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ABSTRACT 
 

Gremlin1 (GREM1) is a secreted bone morphogenetic protein (BMP) antagonist, 

involved in many biological processes, including organogenesis and tissue 

differentiation. Consequently, GREM1 dysregulation is implicated in many human 

diseases such as diabetic nephropathy, pulmonary hypertension and cancer. Many 

reports link high GREM1 expression with increased carcinogenesis and worse patient 

survival in a range of cancers, as well as increased tumour cell proliferation, migration 

and invasion. Several reports identify high GREM1 mRNA in colorectal cancer, with 

GREM1 playing a vital role in maintaining the architecture of the colonic crypt. 

However, despite these numerous reports, an in-depth understanding into the molecular 

mechanisms by which GREM1 regulates these processes remains elusive.  

 

Using a series of in silico and in situ methodologies, we identified that GREM1 

expression is significantly higher in the colorectal cancer consensus molecular subtype-

4 and correlates with reduced patient survival. Furthermore, we identified a novel 

paracrine signalling circuit, involving the secretion of GREM1 from cancer associated 

fibroblasts and uptake by surrounding colonic epithelial cells.  We extended these 

findings to show that non-GREM1 expressing cells were capable of taking up GREM1 

protein via both clathrin- and calveolar-mediated endocytosis. No specific localisation 

of GREM1 to distinct organelles was identified, but perinuclear and endoplasmic 

reticulum staining were evident in some cells. Potential mechanisms of GREM1-

mediated carcinogenesis were then interrogated, with our data demonstrating that 

GREM1 promotes colony formation in HCT116 cells. The most widely reported non-

canonical signalling mechanism of GREM1 is VEGFR2 activation. Despite exhaustive 

efforts in a multitude of cell lines, we could not demonstrate GREM1-mediated 
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VEGFR2 activation. Computational genomics was used to compare gene expression 

changes in the intestines of wild-type versus Villin1-Grem1 transgenic mice. Our results 

predicted a variety of cell signalling relationships and pathways, with an emphasis on 

GREM1-mediated effects on immune cell pathways. GREM1 was also investigated as a 

potential therapeutic target for colorectal cancer, with a computational approach 

supported by in vitro studies identifying Simvastatin to be a promising candidate for the 

inhibition of GREM1 action in colorectal cancer. In addition, novel small molecule 

inhibitors of GREM1 were also characterised for their potential as anti-cancer agents.    

 

Overall, this thesis provides novel insights into the mechanisms of GREM1 signalling in 

colorectal cancer, and the possible downstream pathways involved. The data presented 

suggest many new and interesting research directions to pursue in the future and 

identifies the potential of GREM1 as a novel therapeutic target and predictive biomarker 

in colorectal cancer.  

 

 

 

 

 

 

 

 

 



 

vii 

 

PUBLICATIONS AND PRESENTATIONS 
 

Original article publications: 

Dutton LR, O' Neill CL, Medina RJ, Brazil DP. No evidence of Gremlin1-mediated 

activation of VEGFR2 signalling in endothelial cells J Biol Chem. 2019 Nov 

29;294(48):18041-18045. doi: 10.1074/jbc.AC119.010148.  

 

Dutton LR, Hoare OP, McCorry AMB, Redmond KL, Adam NE, Canamara S, 

Bingham V,Mullan PB, Lawler M, Dunne PD, Brazil DP. Fibroblast-derived Gremlin1 

localises to epithelial cells at the base of the intestinal crypt. Oncotarget. 2019 Jul 

23;10(45):4630-4639. doi: 10.18632/oncotarget.27050. 

 

O'Leary OE, Canning P, Reid E, Bertelli PM, McKeown S, Brines M, Cerami A, Du X, 

Xu H, Chen M, Dutton L, Brazil DP, Medina RJ, Stitt AW. The Vasoreparative 

Potential of Endothelial Colony-Forming Cells in the Ischemic Retina Is Enhanced by 

Cibinetide, a Non-Hematopoietic Erythropoietin Mimetic. Exp Eye Res. 2019 

May;182:144-155. doi: 10.1016/j.exer.2019.03.001. 

 

Hombrebueno JR, Cairns L, Dutton LR, Lyons TJ, Brazil DP, Moynagh P, Curtis TM, 

Xu H. Uncoupled turnover disrupts mitochondrial quality control in diabetic 

retinopathy. JCI Insight. 2019 Dec 5;4(23):e129760. doi: 10.1172/jci.insight.129760. 

 

Dutton LR, Ross C, Gao Z, Brazil DP. Novel mechanisms of GREM1 uptake and 

signalling in intestinal epithelial cells. (In preparation) 

  



 

viii 

 

Conference presentations: 

 

Oral presentation: Gremlin1 Signalling in Intestinal Epithelial Cells: A Novel Driver of 

Cancer, 10th Annual Irish Epithelial Meeting Physiology Group Meeting, Kilkenny, IE. 

October 2018.  

 

Poster presentation: Gremlin as a Novel Driver of Colorectal Cancer. Irish Association 

for Cancer Research Annual Conference, Belfast, UK. February 2019.  

 

Poster presentation: Gremlin as a Novel Driver of Colorectal Cancer. BMP Signalling 

in Cancer II (Biochemical Society Scientific Meeting), Oxford, UK. April 2019.  

 

 

 

 

  



 

ix 

 

CONTENTS 

Declaration ................................................................................................................ ii 

Dedication ................................................................................................................ iii 

Acknowledgements .................................................................................................. iv 

Abstract ..................................................................................................................... v 

Publications and Presentations ................................................................................ vii 

List of Tables ......................................................................................................... xvi 

List of Figures ...................................................................................................... xviii 

List of Abbreviations and Acronyms ................................................................... xxiv 

List of Appendices ............................................................................................... xxix 

1. INTRODUCTION ................................................................................................... 1 

1.1 COLORECTAL CANCER ............................................................................................. 1 

1.1.1 Incidence and Mortality ................................................................................... 1 

1.1.2 Clinical Manifestations .................................................................................... 2 

1.1.3 Clinical Diagnosis and Staging ........................................................................ 3 

1.2 NORMAL INTESTINAL HOMEOSTASIS ........................................................................ 7 

1.3 AETIOLOGY OF COLORECTAL CANCER ................................................................... 12 

1.3.1 Sporadic Colorectal Cancer ........................................................................... 13 

1.3.1.1 Adenoma-Carcinoma Sequence ..................................................................... 13 

1.3.2 Molecular Pathways of Colorectal Cancer ..................................................... 15 

1.3.2.1 Chromosomal Instability Pathway ................................................................ 15 

1.3.2.2 Microsatellite Instability ................................................................................ 21 

1.3.2.3 Epigenetic Instability: The CpG Island Methylator Phenotype ..................... 23 

1.3.3 Hereditary Colorectal Cancer Syndromes ...................................................... 24 

1.3.4 The Consensus Molecular Subtypes of Colorectal Cancer ............................ 26 

1.4 BONE MORPHOGENETIC PROTEINS ......................................................................... 29 

1.4.1 BMP Ligands ................................................................................................. 29 

1.4.2 BMP Signalling .............................................................................................. 29 

1.4.3 Regulation of BMP Signalling ....................................................................... 31 

1.4.4 The Role of BMP Signalling in the Colon ..................................................... 34 

1.4.5 The Dysregulation of BMP Signalling in CRC Carcinogenesis .................... 35 

1.5 GREMLIN1 .............................................................................................................. 38 



 

x 

 

1.5.1 Overview of Gremlin ..................................................................................... 38 

1.5.2 GREM1 in Cancer .......................................................................................... 41 

Genetic alterations of GREM1 .................................................................................. 42 

Genetic alterations of GREM1 in CRC ..................................................................... 46 

1.5.3 GREM1 in Colorectal Cancer ........................................................................ 48 

1.5.4 Mechanistic Impact of GREM1 in Cancer ..................................................... 49 

1.6 AIMS OF THE STUDY ............................................................................................... 54 

2. MATERIALS AND METHODS ......................................................................... 55 

2.1 BIOINFORMATICS ................................................................................................... 55 

2.1.1 CRC Patient Datasets ..................................................................................... 55 

Dataset Access ............................................................................................................... 55 

GSE100550 ................................................................................................................ 55 

GSE14333 .................................................................................................................. 55 

GSE17536 .................................................................................................................. 56 

GSE33113 .................................................................................................................. 56 

GSE33114 .................................................................................................................. 57 

GSE39396 .................................................................................................................. 57 

GSE39582 .................................................................................................................. 57 

E-MTAB-863 .............................................................................................................. 58 

2.1.2 Dataset Analysis Using R .............................................................................. 58 

2.1.3 StromalScore Calculations ............................................................................. 60 

2.1.4 Survival Analyses, Correlations and Boxplots .............................................. 60 

2.1.5 KMPlotter Analysis ........................................................................................ 60 

2.1.6 GSE62307 Villin1-Grem1 Mouse Gene Expression Dataset Analysis .......... 61 

2.1.7 GEOR and Partek® Genomics Suite® Analysis ........................................... 61 

2.1.8 Ingenuity® Pathway Analysis........................................................................ 62 

2.1.9 QUADrATiC Analysis ................................................................................... 63 

2.2 CELL CULTURE ....................................................................................................... 65 

2.2.1 Cell Passaging ................................................................................................ 65 

2.2.2 Flask and Plate Coating .................................................................................. 65 

Collagen Coating ........................................................................................................... 65 





 

xii 

 

2.6.1 Preparation of Samples .................................................................................. 91 

2.6.2 Mitochondrial Staining .................................................................................. 91 

2.6.3 Cell Fixation ................................................................................................... 92 

2.6.4 Immunofluorescence Staining ........................................................................ 92 

2.7 TISSUE PROCESSING ............................................................................................... 94 

2.7.1 Immunohistochemistry ................................................................................... 94 

2.7.2 Mean Pixel Intensity Quantification .............................................................. 95 

2.7.3 In situ Hybridisation ....................................................................................... 95 

Sample Preparation and Deparaffinisation .............................................................. 96 

Sample Pre-treatment ................................................................................................ 96 

RNAscope® Assay ...................................................................................................... 98 

Counterstaining ....................................................................................................... 100 

Sample Mounting and Image Acquisition ................................................................ 100 

2.8 CELL ASSAYS ....................................................................................................... 102 

2.8.1 Clonogenics Assay ....................................................................................... 102 

2.8.2 Wound Healing Assay ................................................................................. 102 

2.8.3 MTT Assay .................................................................................................. 104 

2.8.4 Barrier Function Analysis ............................................................................ 104 

2.9 CELL TREATMENTS .............................................................................................. 106 

2.9.1 FITC-GREM1 .............................................................................................. 106 

FITC Labelling of GREM1 ...................................................................................... 106 

FITC-GREM1 Mean Cell Fluorescence Quantification .......................................... 107 

2.9.2 Recombinant Protein Treatments ................................................................. 109 

rhBMP2 Experiments ................................................................................................... 109 

VEFGR2 Activation Experiments ................................................................................ 109 

2.9.3 Conditioned medium Collection and Concentration .................................... 110 

2.9.4 Endocytosis Inhibitors .................................................................................. 111 

2.9.5 QUADrATiC Drug Treatments ................................................................... 112 

2.9.6 GREM1 Inhibitor Treatments ...................................................................... 113 

2.10 STATISTICAL ANALYSIS ..................................................................................... 115 

3. RESULTS ............................................................................................................ 116 

3.1 CLINICAL RELEVANCE OF GREM1 ...................................................................... 116 



 

xiii 

 

Introduction ........................................................................................................... 116 

Experimental Strategy ........................................................................................... 118 

Results ................................................................................................................... 120 

3.1.1 GREM1 Expression is Associated with Poor Prognosis in Multiple Cancer 

Types ..................................................................................................................... 120 

3.1.2 GREM1 Gene Expression is Clinically Relevant in CRC Patients .............. 124 

3.1.3 Cellular Source of GREM1 Gene Expression in CRC ................................. 127 

3.1.4 Contrast Between GREM1 Source of Transcript and GREM1 Protein 

Localisation ........................................................................................................... 131 

Summary ............................................................................................................... 138 

Discussion ............................................................................................................. 139 

3.2 GREM1 SECRETION, UPTAKE AND LOCALISATION .............................................. 146 

Introduction ........................................................................................................... 146 

Experimental Strategy ........................................................................................... 148 

Results ................................................................................................................... 149 

3.2.1 Conjugation of rhGREM1 with FITC Yields Biologically Active GREM1 149 

3.2.2 Cells that do not Express GREM1 mRNA are Capable of Taking up GREM1 

Protein ................................................................................................................... 150 

3.2.3 Export and Uptake of Ectopically Expressed GREM1 ................................ 166 

3.2.4 Mechanism of GREM1 Uptake .................................................................... 178 

3.2.5 Cellular Localisation of GREM1 ................................................................. 183 

Summary ............................................................................................................... 194 

Discussion ............................................................................................................. 196 

3.3 INVESTIGATION INTO GREM1 MECHANISMS OF ACTION ..................................... 203 

Introduction ........................................................................................................... 203 

Experimental Strategy ........................................................................................... 205 

Results ................................................................................................................... 206 

3.3.1 GREM1 Does Not Activate VEGFR2 ......................................................... 206 

3.3.2 Effect of GREM1 on Cell Proliferation ....................................................... 219 

3.3.3 Effect of GREM1 on Cell Migration ........................................................... 221 

3.3.4 Computational Analysis of Gene Expression Dataset from Vil1-Grem1 

Mouse Model ........................................................................................................ 223 

Summary ............................................................................................................... 234 



 

xiv 

 

Discussion ............................................................................................................. 237 

3.4 GREM1 AS A POTENTIAL THERAPEUTIC TARGET ................................................ 244 

Introduction ........................................................................................................... 244 

Experimental Strategy ........................................................................................... 246 

Results ................................................................................................................... 248 

3.4.1 QUADrATiC Connectivity Mapping ........................................................... 248 

3.4.2 Testing the Ability of Novel, Small Molecule Inhibitors of GREM1 to Induce 

Cancer Cell Death ................................................................................................. 259 

Summary ............................................................................................................... 263 

Discussion ............................................................................................................. 265 

4. FUTURE DIRECTIONS & FINAL CONCLUSIONS .................................... 275 

4.1 SUMMARY ............................................................................................................ 275 

4.2 FUTURE DIRECTIONS ............................................................................................ 280 

4.2.1 Clinical Relevance of GREM1 .................................................................... 280 

4.2.2 GREM1 Secretion, Uptake and Localisation ............................................... 282 

4.2.3 Investigation into GREM1 Mechanisms of Action ...................................... 285 

4.2.4 GREM1 as a Potential Therapeutic Target .................................................. 286 

4.2.5 Future Perspectives ...................................................................................... 288 

4.3 FINAL CONCLUSIONS ............................................................................................ 289 

5. REFERENCES .................................................................................................... 290 

5.1 REFERENCE LIST ................................................................................................... 290 

6. APPENDICES ..................................................................................................... 340 

6.0 LIST OF APPENDICES: ........................................................................................... 340 

Appendix 1 Vil1-Grem1 Gene Expression Lists for IPA analysis ................................ 341 

Appendix 2 Vil1-Grem1 Gene Expression Lists for QUADrATiC connectivity mapping 

analysis .......................................................................................................................... 342 

Appendix 3 pcDNA3.1 Plasmid Generation ................................................................. 343 

Appendix 4 GREM1-mCherry Plasmid Generation ..................................................... 345 

Appendix 5 Western Blotting Recipes .......................................................................... 346 

Appendix 6 Quantitative PCR Taqman® Probes ........................................................... 351 

Appendix 7 Immunofluorescence Antibodies ............................................................... 352 

Appendix 8 Immunohistochemistry Antibodies ........................................................... 353 







 

xvii 

 

Table 0.8 Primary antibodies and their associated secondary antibodies made up in 5 % 

Milk TBS-T ........................................................................................................... 349 

Table 0.9 Primary antibodies and their associated secondary antibodies made up in 3 % 

BSA TBS-T ........................................................................................................... 350 

Table 0.10 Taqman® Probes used for quantitative real-time PCR ................................ 351 

Table 0.11 Primary antibodies and their associated secondary antibodies used for 

immunofluorescence microscopy ......................................................................... 352 

Table 0.12 Primary antibodies and their associated secondary antibodies used for tissue 

immunohistochemistry .......................................................................................... 353 

  





 

xix 

 

Figure 3.1.1 GREM1 expression is associated with poor prognosis in multiple cancer 

types. ..................................................................................................................... 122 

Figure 3.1.2 GREM1 expression is associated with poor prognosis in breast cancer. . 123 

Figure 3.1.3 GREM1 mRNA levels correlate with prognosis and CMS subtypes ....... 125 

Figure 3.1.4 GREM1 expression correlates with the CMS4 subtype of CRC. ............. 126 

Figure 3.1.5 GREM1 mRNA levels are highest in fibroblasts and primary tumour tissue 

and correlates with FAP expression and StromalScore. ....................................... 129 

Figure 3.1.6 GREM1 expression is significantly higher in smooth muscle cells. ........ 130 

Figure 3.1.7 GREM1 expression is significantly higher in CRC tumour tissue than 

spheroids, organoids or cell lines. ......................................................................... 131 

Figure 3.1.8 Grem1 mRNA and protein localisation in mouse colon. .......................... 134 

Figure 3.1.9 Distinct pattern of endogenous Grem1 mRNA and protein expression in 

mouse colon. ......................................................................................................... 135 

Figure 3.1.10 Inverse staining of Grem1 and pSmad1/5 protein staining in mouse 

intestine. ................................................................................................................ 136 

Figure 3.1.11 Inverse relationship between Grem1 and pSmad 1/5 protein in mouse 

intestine. ................................................................................................................ 137 

Figure 3.1.12 Schematic diagram presenting the source of Grem1 mRNA versus protein 

localisation in mouse intestine. ............................................................................. 145 

Figure 3.2.1 FITC conjugated rhGREM1 inhibits BMP2 SMAD 1/5/9 phosphorylation

 ............................................................................................................................... 150 

Figure 3.2.2 GREM1 mRNA expression levels in varying cell lines ........................... 151 

Figure 3.2.3 FITC-GREM1 is internalised by HeLa cells ............................................ 153 

Figure 3.2.4 FITC-GREM1 is taken up into HeLa cells and displays perinuclear 

localisation ............................................................................................................ 154 

Figure 3.2.5 FITC-GREM1 may be transferred between HeLa cells via filopodia ...... 155 

Figure 3.2.6 FITC-GREM1 is internalised by HEK293T cells .................................... 158 

Figure 3.2.7 FITC-GREM1 appears membrane-bound in HEK293T cells .................. 159 

file:///C:/Users/louis/Documents/PhD/Write%20up/Thesis%20Corrections%20LD%202020d.docx%23_Toc53590681
file:///C:/Users/louis/Documents/PhD/Write%20up/Thesis%20Corrections%20LD%202020d.docx%23_Toc53590690
file:///C:/Users/louis/Documents/PhD/Write%20up/Thesis%20Corrections%20LD%202020d.docx%23_Toc53590691
file:///C:/Users/louis/Documents/PhD/Write%20up/Thesis%20Corrections%20LD%202020d.docx%23_Toc53590691
file:///C:/Users/louis/Documents/PhD/Write%20up/Thesis%20Corrections%20LD%202020d.docx%23_Toc53590693


 

xx 

 

Figure 3.2.8 FITC-GREM1 is internalised by HCT116 cells ....................................... 160 

Figure 3.2.9 Time course of FITC-GREM1 uptake in HCT116 cells .......................... 161 

Figure 3.2.10 Change in FITC-GREM1 localisation in HCT116 cells over time ........ 162 

Figure 3.2.11 FITC-GREM1 intensity is reduced over time ........................................ 164 

Figure 3.2.12 Anti-GREM1 stain correlates with FITC-GREM1 fluorescence in HeLa 

cells ....................................................................................................................... 165 

Figure 3.2.13. Confirmation of transfection by visualisation of mCherry protein 

expression. ............................................................................................................. 167 

Figure 3.2.14 Confirmation of mCherry and GREM1 expression by Western blot ..... 168 

Figure 3.2.15 GREM1-mCherry fusion protein is secreted from cells ......................... 169 

Figure 3.2.16 Schematic representation of mCherry conditioned medium treatments . 169 

Figure 3.2.17 mCherry GREM1 is internalised by HeLa and HCT116 cells ............... 170 

Figure 3.2.18 Schematic diagram of BMP2 treatment to confirm physiological activity 

of mCherry-hGREM1 ........................................................................................... 172 

Figure 3.2.19 Cellular GREM1-mCherry is physiologically active in transfected cells

 ............................................................................................................................... 172 

Figure 3.2.20 Secreted GREM1-mCherry is physiologically active ............................ 173 

Figure 3.2.21 Time course BMP2 treatment of mCherry empty vector vs GREM1-

mCherry transfected cells ...................................................................................... 175 

Figure 3.2.22 High salt washes do not affect the ability of GREM1-mCherry to inhibit 

BMP2 signalling ................................................................................................... 176 

Figure 3.2.23 Schematic diagram of the experimental setup to determine concentration 

of GREM1-mCherry in conditioned medium ....................................................... 177 

Figure 3.2.24 GREM1-mCherry conditioned medium contains a high concentration of 

GREM1 ................................................................................................................. 178 

Figure 3.2.25 Mechanism of FITC-GREM1 uptake in HeLa cells ............................... 180 

Figure 3.2.26A BMP2 treatment causes increased uptake of FITC-GREM1 in HeLa 

cells ....................................................................................................................... 181 

file:///C:/Users/louis/Documents/PhD/Write%20up/Thesis%20Corrections%20LD%202020d.docx%23_Toc53590695


file:///C:/Users/louis/Documents/PhD/Write%20up/Thesis%20Corrections%20LD%202020d.docx%23_Toc53590732


 

xxii 

 

Figure 3.3.14 Predicted up- and down-regulated canonical pathways associated in the 

intestine of Vil1-Grem1 mice ............................................................................... 226 

Figure 3.3.15 Top predicted Disease and Bio functions affected in Vil1-Grem1 mice 230 

Figure 3.3.16 Heat map of predicted canonical pathways affected in Vil1-Grem1 mice

 ............................................................................................................................... 231 

Figure 3.3.17 Heat map of Cancer and Cellular movement canonical pathways predicted 

to be affected by Vil1-Grem1 mouse gene expression ......................................... 232 

Figure 3.3.18 Heat map of Inflammatory response predicted affected canonical 

pathways in Vil1-Grem1 mouse gene expression. ................................................ 233 

Figure 3.3.19 Schematic diagram showing the varying effects that increased Grem1 

expression in colonic epithelial cells could have in the colon. ............................. 236 

Figure 3.4.1 Workflow schematics of QUADrATiC connectivity mapping analysis of 

Vil1-Grem1 mouse gene expression dataset for predicted high GREM1 CRC 

treatments .............................................................................................................. 247 

Figure 3.4.2 Gene probe signatures contributing to QUADrATiC-predicted drugs for 

high GREM1 CRC treatment ................................................................................ 249 

Figure 3.4.3 QUADRaTiC-predicted drug treatments inhibit GREM1 expression in 

S117 cells .............................................................................................................. 251 

Figure 3.4.4 Simvastatin inhibits GREM1 expression in CCD18co colon fibroblasts . 252 

Figure 3.4.5 Simvastatin treatment reduces GREM1 expression in HeLa cells ........... 254 

Figure 3.4.6 Simvastatin causes cell death in CRC cell line HCT116 but not normal 

kidney epithelial cell line HEK293T .................................................................... 255 

Figure 3.4.7 GREM1 does not rescue Simvastatin-induced cell death in HCT116 cells

 ............................................................................................................................... 257 

Figure 3.4.8 GREM1 does not rescue Simvastatin-induced cell death in HeLa cells .. 258 

Figure 3.4.9 Effect of predicted small molecule GREM1 inhibitors on HeLa and 

HCT116 cell viability ............................................................................................ 261 

Figure 3.4.10 Small molecule GREM1 inhibitors reduce uptake of GREM1-mCherry in 

HeLa cells ............................................................................................................. 262 

file:///C:/Users/louis/Documents/PhD/Write%20up/Thesis%20Corrections%20LD%202020d.docx%23_Toc53590734
file:///C:/Users/louis/Documents/PhD/Write%20up/Thesis%20Corrections%20LD%202020d.docx%23_Toc53590734
file:///C:/Users/louis/Documents/PhD/Write%20up/Thesis%20Corrections%20LD%202020d.docx%23_Toc53590737
file:///C:/Users/louis/Documents/PhD/Write%20up/Thesis%20Corrections%20LD%202020d.docx%23_Toc53590737
file:///C:/Users/louis/Documents/PhD/Write%20up/Thesis%20Corrections%20LD%202020d.docx%23_Toc53590738
file:///C:/Users/louis/Documents/PhD/Write%20up/Thesis%20Corrections%20LD%202020d.docx%23_Toc53590738


 

xxiii 

 

Figure 6.0.1 pcDNA3.1/myc-His A plasmid map......................................................... 344 

Figure 6.0.2 GREM1-mCherry plasmid map ................................................................ 345 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

















Chapter 1: Introduction- 1.1 Colorectal Cancer 

2 

mortality rate of CRC patients in the UK has decreased since the 1970s, and is 

projected to fall by an additional 23 % by 2035 due to improvements in diagnosis 

and treatment (Cancer Research UK, 2014). Overall, an estimated 1.36 million new 

cases of CRC diagnosed each year worldwide, and, 5 years post-diagnosis, the 

survival rate is around 50 % (Haggar and Boushey, 2009; Ferlay et al., 2015). The 

majority of these mortalities arise from patients with later stage CRC, with the 

percentage of survival highly depending on the stage at diagnosis, dropping from 90 

% 5-year survival rate for early stage diagnoses to 13 % with late IV CRC diagnosis 

(International Agency for Research on Cancer, 2018). Therefore, early detection of 

CRC is a priority in reducing the high mortality rate of this disease.   

 

1.1.2 Clinical Manifestations 
 
The clinical manifestations of CRC often vary between patients, based on the 

location where the tumours reside, as summarised in Figure 1.1.2.  

 

 

 

 

 

 

 

 

Figure 1.1.2 Differences Between Left- and Right-sided Colorectal Cancer 
Tumours 
MSI- Microsatellite instability, CIN- Chromosomal instability  (Luisetto, 2019). 
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Mishra, 2010). Within the top third of each crypt, terminally differentiated cells are 

located and continually extrude into the lumen, with the rate of epithelial 

replacement taking five days in humans and three days in mice, through a constant 

cycle of cell division, maturation and migration (Vaiopoulos et al., 2012). In 

contrast, the colon has much larger crypts that invaginate deeper into the submucosa, 

and no villi protruding out into the lumen, presenting a flatter epithelium layer 

against the lumen (Barker, De Wetering and Clevers, 2008). The crypt is a 

submucosal invagination in which several different cell types reside. At the base of 

the crypt, between 1-6 stem cells reside, also known as crypt-based columnar cells 

(CBCCs), which divide and produce transit amplifying (TA) or progenitor cells, 

which go on to proliferate at a high rate of every 12-16 h generating around 300 cells 

per crypt every day (Barker, De Wetering and Clevers, 2008). The produced cells 

expand up where they hit the crypt-villi junction upon which they rapidly 

differentiate, producing the non-proliferative population which migrates up the crypt 

walls towards the lumen (Barker, De Wetering and Clevers, 2008). This rapid 

proliferation is balanced by the cell shedding and apoptosis at the tip of the villi. 

Interestingly, this differentiation was previously believed to be irreversible, however, 

new data in the field suggests the presence of label retaining/reserve stem cells at the 

+4/5 regions, in addition to the possibility of reversible differentiation and plasticity 

following damage and loss of the stem cells within the crypt (Baulies, Angelis and 

Li, 2020). These differentiated, non-proliferative cells consist of four principle 

epithelial lineages: absorptive enterocytes, mucus-secreting Goblet cells, hormone-

secreting enteroendocrine cells and antimicrobial and enzyme-secreting Paneth cells 

(Barker, De Wetering and Clevers, 2008). The relative abundance of these cells 

varies within the different segments of the intestine, with the colon consisting mostly 

of enterocytes and Goblet cells (Barker, De Wetering and Clevers, 2008). 
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Figure 1.2.1 Normal structure of the intestinal epithelium  
Stem cell compartments are located at the bottom of both the colon crypts and the small intestine crypts, 
with crypt base columnar cells (CBCCs) and +4 stem cells situated between, or in the small intestine, 
just above the Paneth cells. These Paneth cells differentiate downwards of the crypt, whereas the other 
linages of the CBCCs and +4 cells (enterocytes, endocrine cells and goblet cells) differentiate up the 
crypt. Myofibroblasts line the crypts, producing signalling which regulates stem cell differentiation and 
proliferation (Medema and Vermeulen, 2011) 
 

Stem cell maintenance, renewal and differentiation are tightly regulated by varying 

signalling pathways, and it is these pathways which contribute significantly  to 

prevention of neoplastic transformation (Kosinski et al., 2007). There are several 

specific regulatory pathways involved, with the Wnt, Notch and bone morphogenetic 

protein (BMP)  signalling pathways having prominent roles (Kosinski et al., 2007; 

Medema and Vermeulen, 2011). Notch signalling is carried out through cell-to-cell 

contact, and is involved in the determination of lineage-fate, with a specificity 

towards cells of secretory lineage (van Es and Clevers, 2005). In contrast, Wnt 

signalling is  achieved through ligands secreted by myofibroblast lineage 

mesenchymal cells located within the basal lamina surrounding the crypts  (Fevr et 
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syndrome and familial adenomatous polyposis (FAP) (further discussed in Section 

1.3.2) Familial CRC accounts for the remaining 25 % of CRC cases, this is also 

caused by inherited mutations however it is not classified as an inherited cancer 

specifically as a mendelian high penetrance gene cannot be found, and is therefore 

likely related to an accumulation of common variant predispositions (Mármol et al., 

2017).  

 

1.3.1 Sporadic Colorectal Cancer 
 

1.3.1.1 Adenoma-Carcinoma Sequence 
 
Around 60-65 % of CRC are said to follow a specific series of mutations, whereby 

the patient starts from an adenoma which develops to the carcinoma state, named the 

Adenoma-Carcinoma Sequence, developed by Fearon and Vogelstein in 1990. 

Typically, this pathway occurs over a 10- 15-year timeframe. The sequence begins 

with the inactivation of the Adenomatous Polyposis Coli (APC) tumour suppressor 

gene, initiating the transition from normal mucosa to adenoma. The model originally 

predicted that a minimum of seven distinct mutations are required, and, although this 

traditional model of CRC progression provides an insight into the alterations 

involved in CRC, over the last ten years the molecular biology and genetics involved 

have been studied and refined in detail, with multiple pathways involved in CRC 

pathogenesis now determined.  

 
CRC progression is now deemed to result from particular mutations associated with 

varying levels of genetic and epigenetic alterations, which are sequentially 

accumulated within the progressive tumour causing genetic instability, varying 
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alterations in mitogenous signalling pathways and enzymes (Figure 1.3.1) (Power, 

Gloglowski and Lipkin, 2010; Arends, 2013; Raskov et al., 2014; Aran et al., 2016). 

 
The acquisition of genomic instability of CRC can be further divided into three main 

categories: chromosomal instability (CIN), microsatellite instability (MSI) and 

epigenetic instability (namely the CpG island methylator phenotype (CIMP)). 

However, these three groups are not mutually exclusive and tumours can develop 

features of multiple pathways, although the extent of this overlap as well as its nature 

remains unclear (Muleris et al., 2008; Pino and Chung, 2010) 

 

 

 

 

 

 

 
 
 
 
 
 
Figure 1.3.1 Adenoma-carcinoma sequence model  
This diagram presents the adenoma-carcinoma sequence first developed by Fearon and Vogelstein in 
1990. It is important to note this is likely an oversimplification, however the observed 
clinicopathological changes are aligned with the genetic abnormalities and progression. The initial step 
of carcinogenesis occurs with adenoma formation induced by loss of adenomatous polyposis coli 
(APC). This loss of APC function induces constitutive transcriptional activation of Wnt target genes, 
with aberrant Wnt signalling an additional common occurrence in CRC as it is involved in intestinal 
stem cell maintenance, as described in Chapter 1.2. Further mutations then occur to develop the 
adenoma, including KRAS, loss of chromosome 18q, SMAD4, BRAF and CDC4. For progression to 
cancer, mutations may occur in TP53, BAX or IGF2R. Furthermore, along this sequence, mismatch 
repair (MMR) deficiency and increasing chromosomal instability (CIN) may play also role in tumour 
progression. (Walther et al., 2009) 
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1.3.2  Molecular Pathways of Colorectal Cancer 
 

1.3.2.1 Chromosomal Instability Pathway 
 
CIN tumours account for around 85 % of sporadic CRCs (Armaghany et al., 2012). 

The term denotes the augmented gains or losses of large, if not whole, sections of 

chromosomes, subsequently causing karyotypic variability between cells (Lengauer, 

Kinzler and Vogelstein, 1998), specifically within the control of cell cycle, apoptosis 

and intercellular communication (Raskov et al., 2014). CIN consequently causes 

aneuploidy or polyploidy, loss of heterozygosity (LOH) and sub-chromosomal 

genomic amplifications (Pino and Chung, 2010; Migliore et al., 2011). CIN is 

capable of occurring in a wide variety of genes, with around 30 % of the human 

genome encoding for proteins involved in DNA fidelity (Brenner, Kloor and Pox, 

2014). CIN typically causes the inactivation of wild-type tumour suppressor genes, 

such as: APC, TP53 and Similar to Mothers Against Decapentaplegic Family 

Member 4 (SMAD4) (Markowitz and Bertagnolli, 2009). Furthermore, CIN in CRC 

commonly causes the activation of the proto-oncogenes such as those listed in Table 

1.3.1.  

 

Table 1.3.1 Common genes that undergo CIN in CRC 

(Table adapted from Pino, Chung, 2010). 

 

 

 

 

 




























































































































































































































































































































































































































































































































































































































































































































































