse and directly compare cross-

sectional distance of invasion and surface area of invasion. Additionally, the 

number of invasive bodies could be averaged. This data could then be correlated 

to gene data obtained from RNA extracted from the tumouroids and protein data 

quantified within media lysates. Here, a major player in cell clustering and 

responsible for spheroid formation in 3D was identified as EpCAM. Genes 

involved in early cancer invasion were detected as MMP7, MACC1 and HPSE. 

The comparison between two CRC lines confirmed the level and range of 

invasiveness achievable and confirmed an upregulation of EGFR and PLAU 

protein. Furthermore, the phenomenon of leaky vasculature was observed in the 

stroma of highly aggressive cancers, due to their ability to express high levels of 
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angiogenic factors forcing endothelial networks to be disrupted. This validates 

the direct cross-talk between cancer and stromal cells.  

 

This work validates the importance of the tumour stroma within cancer 

progression, not only on the cellular but also chemical level. The importance of 

stromal cells, extracellular matrix components and immune components has 

become significantly more apparent and this work has started to incorporate a 

number of these factors to achieve a higher level of biomimicry. This was 

validated through incorporation of patient-specific stromal CAF cells, which 

upregulated the invasiveness of the cancer cells present due to an upregulation 

of MMP2, THBS1 and TIMP1. The vasculature was affected because due to the 

presence of the CAFs which was reflected in a decrease in complexity. This was 

partially due to increased VEGFA levels but also because of a decrease in VE-

Cadherin. This indicated VE-Cadherin as a  promising potential future drug target 

for the normalisation of vasculature around tumours.  

 

Finally, the pancreatic cancer stroma was modelled and tissue-engineered for 

the first time by incorporating extracellular matrix components highly abundant in 

the fibrous stroma accounting for the bulk mass of the tumour. The platform was 

used for initial chemotherapy drug testing and dose response curves could be 

established giving reproducible IC50 values in response to paclitaxel.  

 

This concludes that the tumouroid model is optimised to not only compare 

between different cell lines, cancer types but also patient samples in the stromal 

context. The model is easily manipulated and single independent variables can 

be changed. This allows for the direct study of invasive characteristics and 
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morphology in order to identify genes and proteins responsible for the patterns 

observed. The model has already been used in a personalised context by 

incorporating patient samples, however this can be expanded upon. The work 

lays the basis as a drug testing tool and personalised healthcare. The relatively 

low cost and time frame would allow for a potential high throughput testing tool in 

the future.  
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Supplementary Section 

 

 

Primer Design Parameters 

Design in CDS- preferably towards 3’ end if possible and to be exon spanning. 

Product Size: Min-100bp Opt-120bp Max- 200bp. Primer Size: Min-20bp Opt-

22bp Max-25bp. Primer Tm: Min- 58°C Opt-60°C Max-65°C (so that Ta will be 

ca. 60°C). Max Self Complementary: 5,00. Max 3’Self Complemtarity: 3,00. Max. 

Poly-X: 3. GC Clamp: 1. Use mfold (http://mfold.rna.albany.edu/?q=mfold/DNA-

Folding-Form) to check for secondary structures. Folding Temperature: 60°C. 

Ionic Conditions of SYRB in mM: 50Na+, 3Mg2+. Structures: few loops, best if 

none, no loops in primer attachment region, ΔG ok until -4. Use Primer BLAST to 

check for specificity. 

 

 

OPT Scanning Parameters and Data Analysis 

Fluorescence within tumouroid quarters was visualized with OPT (Bioptonics, 

MRC Technologies, Edinburgh, UK) All quarters were scanned using an 

exposure time of 2000-5000 ms and a rotation step of 0.45 degrees. 

Supplementary image 1: Endothelial structures appear to wrap around a lumen or 
starting to form a curvature. This indicates that the endothelial structures in our 3D 
model are starting to behave like primitive vasculature by wanting to provide a central 
lumen. Scale bar=100 µm for all three images. Red=CK20, green=CD31 and 
blue=DAPI for all four images. 
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OPT data were reconstructed using NRecon software (SkyScan, Kontich, 

Belgium), into isotropic voxels (1023 x 1023 x 1023), with resolution of 8.9-10.3 

µm/pxl. For each tumouroid quarter, images were volume rendered and intensity 

thresholded (Amira 5.4). Each quarter was multiply-thresholded to give three 

binarized volumes which were then analysed for morphological features.  A 

connected components analysis was conducted in MATLAB 2017b on the 

binarized volumes using a neighbourhood connectivity of 26. Connected 

components smaller than the cut off for an invasive body (i.e. <5 cells with radius 

5.5 µm and assumed packing fraction of 0.75) were excluded. The surface area 

and volume of all connected component were calculated and summed to give 

total values for each quarter. The average of the total surface area and volume 

for each of the three binarized volumes is reported. 
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Supplementary graph 1: Number of invasive 
bodies as measured over time through images 
taken. This was insignificant when comparing 
between the HT-29 and HCT 116 tumouroids. 
Showing mean ± SEM. 
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  Supplementary graph 3: VE-Cadherin expressed 
in acellular tumouroids for HT-29 and HCT 116 
showing the level of protein only expressed by 
the cancer cells. It can be observed that even 
without stromal cells, the HT-29 cells still express 
more of the active protein. Showing mean ± SEM  
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Supplementary graph 2: OPT data for total 
surface area of the cancer within the quadrants. 
Showing mean ± SEM. N=1 with 4 qudrants 
being analysed. 
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Supplementary image 2: Outgrowth from ACM into stroma for HT-29 (A), HCT 116 
(B) and CCD841 CoN cells (C). Scale bar=50 µm for all three images. Red=CK20, 
green=vimentin and blue=DAPI. 

Supplementary image 3: OPT Images obtained of HT-29 tumouroid quadrant.    
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Supplementary image 4: Additional genes of interest upregulated in 
first lot of CAF samples.    


