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ABSTRACT 

Maria Agostina Santoro: Obesity, hyperinsulinemia, the insulin and insulin-like growth factor 1 receptors, 

and risk of colorectal cancer 

(Under the direction of P. Kay Lund)  

 

 Insulin resistance and hyperinsulinemia associated with obesity or type 2 diabetes are strongly 

associated with increased risk of colorectal cancer (CRC). Elevated plasma insulin can increase the levels 

of ñfreeò insulin-like growth factor 1 (IGF1) in the circulation. Both insulin and IGF1 can bind and 

activate the insulin receptor (IR) or the related IGF1 receptor (IGF1R). IGF1R is traditionally viewed as a 

major mediator of growth and anti-apoptosis and has been linked to cancer. IR is expressed as two 

isoforms, IR-A and IR-B. IR-A promotes growth of fetal and possibly cancer cells, while IR-B mediates 

the metabolic actions of insulin and promotes differentiation in some tissues. However, the specific roles 

of IGF1R, IR-A, and IR-B in colon physiology and tumorigenesis are unclear. This dissertation combined 

translational and pre-clinical approaches to explore the roles of IGF1R and IR in colorectal adenoma risk, 

tumorigenesis, and reduced apoptosis of genetically damaged colonocytes during obesity and 

hyperinsulinemia. Our studies showed that increased IR-A:IR-B ratio due to decreased IR-B mRNA 

predicted colorectal adenomas in patients with elevated plasma insulin. In a mouse model of 

inflammation-induced CRC, genetic deletion of IR in colon epithelial cells (CECs) enhanced tumor 

number in vivo and tumor cell growth in vitro and this was associated with enhanced IGF1-induced AKT 

activation. Obesity/hyperinsulinemia resulted in reduced apoptosis of CECs in normal colon after 

radiation-induced DNA damage. Surprisingly, loss of IGF1R in CECs had no effects on apoptosis, but 

loss of IR dramatically increased apoptosis of genetically-damaged CECs. However, IR loss did not 

prevent the anti-apoptotic effects of obesity/hyperinsulinemia. Overall, this dissertation provides novel 

evidence that maintained IR expression and function may protect against early stage colon tumorigenesis.
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Since IR-B expression is reduced in colon tumors in mice and normal mucosa of hyperinsulinemic 

patients with adenomas, we propose that in the colon, IR-B normally attenuates the proliferative, anti-

apoptotic, or tumorigenic actions of IGF1R or IR-A. Our studies suggest that therapeutic strategies to 

increase or maintain IR-B expression may improve prevention of CRC, particularly when IR-B function 

is impaired as occurs during insulin resistance associated with obesity or type 2 diabetes. 



v 

To my wonderful parents and sister who supported my decision of moving overseas to pursue my dreams 

and have accompanied me every step of the way, and to my boyfriend who is always there for me and has 

supported me daily throughout the excitements and challenges of graduate school. 



vi 

ACKNOWLEDGEMENTS  

 First, I would like to thank my dissertation mentor Dr. Kay Lund for giving me the opportunity to 

engage in the type of basic and translational research I had always wanted to pursue since before my PhD. 

She was always there for me when I needed guidance yet allowed me to become an independent scientist. 

Apart from being a brilliant scientist, she is an exceptional writer and has helped my scientific writing 

improve tremendously. Her advice as a mentor and as a friend has been essential to this work, my 

formation as a scientist, and my wonderful experience as a doctoral student in her laboratory.  

 Second, I want to give special thanks to the current and former members of the Lund Lab. Dr. 

Laurianne Van Landeghem has been a fantastic bench mentor who taught me most of the techniques I 

know currently and helped me get started on some of my research projects. Working closely with her has 

made a great impact on the scientist I am today. Drs. Sarah Andres and Amanda Mah have not only been 

outstanding labmates and collaborators but also wonderful friends. We grew together as scientists and I 

have enjoyed working and discussing my data with them. Eric Blue has been of indispensable technical 

assistance in all mouse studies, and I could not have done these experiments without him. Drs. Emily 

Moorefield, Shengli Ding, and Jim Simmons have provided helpful intellectual advice as well as training. 

Adeola Keku helped with mouse genotyping and Josh Robbs was always there for us to help with 

computer and administrative issues. I also want to acknowledge my summer undergraduate students 

Marienid Flores-Colón, Grisselle Burgos-Santana, and Christian Agosto-Burgos who made contributions 

to my projects and whose excitement for science and scientific success were very rewarding. 

I would also like to thank my collaborators Drs. Tope Keku, Robert Sandler, and Joe Galanko 

from the Department of Medicine and the UNC Center for Gastrointestinal Biology and Disease (CGIBD) 

for providing mentoring, clinical exposure, and invaluable contributions to the human project; the UNC 

Intestinal Stem Cell Group, particularly Drs. Scott Magness, Christian Dekaney, and Susan Henning for 



vii  

sharing equipment and providing scientific input during lab meetings; Kirk McNaughton and Ashley 

Ezzell at the Histology Research Core Facility in the Department of Cell Biology and Physiology for their 

histology services and training in immunohistochemistry; Carolyn Suitt at the CGIBD Histology Core for 

assistance in paraffin embedding of tissues; Drs. Andrea Azcarate-Peril and Belen Cadenas at the CGIBD 

Microbiome and qRT-PCR Core for providing laboratory space and training on equipment during the 

human  research project; Nikki McCoy for assistance with apoptosis assays in human samples; Qing Shi 

from the UNC Department of Nutrition for assistance with plasma insulin measurements; Carlton 

Anderson and Dr. Scott Magness at the CGIBD Advanced Analytics Core for their assistance with ELISA 

and high throughput PCR experiments; and the CGIBD Biostatistics and Data Management Core for 

providing statistical assistance. Also, I want thank the Department of Cell Biology and Physiology and 

the Program in Cell and Molecular Physiology, especially Dr. Carol Otey for her guidance and 

professional advice throughout my graduate studies; Dr. Kathleen Caron, Adriana Tavernise, and Janice 

Warfford for helping me stay on top of graduate requirements and timelines; Tonya Murrell and Vicki 

Morgan for administrative assistance; and Dr. Ann Stuart for her helping me with oral presentations 

during the Presentation Class. I am also grateful for the grad-into-med training I received from the UNC 

Program in Translational Medicine and the career development support provided during my final year by 

the UNC Royster Society of Fellows. Last but not least, I want to thank Drs. Carol Otey, Robert Sandler, 

John Rawls, and Scott Magness for providing valuable guidance during committee meetings.  



viii  

PREFACE 

 Chapter 2 of this dissertation was published in the October issue of Cancer Epidemiology, 

Biomarkers & Prevention, 2014. Author contributions were: M.A. Santoro designed and performed 

experiments, analyzed and interpreted the data, and wrote the manuscript; S.F. Andres developed 

methodology and reviewed manuscript; J.A. Galanko performed the statistical analyses; R.S. Sandler 

designed study and reviewed manuscript; T.O. Keku designed study, contributed to acquisition of patient 

samples and interpretation of data, and reviewed the manuscript; P.K. Lund designed and supervised 

study, developed methodology, wrote the manuscript, and contributed to acquisition, analysis and 

interpretation of data.     

 Chapter 4 of this work has been finalized and is in preparation for submission. Contributions of 

authors were as follows: M.A. Santoro designed and conducted all experiments, analyzed and interpreted 

data, and wrote the manuscript; S.F. generated the intestinal epithelial IR knockout model and provided 

intellectual input; E.R. Blue assisted in all radiation procedures and mouse dissections, L. Van 

Landeghem designed study, generated the intestinal epithelial IGF1R knockout model, and provided 

valuable intellectual guidance; P.K. Lund supervised study, designed all experiments, interpreted data, 

and wrote the manuscript.   

 This dissertation work was supported by grants from the National Institutes of Health: RO1 

DK40247 (P.K. Lund), RO1 AG041198 (P.K. Lund), P30 DK034987 (UNC Center for Gastrointestinal 

Biology and Disease), R01 CA044684 (Diet and Health Study V), and RO1 CA136887 (T.O. Keku). 

Additional support was received from the Lovick P. Corn Dissertation Fellowship, UNC Royster Society 

of Fellows, and the UNC-HHMI Fellowship in Translational Medicine (M.A. Santoro). 



ix 

TABLE OF CONTENTS  

LIST OF FIGURES .................................................................................................................................... xii  

LIST OF TABLES ..................................................................................................................................... xiv 

LIST OF ABBREVIATIONS AND SYMBOLS ....................................................................................... xv 

CHAPTER 1: INTRODUCTION TO COLON PHYSIOLOGY, COLORECTAL 

CANCER, THE INSULIN/IGF SYSTEM, OBESITY, AND APOPTOSIS ................................................ 1 

The colonic epithelium .............................................................................................................................. 1 

Structure and function ...................................................................................................................... 1 

Colonic epithelial stem cells and their niche ................................................................................... 2 

Colorectal cancer (CRC) ........................................................................................................................... 3 

Models of CRC initiation and progression ...................................................................................... 4 

Cancer stem cells ............................................................................................................................. 4 

Inflammation and CRC .................................................................................................................... 6 

Mouse models of CRC ..................................................................................................................... 7 

The insulin/IGF system ............................................................................................................................. 9 

Ligands and receptors ...................................................................................................................... 9 

Hybrid receptors and ligand specificity ......................................................................................... 10 

Major downstream mediators ........................................................................................................ 11 

Impact of the insulin/IGF system on growth ................................................................................. 12 

Role of IGF binding proteins in regulating IGF action .................................................................. 14 

Obesity, hyperinsulinemia, and colorectal cancer ................................................................................... 16 

Evidence for the link between obesity and CRC ........................................................................... 17 

Mediators and mechanisms of colorectal cancer risk during obesity ............................................ 18 



x 

Overview of apoptosis ............................................................................................................................ 20 

Intrinsic apoptosis pathway ............................................................................................................ 20 

Apoptosis in the colonic crypts ...................................................................................................... 22 

Research hypotheses ............................................................................................................................... 23 

Figures ..................................................................................................................................................... 24 

CHAPTER 2: REDUCED INSULIN-LIKE GROWTH FACTOR 1 RECEPTOR 

AND ALTERED INSULIN RECEPTOR ISOFORM mRNAs IN NORMAL 

MUCOSA PREDICT COLORECTAL ADENOMA RISK ....................................................................... 36 

Introduction ............................................................................................................................................. 36 

Materials and methods ............................................................................................................................ 37 

Results ..................................................................................................................................................... 41 

Discussion ............................................................................................................................................... 42 

Tables and Figures .................................................................................................................................. 47 

CHAPTER 3: IMPACT OF INTESTINAL EPITHELIAL INSULIN RECEPTOR 

LOSS ON AOM-DSS INDUCED COLON TUMORIGENESIS .............................................................. 54 

Introduction ............................................................................................................................................. 54 

Materials and methods ............................................................................................................................ 55 

Results ..................................................................................................................................................... 58 

Discussion ............................................................................................................................................... 60 

Figures ..................................................................................................................................................... 63 

CHAPTER 4: OBESITY AND THE INSULIN RECEPTOR, BUT NOT THE IGF1 

RECEPTOR, PROMOTE RESISTANCE OF COLON EPITHELIAL CELLS TO 

RADIATION-INDUCED APOPTOSIS ..................................................................................................... 68 

Introduction ............................................................................................................................................. 68 

Materials and methods ............................................................................................................................ 70 

Results ..................................................................................................................................................... 74 

Discussion ............................................................................................................................................... 78 

Figures and Tables .................................................................................................................................. 81 



xi 

CHAPTER 5: NOVEL ROLES FOR IR IN CRC RISK AND COLON APOPTOSIS: 

SIGNIFICANCE AND FUTURE AREAS OF INVESTIGATION ........................................................... 91 

Hyperinsulinemia and colorectal adenoma risk ...................................................................................... 92 

IR-A and IR-B isoforms or IGF1R as predictive biomarkers ........................................................ 92 

Regulation of IR isoform pre-mRNA splicing ............................................................................... 94 

Mechanisms of decreased colon epithelial cell apoptosis during obesity/hyperinsulinemia .................. 95 

IGF1R hyperactivation due to IR deletion ..................................................................................... 96 

AMP-activated protein kinase ........................................................................................................ 96 

Microbiota ...................................................................................................................................... 98 

Linking the anti-tumorigenic and anti-apoptotic roles of IR in the colon ............................................... 98 

Apoptosis: A beneficial or detrimental response to radiation-induced DNA damage? ................. 99 

Contributions of IGF1R to apoptosis and tumorigenesis in the absence of IR ............................ 100 

Additional future studies addressing the roles of colon epithelial IR in vivo........................................ 101 

Generation of IEC-specific IR-B knockout mice ......................................................................... 101 

Modeling obesity-associated colorectal cancer ............................................................................ 102 

Conclusions and overall significance .................................................................................................... 104 

Figures ................................................................................................................................................... 106 

REFERENCES ......................................................................................................................................... 114 

  



xii  

LIST OF FIGURES 

Figure 1.1: Tissue layers and crypt cell types in the mammalian large intestine. ....................................... 24 

Figure 1.2: Progression from normal colon epithelium to adenocarcinoma. .............................................. 26 

Figure 1.3: Chemically-induced models of colorectal cancer (CRC). ........................................................ 27 

Figure 1.4: The insulin and IGF1 receptors. ............................................................................................... 28 

Figure 1.5: Ligand binding affinities and proposed downstream signaling pathways of 

IGF1R, IR-A, and IR-B. ............................................................................................................................. 29 

Figure 1.6: Glucose metabolism during healthy conditions and insulin resistance. ................................... 31 

Figure 1.7: Adverse consequences of hyperinsulinemia on the colon. ....................................................... 32 

Figure 1.8: Suggested mechanisms of obesity-induced colorectal cancer risk. .......................................... 33 

Figure 1.9: Apoptosis pathways. ................................................................................................................. 34 

Figure 1.10: Research aims and hypotheses. .............................................................................................. 35 

Figure 2.1: Representative gels showing IR-A and IR-B mRNAs in cases and controls 

with low and high plasma insulin. .............................................................................................................. 49 

Figure 2.2: Increased IR-A:IR-B ratios predicts adenomas in patients with high 

plasma insulin. ............................................................................................................................................ 52 

Figure 3.1: Experimental design. ................................................................................................................ 63 

Figure 3.2: VC-IR
ȹ/æ

 mice showed increased mortality and number of colon tumors 

resulting from AOM-DSS treatment. .......................................................................................................... 64 

Figure 3.3: Loss of IR enhances tumorsphere growth and organoid formation in 

matrigel and promotes IGF1-induced AKT phosphorylation of tumor CECs. ........................................... 65 

Figure 3.4: Metformin treatment restores growth of VC-IR
ȹ/ȹ

 tumorspheres to levels 

observed in WT-IR
fl/fl 

tumorspheres. ........................................................................................................... 66 

Figure 3.5: Colon tumors and organoids from VC-IR
ȹ/æ

 mice show increases in Igf1 

and Igf2 mRNA levels and no change in Stat3 or Tnf mRNAs relative to WT-IR
fl/fl

 

mice. ............................................................................................................................................................ 67 

Figure 4.1: Colon tissue harvest. ................................................................................................................. 81 

Figure 4.2: Intestinal epithelial cell (IEC)-specific villin-Cre mediated recombination 

of Igf1r and Insr genes in VC-IGF1R
ȹ/ȹ

 and VC-IR
ȹ/ȹ

 mice, respectively. ............................................... 82 



xiii  

Figure 4.3: Obesity does not affect IGF1R protein expression in CECs of WT-

IGF1R
fl/fl

 mice and IGF1R loss does not alter colon weight, length, or crypt depth in 

lean or obese mice. ...................................................................................................................................... 84 

Figure 4.4: Neither obesity nor IGF1R deletion impact IR protein levels in CECs. .................................. 85 

Figure 4.5: Reduced apoptosis of genetically damaged CECs in obese mice with intact 

IGF1R or IGF1R deletion and no changes in levels of the DNA damage marker 

pH2AX across groups. ................................................................................................................................ 86 

Figure 4.6: Obesity does not affect IR protein expression in CECs of WT-IR
fl/fl

 mice 

and IR deletion does not affect measures of colon growth. ........................................................................ 87 

Figure 4.7: IR loss does not impact IGF1R protein levels in CECs of lean or obese 

mice. ............................................................................................................................................................ 88 

Figure 4.8: IR loss increases apoptosis of genetically damaged CECs in lean and 

obese mice and levels of pH2AX do no change across groups. .................................................................. 89 

Figure 4.9: Obesity and IR deletion alter levels of p53 protein and p53-regulated 

mRNAs. ...................................................................................................................................................... 90 

Figure 5.1: Summary of key findings in the human study described in Chapter 2. .................................. 106 

Figure 5.2: IR-A:IR-B ratio is increased in colon tumors versus normal colon 

epithelium, and this is due to reduced IR-B mRNA. ................................................................................ 107 

Figure 5.3: Regulation of IR isoform pre-mRNA splicing. ...................................................................... 108 

Figure 5.4: Possible mechanisms of decreased radiation-induced apoptosis during 

obesity, hyperinsulinemia, and insulin resistance. .................................................................................... 109 

Figure 5.5: Markers of S- and M-phase are not altered by diet or IR loss 4 hours after 

radiation-induced DNA damage. .............................................................................................................. 110 

Figure 5.6: Proposed model of enhanced colon tumor susceptibility resulting from 

increased apoptosis after DNA damage. ................................................................................................... 111 

Figure 5.7: Proposed roles of IGF1R during inflammation-induced CRC in the 

absence of IR............................................................................................................................................. 112 

Figure 5.8: Proposed model of the roles of IGF1R, IR-A, and IR-B in normal colon 

physiology and CRC risk associated with obesity and insulin resistance. ................................................ 113 

  



xiv 

LIST OF TABLES 

Table 2.1: Descriptive characteristics of study participants. ....................................................................... 47 

Table 2.2: Mean expression of IGF1R, IR, and IR-A:IR-B mRNAs in controls versus 

cases overall and grouped by BMI and plasma insulin status. .................................................................... 48 

Table 2.3: ORs and 95% CIs for the association between colorectal adenomas and 

IGF1R, IR, and IR-A:IR-B mRNA expression. .......................................................................................... 50 

Table 2.4: Association between colorectal adenomas and IGF1R, IR, and IR-A:IR-B 

mRNA expression influenced by BMI and plasma insulin. ........................................................................ 51 

Table 2.5: Correlation between plasma insulin and IGF1R, IR, and IR-A:IR-B mRNA 

expression. .................................................................................................................................................. 53 

Table 4.1: IEC-specific loss of IGF1R or IR does not affect obesity-associated 

changes in body weight, blood glucose, plasma insulin, and insulin sensitivity. ....................................... 83 

  



xv 

LIST OF ABBREVIATIONS  AND SYMBOLS 

 

= Equal to 

± Plus-minus 

Ó Greater than or equal to 

ACF Aberrant crypt foci 

Actb ɓ-actin gene 

AKT Protein kinase B 

Aldh Aldehyde dehydrogenase 1 

AMPK Adenosine monophosphate -activated protein kinase 

ANOVA Analysis of variance 

AOM Azoxymethane 

APAF-1 Apoptotic protease activating factor 1  

APC Adenomatous polyposis coli 

ATM Ataxia telangiectasia mutated 

ATP Adenosine triphosphate 

BAD Bcl-2-associated death promoter 

BAX Bcl-2-associated X protein 

BCL-2 B-cell lymphoma 2 

BCL-XL B-cell lymphoma-extra large 

BMI Body mass index 

Bmp Bone morphogenetic protein 

BRAF Raf murine sarcoma viral oncogene homolog B 

CBC Crypt base columnar 

CD133 Cluster of differentiation 133 



xvi 

CD44 Cluster of differentiation 44  

Cdkn1b Cyclin-dependent kinase Inhibitor 1B 

CDX2 Caudal-related homeobox protein 2 

CEC Colon epithelial cell 

CESC Colonic epithelial stem cell 

CI Confidence interval 

CIMP CpG island methylator phenotype 

COX-2 Cyclooxygenase-2 

CRC Colorectal cancer 

CR-CTEC Conditionally-reprogrammed colon tumor epithelial cells  

CSC Cancer stem cell 

CTL Control 

CUGBP1 CUG RNA binding protein 1 

db/db Mice with homozygous mutation in the leptin receptor gene 

DHS V Diet and Health Study V 

DIABLO Direct inhibitor of apoptosis-binding protein with low pI 

DM Myotionic distrophy 

DMPK Myotonic distrophy protein kinase 

DNA Deoxyribonucleic acid 

DR4/5 Death receptor 4/5 

DSB Double-stranded break 

DSS Dextran sodium sulfate 

DTT Dithiothreitol 

EDTA Ethylenediaminetetraacetic acid 

EdU 5-Ethynyl-2´-deoxyuridine 



xvii  

EGF Epidermal growth factor 

EGFP Enhanced green fluorescent protein 

EGFR Epidermal growth factor receptor 

ELISA Enzyme-linked immuno assay 

EpCAM Epithelial cell adhesion molecule 

ER Endoplasmic reticulum 

ERK Extracellular-signal-regulated kinase 

FAP Familial adenomatous polyposis 

FasL Fas ligand 

FasR Fas receptor 

FITC Fluorescein isothiocyanate 

fl/fl  Floxed/floxed. Homozygous for LoxP modifications 

GF Germ-free 

GH Growth hormone 

GLP-2 Glucagon-like peptide 2 

GLUT Glucose transporter 

Gy Gray, unit of radiation 

H&E Hematoxylin and eosin 

HFD High fat diet 

HMBS Hydroxymethylbilane synthase 

HOMA Homeostatic model assessment 

HR Hybrid receptor 

i.p. Intraperitoneal  

IAP Inhibitor of apoptosis protein complex 

IBD Inflammatory bowel disease 



xviii  

IEC Intestinal epithelial cell 

IGF1 Insulin-like growth factor 1 

IGF1R Insulin-like growth factor 1 receptor 

IGF2 Insulin-like growth factor 2 

IGF2R Insulin-like growth factor 2 receptor 

IGFBP Insulin-like growth factor binding protein 

Ihh Indian hedgehog 

IL -12 Interleukin-12 

IL -18 Interleukin-18 

IL -6 Interleukin-6 

INSR Insulin receptor gene 

IR Insulin receptor 

IR-A Insulin receptor isoform A 

IR-B Insulin receptor isoform B 

IRS-1 Insulin receptor substrate 1 

IRS-2 Insulin receptor substrate 2 

ISC Intestinal stem cell 

KO Knockout 

KRAS Kirsten Rat Sarcoma Viral Oncogene Homolog 

Lgr5 G-protein-coupled receptor 5 

LKB1 Liver kinase B1 

LRC Label-retaining cell 

Lrig1 Leucine-rich repeats and immunoglobulin-like domains 1 

MBNL Muscleblind protein 

MIN Multiple intestinal neoplasia 



xix 

MMR Mismatch repair 

mRNA Messenger ribonucleic acid 

MSI Microsatellite instability 

Msi-1 Musashi-1 

mTOR Mammalian target of rapamycin 

Myc V-myc avian myelocytomatosis viral oncogene homolog 

NEMO NF-əB essential modulator 

NF-əB Nuclear factor kappa-light-chain-enhancer of activated B cells 

NOXA PMA-induced protein 1 

ob/ob Mice with homozygous mutation in the leptin gene 

OR odds ratios 

Ovt/Ob Overweight/obese 

p21 Cyclin-dependent kinase inhibitor 1 

PBS Phosphate-buffered saline 

Perp P53 apoptosis effector related to PMP-22 

PFA Paraformaldehyde 

pH2AX Phosphorylated histone H2AX 

pH3 Phosphorylate histone H3 

PI3K Phosphoinositide 3-kinase 

PUMA P53 upregulated modulator of apoptosis 

qRT-PCR Quantitative real-time polymerase chain reaction 

RNA ribonucleic acid 

ROS Reactive oxygen species  

SCFA Short-chain fatty acid 

SEM Standard error of the mean 



xx 

Shc Src homology 2 domain containing proteins 

shRNA Small hairpin RNA 

Smac Second mitochondria-derived activator of caspase 

SMAD2/4 Mothers against decapentaplegic homolog 2/4 

Sox9 Sex determining region Y-box 9 

SRSF Serine/arginine-rich splicing factor 

STAT3 Signal transducer and activator of transcription 3 

TBS Tris-buffered saline 

TdT Terminal deoxynucleotidyl transferase 

TNFR2 Tumor necrosis factor receptor 2 

TNF-Ŭ Tumor necrosis factor-Ŭ 

TRAIL  TNF-related apoptosis-inducing ligand 

TUNEL Terminal deoxynucleotidyl transferase dUTP nick end labeling 

UC Ulcerative colitis 

VC Villin -Cre 

WHO World Health Organization 

WHR Waist-to-hip ratio 

WT wild-type 

Ŭ Alpha 

ɓ Beta 

ȹ/ȹ Delta/delta. Homozygous for gene deletion 

ə Kappa 

ɛ Micro- 



1 

CHAPTER 1: INTRODUCTION TO COLON PHYSIOLOGY, COLORECTAL CANCER, THE 

INSULIN/IGF SYSTEM, OBESITY, AND APOPTOSIS  

 

The colonic epithelium 

Structure and function 

In humans, the colon consists of ascending, transverse (proximal colon), and descending (distal 

colon) segments and the rectum 
1
. Absorption of fat, carbohydrates, and proteins occurs primarily in the 

small intestine and remaining luminal contents flow into the proximal colon which reabsorbs fluids and 

electrolytes 
1-3

. The proximal colon is also the primary site for absorption of short-chain fatty acids 

(SCFAs) synthesized by bacterial fermentation of carbohydrates that were not absorbed in the small 

intestine 
1,4

. The distal colon also produces SCFAs but at much lower levels due the decreased 

carbohydrate availability 
4
. The main function of the distal colon is to desiccate stool and store it until 

propelled into the rectum for expulsion 
1
.  

The colon has a tubular structure with an inner space called lumen. The wall of the colon is 

composed of four main layers: mucosa (which is the closest to the lumen), submucosa, muscle layer or 

muscularis propria, and serosa (Figure 1.1A). The latter constitutes the outer layer of the intestine but is 

difficult to visualize by histology. The mucosa consists of an epithelial layer known as the colonic 

epithelium, an underlying stromal connective tissue termed lamina propria , and the muscularis 

mucosa, a thin layer of smooth muscle cells (Figure 1.1A) 
1
. The colonic epithelium consists of a single 

layer of columnar epithelial cells, which form invaginations or ñcryptsò that extend down towards the 

muscularis mucosa. Current views indicate that the base of the crypts harbors stem and progenitors cells, 

which divide as they migrate up the crypt giving rise to three main terminally differentiated cell lineages:  

enteroendocrine cells, goblet cells, and colonocytes (Figure 1.1B) 
5
. Colonocytes and goblet cells are the
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most abundant cell types, constituting ~25% and ~75%, respectively, of the total cells per crypt 
6
. 

Enteroendocrine cells secrete various peptide hormones and goblet cells secrete mucus 
5
. Colonocytes are 

primarily absorptive but secrete chloride ions during diarrhea, which is accompanied by secretion of 

potassium ions by goblet cells leading to water release into the lumen 
7
. Once differentiated cells reach 

the surface epithelium, they undergo detachment-mediated cell death (anoikis) and are shed into the 

lumen 
5
.  

 

Colonic epithelial stem cells and their niche 

Renewal of the human colonic epithelium occurs every 3-8 days 
8
. Maintenance of the colon 

epithelial integrity and constant renewal requires highly active proliferation, which is driven by a small 

population of colonic epithelial stem cells (CESCs) located at the base of the crypts (Figure 1.1B). 

Current views indicate that a stem cell gives rise to two daughter cells in a process called asymmetric 

division, in order to renew itself and give rise to a transient amplifying progenitor cell that will continue 

to divide before they terminally differentiate 
9
. Therefore, stem cells are characterized by their ability to 

self-renew, give rise to all other differentiated cell types (multipotency), and live for very long periods of 

time (longevity) 
9
. In 1974, the existence of two intestinal stem cell (ISC) populations was proposed based 

on studies in the small intestine: crypt base columnar (CBC) cells which actively divide and reside at the 

very base of the crypt and a slowly-cycling, label-retaining cell (LRC) population located immediately 

above CBCs at approximately cell position 4 from the crypt base, termed ñ+4ò 
10,11

. In the late 2000s, a 

number of putative markers for CBCs and +4 stem cells have been identified in the mouse small intestine, 

the first being the leucine-rich-repeat-containing G-protein-coupled receptor 5 (Lgr5) 
12

. However, the 

specificity of these markers appears to be complex, as studies showed that CBCs can express proposed 

markers of +4 and vice versa 
13

. Stem cells in the colon have been significantly less well characterized 

than in the small intestine. Proposed CESC markers include Lgr5 
12

, Musashi-1 (Msi-1) 
14

, aldehyde 

dehydrogenase 1 (Aldh) 
15

, leucine-rich repeats and immunoglobulin-like domains 1 (Lrig1) 
16

, and high 

levels of sex determining region Y-box 9 (Sox9) 
17

.    
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Surrounding the colonic crypts in the lamina propria are pericryptal myofibroblasts (Figure 1.1B), 

which are considered to be a key component of the stem cell niche 
18

. These mesenchymal myofibroblasts 

are thought to contribute to differentiation by secreting bone morphogenetic protein (Bmp) signals that 

are induced by Indian hedgehog (Ihh) signals from colonocytes (Figure 1.1B) 
19

. Myofibroblasts are also 

thought to provide CESCs with Wnt signals that are important for proliferation but this is based on the 

fact that mouse colon crypts need exogenous Wnt to grow in culture 
20,21

. Notch ligands produced by 

epithelial cells at the crypt base are also involved in maintaining the balance between proliferation and 

differentiation in the colon (Figure 1.1B) 
22,23

. This has been directly shown by a recent mouse study 

which indicated that a subpopulation of crypt goblet cells marked by cKit is regulated by Notch and 

secretes epidermal growth factor (EGF) to support Lgr5+ stem cells 
22

.  

 

Colorectal cancer (CRC) 

Colorectal cancer (CRC) is the third most common cancer in men and the second in women 

worldwide 
24

. In the United States, CRC is the second leading cause of cancer death despite the decline in 

incidence and mortality over the last 30 years 
16,17

. Risk factors include being a male, family history, 

inflammatory bowel disease, diabetes, obesity, and physical inactivity 
17

. Smokers and individuals who 

have one or more alcoholic drinks per day are at increased risk for CRC 
25,26

. A number of 

epidemiological studies have linked consumption of red and processed meats to CRC risk, but these 

associations remain weak and unclear 
27

 . CRC risk in the context of obesity and diabetes will be reviewed 

in more detail in later sections. The majority of CRCs are sporadic, but some can result from inherited 

germline mutations. The most common of these is a mutation in the adenomatous polyposis coli (APC) 

gene, which encodes a tumor suppressor protein that normally inhibits Wnt/ɓ-catenin signaling 
28

. 

Patients with germline APC mutation develop familial adenomatous polyposis (FAP), a pre-cancerous 

disease that usually progresses to CRC. Other genes and pathways linked to CRC are reviewed below. 
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Models of CRC initiation and progression 

Aberrant crypt foci (ACF) are thought to be the earliest precursor of CRC, usually resulting from 

a mutation that causes inactivation APC 
29

. Mutated APC leads to genetic instability which favors the 

occurrence of mutations in other genes such as the oncogene KRAS and the tumor suppressor complex 

SMAD2/4 
30,31

, causing the formation of an adenoma. RAS protein is downstream of the growth-

promoting epidermal growth factor receptor (EGFR), and monoclonal antibodies against EGFR are 

currently being used in the clinic to treat advanced CRC 
32

. However, this therapy was shown to be 

ineffective in patients whose tumors carry mutated KRAS 
33

. Progression from adenoma to malignant 

adenocarcinoma is associated with loss-of-function mutations in other genes including the tumor 

suppressor p53 
34

. This model of genetic alterations during the progression from normal colonic mucosa 

to adenocarcinoma is illustrated in Figure 1.2 and was originally proposed by Fearon and Vogelstein in 

1990 
35

. However, it is now known that CRCs are much more heterogeneous and significant efforts are 

being made to define CRC subtypes based on the involvement of multiple pathways that lead to genomic 

instability 
36-40

. These include microsatellite instability (MSI), epigenetic modifications in genes involved 

in mismatch repair (MMR), CpG island methylator phenotype (CIMP), and mutations in the oncogenes 

KRAS and BRAF 
38-40

. These studies showed that MMR-proficient (unaltered MMR genes) tumors with 

mutations in KRAS or BRAF genes are associated with poorer survival outcome than MMR-proficient 

tumors without  KRAS and BRAF mutations 
40

.  In all these mechanisms of colorectal carcinogenesis, the 

common denominator is the accumulation of DNA damage that leads to mutations and allows the cell to 

acquire cancerous potential. 

 

Cancer stem cells 

Tumors are heterogeneous lesions containing cells of different phenotypes and genotypes. It was 

originally thought that any cell within a tumor is able to initiate and sustain growth of new tumors. The 

cancer stem cell (CSC) theory, on the other hand, proposes that only a small subset of cells within a tumor 

has the proliferative capability of tumor formation and propagation 
41

. Evidence for the existence of CSCs 
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was initially documented in leukemia 
42,43

. Presence of CSCs was later shown in solid tumors of the breast 

and the brain 
44,45

. These studies involved transplantation of human tumor cells in immunodeficient mice 

and the observation that only a small fraction of these cells was able to grow tumors or yield tumors when 

surgically transplanted 
44,45

. The growth characteristics of these cells resembled that of stem cells. CD133 

has been shown to mark CSCs in the brain given that CD133-positive cancer cells had the ability to 

originate tumors, while CD133-negative cells did not 
45

. In 2007, two studies provided evidence that 

CD133+ was a putative marker of cancer stem cells in the colon 
46,47

. In the same year, another study 

reported that a subpopulation of cells from primary CRC tissue which expressed high levels of epithelial 

cell adhesion molecule (EpCAM) and was positive for CD44 was able to initiate tumors in 

immunodeficient mice 
48

.   

More recently, the development of stem cell reporter models have permitted further identification 

of tumor-initiating stem cells in the intestine. Cleversô group used an Lgr5-EGFP stem cell reporter 

mouse crossed with a conditional Apc knockout (KO) mouse to provide evidence that Lgr5-positive stem 

cells represent a tumor-initiating population 
49

. This study revealed that a subset of adenoma cells 

expressing Lgr5 was able to form adenomas and give rise to multiple cell types as well as additional 

Lgr5-positive cells 
49

. In line with this evidence, other reports showed that human colon carcinomas were 

enriched for a stem-like cell population that expressed Lgr5 
50,51

.  Furthermore, a recent study by Powell 

et al. demonstrated that loss of one Apc allele in colonic progenitors expressing the stem cell marker Lrig1 

led to formation of distal adenomas in mice 
52

. 

Additional evidence for the involvement of the stem cell niche in colorectal tumorigenesis is 

supported by studies linking regulators of crypt cell proliferation and differentiation such as Wnt, Notch, 

and BMP to CRC 
21,23

. Constitutive Wnt activation leads to accumulation of nuclear ɓ-catenin, which 

activates transcription of mediators of cell proliferation such as cMyc and CyclinD1 
53,54

. Notch is highly 

expressed in human CRC cell lines and in mouse colon tumors and has been linked to metastasis, 

transepithelial migration, and tumor neovascularization 
23

. Interestingly, two recent studies showed that 
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BMP signaling, which normally inhibits proliferation to promote differentiation, acquires pro-tumorigenic 

and pro-invasive roles when SMAD4 expression is lost in CRC cells 
55,56

. 

Nevertheless, the cancer stem cell theory has been a topic of controversy due to the high degree 

of heterogeneity among patients and variation in laboratory assays, which hindered validation of cancer 

stem cell markers 
57,58

. In fact, a recent study showed that activation of intestinal NFəB, a transcription 

factor involved in cell survival and inflammation, causes differentiated cells to acquire a stem-like 

phenotype and tumorigenic properties 
59
. This ñdedifferentiationò resulted from enhanced Wnt/ɓ-catenin 

signaling induced by NFəB 
59

. This evidence does not disprove the CSC model but rather supports the 

concept of ñbidirectional interconversionò between stem cells and non-stem cells that can initiate tumors 

57,59
.            

 

Inflammation and CRC 

 An important contributor to colorectal carcinogenesis is the presence of chronic inflammation. 

This has been established by numerous studies showing increased CRC risk in patients with inflammatory 

bowel disease (IBD) and accelerated tumor development in mouse models of CRC where mucosal 

inflammation is induced 
60

.    

During chronic inflammation, constant production of reactive oxygen species (ROS) can be 

mutagenic and lead to DNA damage favoring carcinogenesis 
61

. In humans, elevated levels of pro-

inflammatory interleukin-12 (IL-12) in normal rectal mucosa were associated with presence of colorectal 

adenomas 
62

. Cytokines or inflammatory mediators implicated in growth of colorectal tumors, metastasis, 

and poor prognosis are signal transducer and activator of transcription 3 (STAT3), cyclooxygenase-2 

(COX-2), tumor necrosis factor-Ŭ (TNF-Ŭ), NFəB, and the downstream interleukin-6 (IL -6) 
59,63,64

.  

 Obesity and high fat diet (HFD) have been strongly linked to inflammation. It is well established 

that adipocytes are a main source of pro-inflammatory cytokines such as TNF-Ŭ and IL-6 during obesity 

65
. However, there is increasing evidence that obesity-associated inflammation occurs in the intestine of 

mice and humans 
66

. For example, mice fed a HFD showed increased expression of TNF-Ŭ mRNA and 
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NFəB activation relative to mice fed a low fat diet 
67

. Particularly, TNF-Ŭ mRNA levels strongly and 

positively correlated with body weight gain, fat mass, and plasma glucose. Elevated intestinal TNF-Ŭ 

preceded weight gain and adverse metabolic consequences of obesity such as elevated plasma insulin 
67

. 

Similar results were obtained by a more recent study, where diet-induced obesity led to increased mRNA 

expression of TNF-Ŭ and interleukin-18 (IL -18) in the mouse colon 
68

.  

Current views support a role for the microbiota in inducing intestinal inflammation during 

obesity. Obesity induces changes in the gut microbial composition and promotes activation of the pro-

inflammatory toll-like receptor 4 (TLR4) 
69,70

. In germ-free mice, HFD feeding does not induce obesity 

and does not increase intestinal TNF-Ŭ 
67,71

. Colonization of germ-free NFəB-EGFP reporter mice with 

fecal slurries from HFD-fed mice activated the reporter, demonstrating that fecal contents, which include 

microbiota, were sufficient to induce inflammation 
67

. Furthermore, a recent study using mice with 

mutated K-ras showed that fecal transfer from HFD-fed donors with small intestinal tumors to healthy 

recipients fed a standard diet was sufficient to induce tumors in their small intestine 
72

. This effect was 

blocked by antibiotics, indicating that gut microbes play a key role in promoting obesity-associated 

cancer 
72

.   

Based on the links between obesity, inflammation, and colorectal tumorigenesis, a topic of 

interest to this dissertation is how signaling pathways that are altered during obesity play a role in CRC 

risk in the context of obesity-associated inflammation.      

                  

Mouse models of CRC 

  Both genetic and chemically-induced models of colorectal carcinogenesis are typically used in 

rodents. The Apc
Min/+

 mouse model carries a heterozygous mutation on the Apc gene and relates to FAP 

in humans. This genetic mouse model was discovered in 1990 by forward genetics, where ethyl-

nitrosoure-induced mutagenesis led to numerous intestinal adenomas, and this mutation was named 

multiple intestinal neoplasia (MIN) 
73

. Two years later, it was found that the MIN phenotype was caused 

by a nonsense mutation in one allele of the Apc gene, which resulted in a truncated protein 
74

. The 
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Apc
Min/+

 mouse represents a good animal model to study adenomas, since somatic mutations on the APC 

gene usually occur in human colorectal adenomas and CRC. However, a limitation of this mouse model is 

that it develops many adenomas in the small intestine and relatively few adenomas in the colon. This 

contrasts with human FAP, where polyposis occurs in the colon. There are also chemically-induced 

models of CRC (Figure 1.3). Administration of azoxymethane (AOM) in rodents offers one better 

system to study non-hereditary, sporadic CRC 
75

. AOM is a chemical agent which, when given to animals 

via 4-6 weekly intraperitoneal injections, can induce colon tumors (Figure 1.3 A). AOM travels through 

the bloodstream to the liver, where it gets hydroxylated and secreted into the bile for delivery in the 

intestine, where it gets further metabolized by the microbiota 
75

. The activated metabolite causes base 

mismatches in DNA which promotes formation of colorectal tumors, particularly on the mid to distal part 

of the colon 
75

. Unlike Apc
Min/+

 mice, AOM-treated animals develop tumors specifically in the colon and 

rectum, providing an advantage in terms of similarity to human disease. However, AOM-induced tumor 

formation can take as long as 5 months and susceptibility to AOM doses and number of injections 

required differ across different mouse strains. In our hands, the AOM model as applied to mice on the 

C57BL/6 background has proved problematic. Mice either do not develop tumors or develop very few 

tumors, making the model difficult to use if attempting to define interventions or genetic modifications 

that reduce tumorigenesis. Doses and numbers of AOM injections that yield tumors in C57BL/6 mice 

have resulted in liver toxicity and often unacceptable death rates. This has been particularly true in 

animals fed HFD, which was tested due to our interest in evaluating the role of obesity in colon 

tumorigenesis. Combined treatment with AOM and dextran sodium sulfate (DSS), a polysaccharide 

known to induce mucosal damage and inflammation in the colon, was shown to dramatically accelerate 

tumor development so that colon tumors are reliably observed at 2.5 months after AOM administration 
75

. 

This model consists of a single AOM injection and 3 DSS treatments (5-7 days long), each alternated 

with a 2-week recovery period (Figure 1.3 B). Like in the AOM model, tumors are seen primarily in the 

mid to distal colon and rectum, and rarely in the proximal colon. The AOM-DSS model was initially 

developed to model tumorigenesis in chronic inflammation as occurs in patients with ulcerative colitis 
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(UC) 
76

. However, because of its reliability, this model is widely used and is used in this dissertation to 

test the effects of loss of the insulin receptor (IR) on tumor development.   

 

The insulin/IGF system 

Ligands and receptors  

The insulin/insulin-like growth factor (IGF) system comprises three ligands, insulin, IGF1, and 

IGF2, and two receptors, insulin receptor (IR) and IGF1 receptor (IGF1R) (Figure 1.4 A). IGF1R is 

expressed at high levels in most, if not all, tissues in the body, while IR expression is most predominant in 

skeletal muscle, liver, and adipose tissues in adults 
77

. Traditional views consider IGF1R as a key 

mediator of the trophic and pro-tumorigenic actions of IGFs and IR as a mediator of the metabolic actions 

of insulin 
78-81

. Although it will not be further discussed here, a receptor specific for IGF2 (the IGF2R or 

mannose-6 phosphate receptor) also exists and it is thought to serve as a ñsinkò to clear IGF2 and 

attenuate its signaling 
82

. IR and IGF1R belong to the family of receptor tyrosine kinases, which are 

located at the cell membrane. These receptors consist of two extracellular or ñŬò subunits, which 

represent the ligand-binding domain, and two intracellular or ñɓò subunits, which have tyrosine kinase 

activity and auto-phosphorylate each other upon activation by ligand binding. In humans, the gene 

encoding IR (INSR) is located on chromosome 19 and the IGF1R gene in chromosome 15. Both genes 

derive from a common ancestor gene and their proteins share a high degree of structural homology: 64-

67% in the extracellular subunit and 84% in the intracellular tyrosine kinase subunit 
83

. As a result, insulin 

and IGF1 have the ability to bind both IR and IGF1R. IR has higher affinity for insulin than IGFs and 

IGF1R has higher affinity for IGFs than insulin. Therefore, at normal physiological concentrations, each 

ligand activates its ñpreferredò receptor 
84

. However, elevated concentrations of insulin can bind the 

IGF1R and elevated levels of IGFs or ñfreeò IGFs (not bound to IGF binding proteins) can activate IR.   

During evolution of mammals, the IR gene acquired a 36-nucleotide exon and the ability to skip 

this exon by alternative pre-mRNA splicing 
85,86

. In 1985, the human IR cDNA was cloned by two 

different research groups and they each predicted the size of the protein to be 1,382 and 1,370 amino 
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acids 
87,88

. Four years later, it was found that this 12-amino acid difference corresponded to exon 11, 

which was present or absent depending on the tissue and the developmental stage 
89

.  These two IR 

isoforms resulting from alternative splicing were termed IR-A and IR-B (Figure 1.4 B). IR-A lacks exon 

11, is highly expressed in the fetus and in cancer cells, and is an isoform that binds IGF2 as well as 

insulin with high affinity 
90-92

. IR-B, which is only present in mammals, includes exon 11, binds primarily 

to insulin, and its highest expression has been reported in insulin target tissues such as liver, muscle, and 

adipose tissue 
93-95

. IR-B has therefore been associated with a major role in mediating the metabolic 

actions of insulin, and more recent evidence, including evidence from our laboratory, has linked IR-B to 

differentiation of some tissues 
86,96,97

. 

 

Hybrid receptors and ligand specificity 

 The high structural homology of IGF1R and IR can lead to the formation of hybrid receptors 

(HRs), which gives the insulin/IGF system an extra level of complexity 
98

. These HRs form when one 

hemireceptor (an Ŭ and a ɓ subunit) of IGF1R heterodimerizes with a hemireceptor of IR. Both IR-A and 

IR-B can heterodimerize with IGF1R 
99

, making five possible combinations of receptors (Figure 1.5A). 

Significant efforts have been made to investigate the ligand binding affinities of these receptors in vitro 

and the data are summarized in Figure 1.5A 
99-103

. IGF1R and the hybrids HR-A and HR-B bind primarily 

to the IGFs but can bind to insulin at elevated concentrations. IR-A and IR-B have a similar binding 

affinity for their main ligand insulin, but IR-A binds much more strongly to the IGFs, especially IGF2, 

than does IR-B.  

 The function and signaling of HRs remain unclear, but their expression has been found to be 

elevated in cancer 
77

. The formation of HR-A or HR-B in a particular tissue depends on the abundance of 

IR-A and IR-B. As a result, during fetal development and carcinogenesis where IR-A is highly expressed, 

HR-A formation may allow insulin to crosstalk with IGF1R signaling 
77,99

. However, in normal 

differentiated cells where IR-B is more highly expressed, HR-B may attenuate IGF1 signaling through 

IGF1R to limit proliferative effects 
77,99

. Furthermore, signaling through HRs is thought to be dictated by 



11 

the type of HR that predominates. In vitro studies using a variety of cell lines showed that in cells 

expressing predominantly HR-A, IGFs promoted cell proliferation and migration more potently than in 

cells expressing primarily HR-B 
99

. Brierley et al. used a CRC cell line to demonstrate that knockdown of 

IR-A promoted formation and signaling through IGF1R homodimers, thus enhancing cell viability 
104

. 

Therefore, heterodimerization of IR and IGF1R may provide a mechanism to attenuate IGF1R receptor. 

 

Major downstream mediators 

 Insulin and IGF action can be mediated by receptor-induced activation of the insulin receptor 

substrates 1 and 2 (IRS-1 and IRS-2) or the Src homology 2 domain containing (Shc) proteins, which are 

immediately downstream of IGF1R and IR (Figure 1.5B). Tyrosine phosphorylation of IRS-1/2 can 

activate phosphoinositide 3-kinase (PI3K), which leads to phosphorylation of AKT and subsequent 

activation of molecules involved in glucose and lipid metabolism. Signaling through AKT can also favor 

cell differentiation 
96,105

 as well as cell growth and survival, for example, via inhibition of the pro-

apoptotic BAD 
106

. Shc proteins lead to activation of the RAS/MAPK pathway to promote proliferative 

and anti-apoptotic signals 
103,107

.   

IRS-1 knockout mice are about 50% smaller than their wild-type (WT) littermates and become 

mildly insulin resistant as they age 
108,109

. Loss of IRS-1 did not prevent insulin-induced phosphorylation 

of PI3K in liver and muscle and this residual insulin signaling was attributed to IRS-2 action 
108,109

. IRS-2 

knockout mice, on the other hand, are normal in size but develop peripheral insulin resistance and 

pancreatic ɓ-cell dysfunction, consistent with a diabetic phenotype 
110

. Studies on fibroblasts isolated 

from IRS-1 knockout mice showed that IRS-1 deletion significantly decreased IGF1-induced proliferation 

and PI3K signaling 
111

 . Transfection of IRS-2 into these cells rescued activation of PI3K but had minimal 

effects on proliferation 
111

. In the mouse intestinal epithelium, IRS-1 was shown to be required for the 

anti-apoptotic actions of IGF1 and disruption of the IRS-1 gene dose-dependently increased apoptosis and 

reduced tumorigenesis 
112,113

. On the other hand, IRS-2 was shown to be induced by caudal-related 

homeobox protein 2 (CDX2) to promote differentiation in normal and tumor cells derived from human 
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colon 
114

. Together, these in vivo and in vitro data suggest that IRS-1 plays a larger role in mediating the 

mitogenic and anti-apoptotic effects of IGF1 while IRS-2 primarily mediates metabolic and 

differentiation signals. Overall, these studies lead to the concept that IR-B may signal preferentially 

through IRS-2 to mediate metabolic effects and differentiation, whereas IGF1R and IR-A may signal 

primarily via IRS-1 to promote cell proliferation, reduced apoptosis, and tumorigenesis (Figure 1.5 B).  

 

Impact of the insulin/IGF system on growth  

IGF1 is produced at highest levels in hepatocytes, but it is also expressed in several other tissues 

in the body, including the gut mesenchyme 
115,116

. IGF1 plays an important role in mediating the trophic 

actions of growth hormone (GH) to promote growth and development of various organs and is clinically 

used to treat children with growth failure due to genetic defects in the GH receptor 
117

. Mice deficient for 

IGF1R exhibit severe growth retardation and die shortly after birth 
118

. IGF2 is expressed in the fetus to 

regulate proliferation and apoptosis during embryonic development, while in human adults it is expressed 

mainly in the liver and exerts anti-apoptotic and proliferative actions through IR-A 
82,90

. In normal cells, 

the IGF2 gene is maternally imprinted and therefore the paternal allele is only expressed, and loss of 

imprinting has been found in many tumors 
82

.  

It is well established that IGF1 is a potent mediator of intestinal growth 
119

. IGF1 is produced in 

the mesenchyme and acts in a paracrine manner to induce mucosal growth and adaptation to surgical 

resection of the bowel 
116,120,121

. Local synthesis of IGF1 is stimulated by glucagon-like peptide 2 (GLP-

2), a gastrointestinal hormone that acts on GLP2 receptor in intestinal mesenchymal cells to stimulate 

IGF1 secretion
121

. GLP-2 exerts enterotrophic effects exclusively via IGF1 and a GLP-2 analog has been 

recently approved for treatment of short bowel syndrome 
122-125

. Mouse studies on the mechanisms of 

GLP-2 action to improve gut barrier function showed that signaling through IGF1R in intestinal epithelial 

cells was essential and this was associated with IGF1R-induced modulation of tight junction proteins 
126

. 

IGF1 produced in the liver and released into the circulation constitutes another source of IGF1 

that acts on the intestinal epithelium. In mice, circulating IGF1 increases intestinal mass and crypt cell 
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proliferation and survival during normal conditions, and infusion of IGF1 promotes growth of small 

intestinal epithelium during lack of luminal nutrients as occurs with total parenteral nutrition 
127,128

. 

Furthermore, exogenous IGF1 has been recently shown to enhance epithelial regeneration by expanding 

ISC following high-dose radiation 
129

. Studies performed in rats indicated that IGF1 treatment enhanced 

colonic mucosal growth and function and promoted healing after colonic anastomoses 
130,131

.  

Insulin is secreted into the bloodstream by the ɓ-cells of the pancreatic islets after ingestion of a 

meal to regulate carbohydrate, lipid, or protein metabolism via IR 
132

. Mice deficient for IR are normal at 

birth but die of diabetic ketoacidosis 2-3 days after birth 
80,133

. In addition to the traditional actions of IR 

on metabolism, a role for IR in growth and development emerged from work by Dr. Efstratiadisô group in 

1993 
118,134

. In these studies, the researchers observed that growth retardation was more dramatic in 

double mutant mice lacking IGF1 and IGF2 ligands or IGF2 and IGF1R than the respective single 

knockouts. Furthermore, in mice with intact IGF2 and null mutations in both IGF1 and IGF1R, residual 

growth was observed. These studies suggested the existence of some unknown receptor capable of 

mediating IGF2 signaling 
118,134

. In 1997, this unknown receptor was identified as IR and later found to be 

IR-A 
90,135

.   

Some studies have suggested that insulin can induce growth of the intestinal epithelium. In rat 

models of short bowel syndrome and mucosal damage, oral insulin treatment led to increases in overall 

small intestinal mass 
136,137

. These growth effects induced by insulin were associated with increased 

proliferation in the crypts and decreased apoptosis in the villi  
138

. It is important to note that despite these 

few studies, the impact of insulin in intestine has been under-investigated relative to studies of IGF1. 

Given the similarities in IGF1R and IR structure and the ability of IGFs and insulin to activate both 

receptors, the studies in this dissertation took the approach of genetic deletion of IGF1R or IR in mouse 

intestinal epithelium to better define their roles.  

IGF1R overexpression has been found in a number of tumors including colorectal 

adenocarcinomas and metastases 
139-141

. Furthermore, increased IGF1R signaling in tumor cells has been 

linked to resistance to chemotherapy and radiation treatments 
142,143

. IR-A is overexpressed relative to IR-
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B in tumors of the breast, thyroid, ovary, prostate, and colon 
90,107

. IR-A:IR-B mRNA ratio is increased in 

aggressive human colorectal cancer cell lines and in colon tumors of Apc
Min/+

 mice 
97

. This reflected 

primarily loss of IR-B rather than increased IR-A since total levels of IR mRNA were actually reduced in 

tumors relative to normal tissue 
97

. The ability of IR-A to mediate IGF1 and IGF2 action has presented a 

difficulty in the efficacy of anti-cancer drugs designed to block IGF1R. IGF1R inhibitors have been tested 

as anti-cancer therapies but in some tumors IR was able to confer resistance and support survival or 

growth despite IGF1R inhibition 
144-147

. This compensatory response of IR to IGF1R-targeted therapies 

led to development of dual IGF1R/IR inhibitors 
148-151

.  However, the concern with blocking IR is the 

potential for decreased insulin sensitivity and adverse metabolic consequences. Therefore, it is expected 

that therapies targeted to IGF1R and IR-A combined with insulin sensitizing agents would provide the 

most beneficial strategy 
151

. Defining risk factors for development of pre-cancerous adenomas and 

improved screening and prevention represent desirable goals to reduce CRC. One chapter of this 

dissertation undertook an epidemiologic study to assess whether levels of expressed IGF1R, IR, or IR-

A:IR-B mRNAs were associated with colorectal adenoma risk.     

 

Role of IGF binding proteins in regulating IGF action 

Normally, circulating IGFs are about 95% bound to IGF binding proteins (IGFBPs) 
152

. When IGFs are 

present in the unbound form, they become ñfreeò to bind their receptors and initiate signaling. IGFBPs 

therefore limit ñbioavailableò IGF for binding to IGF1R or IR. There are six IGFBPs that bind IGFs with 

high affinity. IGFBP-1 is synthesized by the liver and its production is known to be strongly suppressed 

by elevated plasma insulin. Human studies showed that IGFBP-1 is found at low levels in the plasma of 

obese, hyperinsulinemic individuals 
153,154

. Suppressed IGFBP-1 correlates with increased free IGF1 in 

serum, which was shown to be 50-70% higher in obese than in non-obese subjects 
154

. This increase in 

bioavailable IGF1 is associated with the adverse effects of obesity and hyperinsulinemia on cancer risk, 

including pre-cancerous colon adenomas 
155

. IGFBP-2 binds primarily to IGF2 and plays a role in 

regulating growth of a number of tissues during embryonic development 
156,157

. IGFBP-3 is the most 
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abundant in the circulation and is expressed in virtually all tissues in the body. Its major role is to 

modulate levels of free IGFs that signal through IGF1R to regulate cell proliferation, differentiation, and 

apoptosis 
158,159

. Although numerous studies investigated the roles of IGFBP-3 in cancer and metabolism, 

results have been inconsistent and whether IGFBP-3 promotes or protects against tumorigenesis and 

metabolic disorders remains unclear 
160,161

. In the intestine of rodents, IGFBP-3 mRNA is expressed 

mainly in the lamina propria and is decreased after small bowel resection, potentially facilitating the 

ability of IGF1 to promote mucosal growth 
162,163

. In human colon, IGFBP-3 protein expression is 

decreased in adenomas and adenocarcinomas, and low IGFBP-3 mRNA levels in normal mucosa have 

been associated with increased risk of colorectal adenomas 
164,165

. Consistent with this evidence, in vitro 

work has shown that IGFBP-3 is a transcriptional target of the tumor suppressor p53 and may promote 

apoptosis independent of IGF1 
166,167

. IGFBP-4 is expressed in several tissues including the intestine. A 

recent report using IGFBP4-KO mice concluded that circulating IGFBP-4 inhibits basal intestinal growth 

but is required to promote the trophic actions of GLP-2 on the intestinal epithelium 
168

. Another study 

using CRC cell lines overexpressing SOX9 and mice deficient for SOX9, an ISC marker 
169,170

, showed 

that IGFBP-4 mediates anti-proliferative actions of SOX9 on CRC cells and IEC 
171

. IGFBP-5 is also 

expressed in most tissues and, in the intestine, its expression is high in the muscularis layer and in 

mesenchymal cells of the lamina propria 
163

. Unlike IGFBP-3, local IGFBP-5 expression is thought to 

potentiate the trophic actions of IGF1 on the small intestine 
116,172

. In line with this concept, some 

evidence links IGFBP-5 to tumorigenesis in a number of cell types 
173

. IGFBP6 has a much higher 

binding affinity for IGF2 than IGF1 and may inhibit proliferative or anti-apoptotic actions of IGF2 

through IGF1R 
174,175

. A large body of data recently reviewed by Bach et al., 2013, indicate that IGFBP-6 

is a potential inhibitor of cancer, as its expression is reduced by ɓ-catenin and increased by p53 in tumors 

175
. Additionally, studies have linked IGFBP-6 to decreased tumor growth and metastasis in a number of 

cancers, including colon cancer 
175

.  
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Obesity, hyperinsulinemia, and colorectal cancer 

 The World Health Organization (WHO) defines overweight and obesity as ñabnormal or 

excessive fat accumulation that presents a risk to healthò. Obesity is currently at epidemic levels, 

affecting 13% of the world population and 35% of the US population 
135,176

. Body mass index (BMI) is 

widely used to define obesity and is calculated using the formula (weight in kg)/(height in meters)^2. 

Normal or lean BMI ranges between 19.5 and 24.9 kg/m
2
, overweight corresponds to a BMI between 25.0 

and 29.9 kg/m
2
, and obese individuals have a BMI equal to or greater than 30.0 kg/m

2
.  Waist-to-hip ratio 

(WHR) is another measure of obesity that takes into account abdominal fat. WHR equal to or above 91 

and 99.5cm in women and men, respectively, indicates abdominal or ñcentralò obesity, which is one 

component of metabolic syndrome along with dyslipidemia, hypertension, and hyperglycemia 
177

. 

Insulin is produced by the ɓ-cells of the islets of Langerhans in the pancreas and released into the 

circulation in response to a rise in blood glucose, aminoacids, and secretion of intestinal hormones after 

ingestion of a meal 
132

. Some of the effects of insulin include 1) glucose uptake in muscle and adipose, 2) 

decreased hepatic gluconeogenesis, 3) glycogen synthesis in muscle and liver, and 4) lipogenesis in liver 

and adipose tissue (Figure 1.6A) 
132,178

. To induce glucose uptake, insulin binding to IR recruits glucose 

transporters (GLUTs) to the cell membrane to facilitate glucose transport into the cell 
132

. Reduced blood 

glucose then signals to pancreatic ɓ-cells to inhibit insulin production. Insulin resistance is a condition 

where peripheral tissues have a reduced ability to respond to circulating insulin at physiological levels 

and therefore glucose uptake is impaired (Figure 1.6B). The molecular basis of insulin resistance is not 

completely understood. Some proposed mechanisms include lipotoxicity, inflammation, hyperglycemia, 

mitochondrial dysfunction, and endoplasmic reticulum (ER) stress 
179

. All these mechanisms, which are 

reviewed in detail in Boucher et al., 2014, lead to phosphorylation of IR, IRS-1/2, or AKT at Ser/Thr 

residues that inhibit their kinase activity and therefore impair insulin signaling 
179

.  As a result of insulin 

resistance, blood glucose levels increase (hyperglycemia) and the pancreas therefore secretes more 

insulin to maintain normal glycemic levels and glucose metabolism 
180

. This compensatory response to 

insulin resistance leads to elevated plasma insulin, known as hyperinsulinemia (Figure 1.6B). Some 
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obese patients have hyperinsulinemia but whether this is a cause or a consequence of obesity remains 

unclear
 153,181

. In mouse models of diet induced obesity, hyperinsulinemia typically develops after 

increases in fat mass, indicating a role for obesity or functional consequences of obesity in driving insulin 

resistance and hyperinsulinemia 
67

. Insulin resistance and the inability to uptake glucose result in hepatic 

glycogen breakdown and conversion into glucose, which increases glucose output and further exacerbates 

hyperglycemia (Figure 1.6B) 
132,178

. Lipolysis occurs in adipose tissue, which leads to lipid accumulation 

in muscle 
178

. When increased insulin production is not sufficient to overcome insulin resistance and 

maintain normal glucose levels, fasting hyperglycemia and hyperinsulinemia occur, marking the onset of 

type 2 diabetes. At later stages in the progression of the disease, pancreatic ɓ-cells become exhausted and 

dysfunctional, resulting in partial or complete insulin deficiency (Figure 1.6C) 
132

. Therefore, obesity, 

hyperinsulinemia, and type 2 diabetes are strongly linked and can lead to long-term complications such as 

metabolic syndrome, cardiovascular disease, and cancer.   

     

Evidence for the link between obesity and CRC 

 Obesity and type 2 diabetes have been widely associated with increased risk of multiple cancers, 

including CRC 
182-185

. Hyperinsulinemia and insulin resistance have been linked to increased risk of 

colorectal adenomas and cancer 
155,186-188

. Interestingly, those patients with elevated plasma insulin and 

adenomas had significanlty reduced apoptosis in their normal rectal mucosa, suggesting a potential 

mechanism by which insulin may promote formation of pre-cancerous lesions 
155,186

. In colorectal cancer 

patients treated with chemotherapy and EGFR inhibitors, elevated blood glucose and high BMI predicted 

accelerated disease progression 
189

. Additionally, rectal cancer patients with type 2 diabetes showed a lack 

of response to chemoradiotherapy 
190

. Obesity has been associated with increased recurrence and 

mortality following CRC treatment, as obese and morbidly obese patients with colon cancer appear to 

have increased recurrence and poorer survival after chemoradiotherapy 
191,192

. In contrast, some 

epidemiological studies suggested that weight loss decreases CRC risk 
193,194

. 
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 In the last years, there has been growing evidence supporting the concept that cancer risk 

associatd with type 2 diabetes may be influenced by anti-diabetic treatments. Human studies have shown 

a positive relationship between insulin therpies and cancer 
195,196

. Insulin analogs such as insulin glargine 

have also been associated with increased cancer risk, but results have been inconsistent 
196-198

. In contrast, 

use of biguanides such as metformin has been suggested to decrease cancer incidence in a number of 

organs via increased activation of adenosine monophosphate -activated protein kinase (AMPK) 

180,196,199,200
. AMPK is activated when energy levels in the cell are low and therefore stimulates catabolic 

pathways to produce energy 
200,201

. Thus, metformin-induced AMPK activation leads to increased glucose 

uptake and glycolysis and decreased hepatic gluconeogenesis, which attenuate hyperglycemia and 

hyperinsulinemia 
200,201

. Interestingly, AMPK activation is mediated by the tumor suppressor liver kinase 

B1 (LKB1), which is deficient in patients with Peutz-Jeghers syndrome, a hereditary polyposis disease 

that increases susceptibility to CRC 
202

. The signaling pathways downstream of AMPK that are involved 

in the anti-tumor effects of metformin are reviewed in Perncova and Korbonits, 2014 
200

. These 

mechanistic studies were performed mainly in cell lines and mice with the limitation that the doses of 

metformin used were much higher than those clinically used in humans.  

Together, elevated levels of plasma insulin associated with metabolic disease or anti-diabetic 

therapies represent a risk factor for colorectal carcinogenesis, poor CRC treatment efficacy, or increased 

moratlity after CRC treatment (Figure 1.7).       

 

Mediators and mechanisms of colorectal cancer risk during obesity 

 There are many proposed mechanisms of increased intestinal cancer risk associated with obesity 

and are summarized in Figure 1.8. The insulin/IGF1 pathway is likely to play a role in carcinogenesis 

given that obese individuals tend to have elevated plasma insulin and free IGF1 as well as decreased 

IGFBP1, which allows more free IGF1 in the circulation 
153,181

. Numerous human studies have found 

associations between IGF1 and IGF1R overexpression and CRC 
139-141,203,204

. IGF1 promotes activation of 

the oncogenic RAS/MAPK pathway, and constant exposure of tissues to IGF1 can therefore enhance 
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proliferation and tumor growth.  In vitro studies reported that inhibition of IRS-1 decreased proliferation 

of colorectal cancer cells 
205

. Furthermore, stabilization of ɓ-catenin and phosphorylation of IRS-1 were 

induced by IGF1treatment, and Wnt/ɓ-catenin signaling is an important transcriptional regulator of the 

IRS1 gene 
206,207

.  ɓ-catenin stabilization results in nuclear translocation and activation of Wnt targets 

genes such as the stem cell marker Lgr5 
208

. In fact, a human study reported that LGR5 mRNA levels were 

increased in colorectal tumors relative to normal mucosa and this correlated with mRNA up-regulation of 

oncogenic cMYC 
209

. Furthermore, patients with high tumor LGR5 expression had decreased disease-free 

survival 
209

. Together, these studies suggest that mediators downstream of IGF1R/IR promote 

tumorigenesis but whether IGF1R or IR mediates these effects in the colon has not been directly tested. 

Hyperinsulinemia associated with obesity and diabetes is caused by hyperglycemia, as pancreatic 

ɓ-cells attempt to lower blood glucose when glucose uptake is impaired. Hyperglycemia facilitates 

consumption of glucose by cancer cells, which obtain energy from glycolysis and lactate production in the 

cytosol rather than by oxidative phosphorylation in the mitochondria 
210,211

. This metabolic switch in 

cancer cells is called the Warburg effect and is thought to provide cancer cells with metabolites that favor 

cell proliferation 
211

. In line with this concept, hyperglycemia has been associated with increased cancer 

risk by positively influencing pathways that enhance proliferation, migration, and anti-apoptosis 
212

. 

  Adipokines are hormones that are produced mainly in adipose tissue and are also thought to 

contribute to the mechanisms of tumor growth during obesity 
210

. Leptin is secreted by adipocytes during 

the fed state and acts on the hypothalamus to suppress appetite, but it has also been implicated in tumor 

cell growth in the mouse colon 
213

. Proliferative effects of leptin on colon cancer cells appeared to be 

mediated by the signal transducer and activator of transcription 3 (STAT3) 
213

. In humans, obesity is 

linked to leptin resistance at the level of the leptin receptor, but epidemiological studies linking serum 

leptin concentrations to cancer risk remain inconclusive 
210

. On the other hand, adiponectin, which is 

another hormone released by adipose tissue, is found at low levels in the plasma of obese and diabetic 

patients 
214

. In the mouse colon, adiponectin deficiency led to increased polyp number and colon cell 

proliferation only during diet-induced obesity, and administration of adiponectin inhibited colon tumor 
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growth in obese animals 
215,216

. In vitro experiments in a mouse colon adenocarcinoma cell line showed 

that adiponectin exerts anti-proliferative actions via decreased STAT3 phosphorylation 
217

.  

 As mentioned earlier, chronic inflammation associated with obesity has been widely implicated in 

CRC development. Elevated plasma concentrations of the pro-inflammatory cytokine IL -6 have been 

found in patients with colorectal adenomas and cancer and were associated with high BMI and abdominal 

obesity 
218,219

. Moreover, number and size of tumors were reduced in AOM-DSS treated mice lacking IL-

6 
220

. In Apc
Min/+

 mice, HFD feeding led to increased expression of markers of inflammation such as IL-

12, IL-6 and TNF-Ŭ in adipose and intestinal tumor tissue 
221

. In vitro studies in CRC cells lines have 

shown that IL-6 and TNF-Ŭ act via STAT3 to promote expression of TNF receptor 2 (TNFR2) and 

proliferation 
222

. In summary, a large body evidence exists to support the contributions of insulin/IGF1 

signaling, hyperglycemia, adipokines, and inflammation to the mechanisms underlying increased CRC 

risk during obesity and insulin resistance (Figure 1.8).   

 

Overview of apoptosis 

Intrinsic apoptosis pathway 

 Apoptosis is a programmed cell death that the body uses to eliminate unwanted cells and is 

essential during tissue development, regeneration, and maintenance. In adult tissues, apoptosis generally 

occurs in order to remove cells with damaged and unrepaired DNA, which may otherwise accumulate 

mutations and acquire cancerous potential.  Stimuli that trigger apoptosis include growth factor 

withdrawal and DNA damage caused by toxins, infection, or ionizing radiation 
223

. The balance between 

apoptosis and survival is critical to tissue homeostasis, as excessive apoptosis can lead to degenerative 

diseases and insufficient apoptosis can lead to the development of cancer 
223

.  

 Depending upon whether the pro-apoptotic signals are intracellular or extracellular, apoptosis 

occurs via the intrinsic or extrinsic pathway, respectively, which are reviewed in detail by Ashkenazi, 

2008 
223

. Both forms of apoptosis involve cysteinyl aspartate-specific proteases called caspases, which 
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are activated by proteolytic cleavage in a process known as the caspase cascade, leading to DNA 

fragmentation in the nucleus and execution of apoptosis 
224

.  

The intrinsic  pathway, also known as the mitochondrial pathway, is initiated by intracellular 

events such as DNA damage and is illustrated in Figure 1.10. Radiation, chemotherapy, UV light, and 

other types of cellular stresses cause double-stranded breaks (DSB) in DNA. DSBs are recognized by the 

kinase ataxia telangiectasia mutated (ATM) 
225

, which initiates the DNA damage response by activating 

p53 
226,227

, a tumor suppressor that is critical to mediating death and survival signals. As a consequence, 

p53 translocates to the nucleus to initiate transcription of genes encoding pro-apoptotic proteins such as 

NOXA, PUMA, and PERP, as well as genes encoding mediators of cell cycle arrest such as p21 
228

. Pro-

apoptotic targets of p53 inhibit anti-apoptotic BCL-2 and BCL-XL and activate pro-apoptotic BAX and 

BAK. BAX and BAK directly promote permeabilization of the mitochondrial membrane which causes the 

release of Cytochrome C and Smac/DIABLO from the mitochondrion into the cytosol 
223

. Cytochrome C 

binds to apoptotic protease activating factor 1 (APAF-1) to recruit the initiator caspase-9 into the 

apoptosome complex. The apoptosome stimulates cleavage and activation of caspase-9, which in turn 

cleaves and activates effector caspases such as caspase-3. Smac/DIABLO further contributes to the 

caspase cascade by inactivating the inhibitor of apoptosis proteins (IAPs) 
223

. Cleaved caspase-3 is a 

critical mediator of chromatin condensation, DNA fragmentation, and membrane blebbing, which result 

in the formation of apoptotic bodies that are engulfed by phagocytosis 
229

.       

The extrinsic pathway is triggered by cytotoxic immune cells which release pro-apoptotic ligands 

that belong to the TNF superfamily such as TNF-related apoptosis-inducing ligand (TRAIL) and Fas 

ligand (FasL) 
223

. TRAIL binds to death receptors 4 or 5 (DR4/5) and FasL signals through Fas receptor 

(FasR), which are located at the surface of the target cell. This promotes activation of initiator caspases 8 

and 10 and subsequent activation of downstream effector caspases (Figure 1.9) 
223

. The current studies 

have used cleaved caspase-3 as a major readout for radiation/genetic damage-induced apoptosis. 
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Apoptosis in the colonic crypts 

 Cell death in the colonic epithelium occurs at two main sites: 1) in the bottom half of the crypts 

by apoptosis in order to remove genetically damaged stem or progenitor cells that could initiate neoplastic 

lesions and 2) at the luminal surface where differentiated cells are detached and shed into the lumen by a 

process known as anoikis, which is related to apoptosis and part of normal intestinal epithelial renewal. 

Levels of spontaneous apoptosis in the intestinal crypts are low and much lower in the colon than in the 

small intestine 
230

. The particularly low rates of apoptosis in the colon are attributed to decreased basal 

expression of p53 and increased BCL-2, and this may contribute to the higher incidence of tumors in the 

colon than in the small intestine 
231,232

.   Another difference between the two bowel regions is that while in 

the small intestine basal and induced apoptosis occurs primarily within the stem cell zone at the crypt 

base, in the colon apoptotic cells are present throughout the length of the crypt 
230,233

.  

During homeostasis, the major mediator of apoptosis in colonic crypts is BCL-2, as Bcl2 

knockout mice exhibited increased levels of apoptosis relative to WT mice 
232

. However, p53 and BAX 

appear to have little role in spontaneous apoptosis since mice deficient for these proteins showed similar 

apoptosis levels to those in WT animals in the basal state 
234

. To better study the apoptotic response in the 

intestinal crypts, models of DNA damage induced by 1-6 Gy radiation have been widely used 
113,233,235,236

. 

Studies in rodents showed that following radiation, there two large waves of apoptosis 
237

. The first one 

occurs 3-6 hours after radiation and requires p53, as mice lacking p53 showed significantly reduced 

apoptosis at 3-4.5 hours post-radiation 
231,238

. The second wave of apoptosis, also known as ñmitotic 

catastropheò 
231

, occurs 24 hours later and is thought to result from genetically damaged cells with 

unrepaired DNA that re-enter the cell cycle and attempt to undergo mitosis but die due to chromosomal 

aberrations. This later wave of apoptosis has been shown to be p53-independent 
231

. BCL-2 was also 

reported to play an important role in regulating colon crypt cell apoptosis within the initial hours after 

DNA damage, whereas BAX was shown to have little impact on p53-dependent apoptosis 
234

. Whether 

obesity, IGF1R, or IR affects apoptosis of genetically damaged colon epithelial cells has not been 
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explored and could provide mechanistic insight into early events that promote survival of aberrant cells 

that could initiate tumors.   

 

Research hypotheses     

Distinguishing the specific functions of the IGF1R versus the IR in situations of elevated insulin 

has been a long standing challenge due to the high degree of crosstalk between both receptors. 

Understanding the individual contributions of each receptor to CRC risk and initiation is critical to 

developing and improving strategies for CRC prevention, diagnosis, and treatment, especially in the 

current epidemic of obesity and insulin resistance. This work has used human biopsies and genetic mouse 

models to investigate the specific roles of IGF1R and IR in colon adenoma risk, tumorigenesis, and 

epithelial cell survival after DNA damage during hyperinsulinemia, obesity, or inflammation. The 

following hypotheses have been tested (Figure 1.10): 

1. Increased IGF1R relative to IR mRNA or increased IR-A:IR-B ratio in normal mucosa 

predicts colorectal adenomas in humans, and this is associated with elevated plasma insulin. 

2. IGF1R is the main mediator of colorectal tumorigenesis while IR exerts protective effects by 

attenuating IGF1R signaling. Therefore, IR loss favors formation of tumors. 

3. Diet-induced obesity and hyperinsulinemia lead to decreased apoptosis of genetically 

damaged colon epithelial cells. 

4. IGF1R is a critical mediator of the anti-apoptotic actions of obesity and hyperinsulinemia. 
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Figures  

 

 

Figure 1.1: Tissue layers and crypt cell types in the mammalian large intestine. 

(A) The colon epithelium consists of three main layers that can be visualized by histology. The mucosa 

consists of (i) a single layer of columnar epithelial cells that forms the crypts, (ii) stromal connective 

tissue surrounding the crypts (lamina propria) that contains immune cells important for defense, and (iii) 

an underlying layer of smooth muscle cells (muscularis mucosa). The submucosa is a thin layer of 

connective tissue containing small blood vessels. The muscle layer, or muscularis propria, is composed 

of circular and longitudinal smooth muscle tissues. Although not visible in this figure, two neural plexi 

exist: the submucosal plexus and the myenteric plexus between the two muscle layers of the muscularis 

propria. (B) Histological image (left) and schematic representation (right) of the colonic crypt. Stem cells 

residing at the base of the crypts give rise to progenitor cells which actively divide and migrate upwards 

as they differentiate into colonocytes, goblet cells, or enteroendocrine cells. Mesenchymal myofibroblasts 

surround the crypts and may provide Wnt ligands to regulate proliferation. Indian hedgehog (Ihh) 
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produced by differentiated cells stimulate myofibroblasts to secrete Bmp to attenuate proliferation and 

promote differentiation. Notch and EGF secreted by epithelial cells also help maintain stem cell function. 

(References: van Dop et al., 2009; Sato et al., 2011, Krausova et al., 2014; Rothenberg et al., 2012. Crypt 

diagram modified from Medema and Vermeulen, 2011).    



    

26 
 

 

Figure 1.2: Progression from normal colon epithelium to adenocarcinoma. 

A loss of function mutation in the APC gene and microsatellite instability can lead to the formation of 

aberrant crypt foci (ACF). Progression to adenoma can involve mutations that lead to overexpression of 

KRAS and loss of SMAD2/4 as well as altered epigenetic modifications in DNA repair genes. Mutations 

on the gene encoding the tumor suppressor p53 cause progression to malignancy and development of 

invasive adenocarcinoma. (Diagram modified from Davies et al., 2005, and Markowitz and Bertagnolli, 

2009).  
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Figure 1.3: Chemically-induced models of colorectal cancer (CRC). 

(A) The AOM model of CRC consists of 4-6 weekly injections with AOM with not further treatment. 

Animals tend to develop colorectal tumors approximately 20 weeks after the last AOM injection. (B) The 

AOM-DSS model of CRC involves a single intraperitoneal injection of AOM followed by three DSS 

treatments for 5-7 days. A recovery period consisting of water drinking occurs between each DSS cycle.  

This model allows numerous colorectal tumors to develop by 2-2.5 months as a result of chronic 

inflammation and mucosal damage induced by multiple exposures to DSS. 
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Figure 1.4: The insulin and IGF1 receptors. 

(A) The insulin-like growth factor 1 receptor (IGF1R) and the insulin receptor (IR) belong to the receptor 

tyrosine kinase family. They are composed of two Ŭ-subunits (ligand binding domain) and two ɓ-subunits 

(tyrosine kinase domain). Although they bind preferentially to their own ligand, both receptors can be 

activated by IGF1, IGF2, or insulin when present at high levels in the circulation. (B) Traditional views 

associate IGF1R with growth, anti-apoptotic, and tumorigenic actions of IGFs. IR is expressed as two 

isoforms resulting from alternative pre-mRNA splicing. IR-A lacks exon 11, binds strongly to insulin and 

IGF2, and is overexpressed in fetal and cancer cells. IR-B includes exon 11, binds primarily to insulin, 

mediates glucose and lipid metabolism in insulin-target tissues, and may play a role in cell differentiation.  
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Figure 1.5: Ligand binding affinities and proposed downstream signaling pathways of IGF1R, IR-

A, and IR-B. 

(A) IGF1R and both hybrid IGF1R:IR-A (HR-A) and IGF1R:IR-B (HR-B) receptors bind to the IGFs 

with higher affinity than to insulin. Both IR isoforms bind preferentially to insulin, but IR-A has a high 

affinity for IGFs and IR-B does not. In the diagram, closer proximity of a ligand to a receptor indicates 

increased binding affinity. (B) Growing evidence suggests that IGF1R and IR-A share a common 
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signaling pathway in which Shc and IRS-1 proteins are phosphorylated following ligand binding. Shc 

activates the MAPK pathway via phosphorylation of RAS and ERK, while IRS-1 activates PI3K/AKT 

signaling, leading to cell growth, survival, and cancer. IR-B likely signals through IRS-2 to activate 

PI3K/AKT and mediate the metabolic effects of insulin in insulin-target tissues or promote cell 

differentiation. IRS-2 actions on differentiation are positively regulated by CDX2, as suggested by 

Modica et al., 2009. (Adapted and modified from Frasca et al., 2008, and Belfiore and Malaguarnera, 

2011).          
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Figure 1.6: Glucose metabolism during healthy conditions and insulin resistance. 

(A) After a carbohydrate-rich meal, glucose is sensed by the ɓ-cells of the pancreatic islets which secrete 

insulin into the circulation to decrease hepatic gluconeogenesis and promote glucose uptake in skeletal 

muscle and adipose, glycogen synthesis in liver and muscle, and lipogenesis in liver and adipose tissue. 

As a result, blood glucose levels decline and the pancreas ceases to secrete insulin. (B) During insulin 

resistance, tissues are insensitive to circulating insulin. This causes hyperglycemia, which in turn causes 

the pancreas to secrete more insulin, leading to hyperinsulinemia. The inability of tissues to uptake 

glucose causes the liver to increase glycogen breakdown, gluconeogenesis and glucose secretion, which 

further increases blood glucose levels. Additionally, lipogenesis is increased in adipose tissue, leading to 

lipid accumulation in muscle. (C) When the pancreatic ɓ-cells can no longer secrete enough insulin to 

maintain homeostatic glucose levels, they become dysfunctional and die, resulting in insulin deficiency 

and type 2 diabetes. (References: Samuel and Shulman 2012 and Lippincotts' Illustrated Reviews, 

Biochemistry. 3rd ed).  
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Figure 1.7: Adverse consequences of hyperinsulinemia on the colon. 

Hyperinsulinemia caused by obesity, insulin resistance, type 2 diabetes, and/or insulin therapies can have 

implications in increased risk of colorectal adenomas or cancer, decreased response to treatments, and 

increased recurrence and mortality following treatment. (References: Keku et al., 2005; Vidal et al., 2012; 

Giovannucci, 2007; Tsai  and Giovannucci, 2012; Pantano et al., 2013; Caudle et al., 2008; Dignam et al., 

2006; Sinicrope et al., 2013).    
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Figure 1.8: Suggested mechanisms of obesity-induced colorectal cancer risk . 

Excess adiposity during obesity leads to enhanced production of inflammatory cytokines and leptin, 

which induce STAT3 activation to increase proliferation and reduce apoptosis in the colonic mucosa. 

Production of adiponectin, which normally inhibits STAT3, is reduced during obesity. Hyperinsulinemia 

decreases hepatic production of IGFBP1, allowing more free IGF1 in the circulation. IGF1, as well as 

insulin, can activate IGF1R or IR in colon epithelial cells to exert proliferative and anti-apoptotic actions. 

Finally, hyperglycemia associated with obesity or hyperinsulinemia promotes the switch from aerobic to 

anaerobic glycolysis, known as the ñWarburg effectò, which favors production of metabolites and 

nutrients that are utilized by tumor cells. (See section ñMediators and mechanisms of colorectal cancer 

risk during obesityò of this dissertation for references).        
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Figure 1.9: Apoptosis pathways. 

Intrinsic pathway: DNA damage caused by cellular stressors such as radiation is sensed by p53, which 

translocates to the nucleus to induce transcription of apoptotic mediators PUMA, NOXA, and PERP. 

These mediators inhibit anti-apoptotic BCL-2 and BCL-XL, thereby allowing activation of pro-apoptotic 

BAX and BAK, which cause permeabilization of the mitochondrial membrane and efflux of Cytochrome 

C and Smac/DIABLO. Cytochrome C promotes formation of the apoptosome where the apoptotic 

protease activating factor 1 (APAF-1) cleaves and activates caspase-9, which in turn cleaves and activates 

caspase-3. Smac/DIABLO released by the mitochondrion negatively regulates the inhibitor of apoptosis 

protein (IAP) complex, further allowing caspase activation. Extrinsic pathway: Extracellular factors such 

as TNF-related apoptosis-inducing ligand (TRAIL) and Fas ligand (FasL) are secreted from cytotoxic 

immune cells. TRAIL binds to death receptor 4 or 5 (DR4/5) and FasL to Fas receptor (FasR) in order to 

activate caspases 8 and 10, which subsequently activate caspase-3. Cleaved caspase-3 moves to the 

nucleus to fragment DNA and execute apoptosis, which ultimately results in the formation of apoptotic 

bodies that are phagocytized by macrophages. (References: Attardi and DePinho, 2004, diagram modified 

from Ashkenazi, 2008).    

  














































































































































































































