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ABSTRACT
Maria Agostina Santor@besity, hyperinsulinemia, the insulind insulinlike 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 Af r elkegrowth faatol 1 (IGF1) in theirculation. 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 afstpoptosis and has been linked to cancer. IR is expressed as two
isoforms, IRA and IRB. IR-A promotes growth of fetal and possibly cancer cells, whit8 IRediates
the metabolic actions of insulin and promotes differentiation in some tissues. However, the specific roles
of IGF1R, IRA, and IRB in colon physiology antumorigenesis are unclear. This dissertation combined
translational and prelinical approaches to explore the roles of IGF1R and IR in colorectal adenoma risk,
tumorigenesis, and reduced apoptosis of genetically damaged colonocytes during obesity and
hypeinsulinemia. Our studies showed that increased:IR-B ratio due to decreased-BRmRNA
predicted colorectal adenomas in patients with elevated plasma insulin. In a mouse model of
inflammationrinduced CRC, genetic deletion of IR in colon epithelialsc@lECs) enhanced tumor
numberin vivoand tumor cell growtim vitro and this was associated with enhanced l@ilced AKT
activation. Obesity/hyperinsulinemia resulted in reduced apoptosis of CECs in hormal colon after
radiationinduced DNA damage. Suipingly, loss of IGF1R in CECisadno effects on apoptosis, but
loss of IR dramatically increased apoptosis of geneticllipaged CECs. However, IR loss did not
prevent the ani@poptotic effects of obesity/hyperinsulinemia. Overall, this dissertat@midas novel

evidence that maintained IR expression and functiagiprotect against early stage colon tumorigenesis.



Since IRB expression is reduced in colon tumors in mice and normal mucosa of hyperinsulinemic
patients with adenomas, we propose thahécolon, IRB normally attenuates the proliferative, anti
apoptotic, or tumorigenic actions of IGF1R orAROur studies suggest that therapeutic strategies to
increase or maintain HB expression may improve prevention of CRC, particularly wheB fEnction

is impaired as occurs during insulin resistance associated with obesity or type 2 diabetes
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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 agcendingtransverséproximal colon)anddescendingddistal
colon)segmentsind the recturh Absorption of fat, carbohydratesnd proteins occurs primarily in the
small intestineandremaining luminal contentow into the proximal colonvhich reabsorbfluids and
electrolytes . The proximal colon isilso the primargite for absorption of shedhain fatty acids
(SCFAs)synthesized by bacterial fermentation of carbohydrates that were not absorbed in the small
intestine™®. The distal colon also produces SCFAs but at much lower levels due the decreased
carbohydrate availabilit}, The main function of thdistal colonis to desiccatestool and store intil
propelled into the rectum faxpulsion'.

The colon has a tubular structwvéh an inner space called lumerhe wall of the colonis
composed ofour mainlayers mucosa (which is the closest to the lumen), submucosa, muscleldayer
muscularis proprigand seroséFigure 1.1A) The latterconstitutes the outer layer of the intestine but is
difficult to visualizeby hidology. The mucosa consists of an epithelial layer known asdtuic
epithelium, anunderlyingstromalconnective tissuermedlamina propria, and thenmuscularis
mucosa a thin layer of smooth muscle cel{Figure 1.1A)". The colonic epithelium consists okigle
layer of columnaepithelial cellswhichform invagination® r  fi cthayexténd down teardsthe
muscularis mucos&urrent views indicate thaté base of the crypts harbors stem and progenitors cells,
which divide as they migrate up the crgpting rise tothree man terminally differentiatectell lineages:

enteroendocrine cells, goblet cells, and colonodfggire 1.1BY. Colonocytes and goblet cells are the



most abundant cell types, constituting ~25% and ~75%, respectiféhe total cells per crypt
Enteroendocrineells secrete various peptiiermones and go#l cells secrete mucdsColonocytes are
primarily absorptive but secrete chloride ions during diarrhea, vibii@bcompanied bygecretion of
potassitn ions by goblet cells leadirig water release into the lumérOnce differentiated cells reach
the surface epithelium, they underdetachmeninediated cell death (anoikis) and are shed into the

lumen®.

Colonic epithelial stem cellsand their niche

Renewal of théaumancolonic epithelium occurs every@days’. Maintenance of theolon
epithelial integrityandconstant renewakquireshighly active prdiferation, which is driven by small
population ofcolonicepithelialstem cells (ESCs)located at the base of the cryffsgure 1.1B)
Current views indicate thatstem 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 progenitahaeWill continue
to divide before theyerminaly differentiate’. Therefore, ®m cells are characterized by their ability to
selfrenew, give rise to all other differentiated cell types (multipotency), andbliweery long periods of
time (longevity) °. In 1974, the existence 6o intestinal stem ce{lSC) populationsvas propsedbased
on studiesn the small intestineerypt base columnar (CBC) cellhich actively divide and resid# the
very base of theryptand a slowlycycling, labetretaining cell (LRC)opulation located immediately
above CBCsitapproximatelycell position 4 from the crypt base t e r m'&dIn thiedadec®000s, a
number of putative markers for CBCs artistem cells have been identified in the mouse small intestine
the first being théeucinerich-repeatcontaining Gproteincoupled receptor B.gr5) *2. However, the
specificity d these markers appears to be complex, as studies showed that CBCs can express proposed
markers of +4 and viceersa®®. Stem cells in the colon have been significantly less well characterized
than in the small intestin®roposedCESC markers includé.gr5 *2, Musashil (Msi-1) **, aldehyde
dehydrogenase (Bldh) *°, leucinerich repeats and immunoglobullike domains 1(Lrig1) *°, and high

levels ofsex determining region-¥ox 9(Sox9) *'.



Surrounding the&oloniccrypts in the lamina propria are pericryptal myofibroblgsigure 1.1B,
which are considered to be a key component of the stem cell'fidieesemesenchymainyofibroblasts
are thought to contribute to differentiation by secrelinge morphogenetic protein (Birgignals that
areinducedby Indian hedgehoghh) signals from colonocytd&igure 1.1B)". Myofibroblasts are ats
though to provideCESCs with Wnt signals that are importéortproliferationbut this is based on the
fact that mouse colon crypts need exogenous Wnt to grow in ctfttirBlotch ligands producelly
epithelial cellsat the crypt base asdso involed in maintaining the balance betwgealiferaion and
differentiation in the colo(Figure 1.1BY??*. This has been directly shown ayecentmouse study
which indicatedhat a subpopulatioof cryptgoblet cellamarked bycKit is regulated by Notch and

secretegpidermal growth factol§GF) to supporiLgr5+ stem cell$?

Colorectal cancer(CRC)

Colorectal cancgCRC)is the third most common cancer in nard the second in women
worldwide?*. In the United States, CR€ thesecond leading cause of cancer deketspitethe decline in
incidence and mortality over the last 30 ye&t§ Risk factors includéeing a malgfamily history,
inflammatory bowel diseasdijabetes, obesitgndphysical inativity *’. Smokers and individugaivho
have one or more alcoholic dkper day are ancreasedisk for CRC??%. A number of
epidemiological studielsavelinked consumption of red and processed m&atSRC risk, it these
associations remain wieand uncleaf’ . CRC risk in the context of obesity and diabetes will be reviewed
in moredetail in later sectiong.he majorityof CRCs are sporadibut some canesult frominherited
germlinemutatiors. The most common of theg a mutatioin theadenomatous polyposis céiPC)
gene, which encodes a tumor suppressor proteiménatallyinhibits Wnt 4sateninsignaling®.
Patientswith germlineAPC mutationdevelopfamilial adenomatous polyposis (FAR) precancerous

disease that usually progresses to CBtber genes and pathways linked to CRC are reviewed below.



Models of CRC initiation and progression

Aberrant crypt foci (ACF) are thought to be the earliest precofS0RC, usually resulting from
a mutation that causes inactivatifRC*. MutatedAPCleads tagenetic instaltity which favors the
occurrence ofmutationsin other genesuch aghe oncogen&RASand the tumor suppressor complex
SMAD2/4**3!, causing the formation of anlenomaRAS proteinis downstream athe growth-
promotingepidermal growth factor receptor (EGFRnd monoclonal antibodies against EGFR are
currently being used in the clinic to treat advanced ERBowever, this therapwasshown to be
ineffectivein patieris whose tumors carmutatedRAS*®. Progressiorfirom adenomao malignant
adenocarcinoma is associated withsof-function mutatios in othergenes includingthe tumor
suppressor p53. This model 6 genetic alterations during the progression frsrmal colonic mucosa
to adenocarcinomia illustrated inFigure 1.2andwas originally proposed by FearandVogelsteinin
1990, However,it is now known that CRs are much more heterogeneans significant efforts are
being maddo defineCRC subtypes based on the involvement of multiple pathways that lead to genomic
instability **“°. These includenicrosatellite instability (M8, epigenetianodifications in genes involved
in mismatchrepair (MMR),CpG island methylator phenotyf@€IMP), and mutations in the oncogenes
KRASandBRAF*®*“°. These studies showed that MMfRoficient (unaltered MMR genes) tumors with
mutations inrKRASor BRAFgenesareassociated with poorer survivaltcome than MMRproficient
tumors withoutKRASandBRAFmutations®. In all these mechanisms of colorectal carcinogenesis, the
common denominator is the accumulat@NA damagehat leads tanutationsand allowshe cellto

acquirecancerous potential

Cancer stem cells

Tumors aréheterogeneoussiors containingcells of different phenotypemdgenotyps. It was
originally thought thaany cell within a tumor is able to initiate asdstain growth ohew tumorsThe
cancer stem cell (CSC) theogn the other hand, proposes thaliy@a smallsubsebf cells within atumor

has the proliferative capability of tumor formation and propagétidvidence for the existence 65Cs



was initially documentedhn leukemia***3. Presence of CSCs was later shown in solid tumors of the breast
andthebrain***. These studies involved transplantation of human tumor cells in immunodeficient mice
and the observation that only a small fraction of these weliable to grow tumorser yield tumors when
surgicallytransplated***°. The growth characteristied these cells resembled that arstcells. CD133
has been shown to mark CSCs in the brain given that GPasSiivecancercellshad the ability to
originatetumors, while CD13%egativecells did not™. In 2007, two studies provided evidence that
CD133+ wasa putativemarker ofcancerstem cellsn the colon'®*’. In the same yeaanotherstudy
reportecthata subpopulatia of cellsfrom primary CRC tissue which expressed high levekypithelial
cell adhesion molecule (EpCAM) and was positive for CD44 was alidtiste tumors in
immunodeficient micé®.

More recentlythe development of stem cell reporter models have permitted further identification
of tumorinitiating stem cells in the intestin€. 1 e v e r susked an LgpduGH-P stem cell reporter
mouse crossed withanditionalApcknockout(KO) mouseto provide evidence that Lgiositive stem
cells represent a tumdnitiating populatiorf”®. This study revealed thatsubsetf adenomaells
expressind.gr5 was able to form adenomasd giverise tomultiple cell types as well as additional
Lgr5-positive cells®. In line with this evidence, otheeportsshowed thahuman colon carcinomas were
enriched for a stedike cell population that expressed LgP5". Furthermore, a recent study by Powell
et al. demonstrated that lasisoneApcallele in colonic progenitors expressing the stem cell marker Lrigl
led to formation of distal adenomas in miée

Additional evidence for the involvement of the stem cell niche in colorectal tumorigenesis is
supported by studies linkinggulators otrypt cellproliferationand differentiation such as WiNptch,
and BMPtoCRC*#. Const i tutive Wnt activat i eaenhehichs t o acc
activates transcription ofmediators otell proliferation such as ¢t and Cyclid1 °***, Notch is highly
expressed in human CRell lines and in mouse colon tumors and has been linked to metastas

transepithelial migration, and tumor neovascularizatiomterestingly, two recent studies showed that



BMP signaling, which normally inhibits proliferation to prote differentiation, acquirgsro-tumorigenic
and preinvasive roles when SMAD4 expression is lost in CRC C&lfs
Nevertheless, the cancer stem cell theory has been a togintodversy due to the high degree
of heterogeneity among patients and variation in laboyatssays, which hindered validation of cancer
stem cell marker¥™*®, In fact, a recent study showed that activatiomtfstinalN F o Btranseription
factor involved in cell survival and inflammatiotguses differentiated cells to acquire a sliém
phenotypeand tumorigenic propertied Thi s fAdedi Ffedeht bmt eaaterdnn c e d u Wn
signal i ng i ndrhicesidench goeshdisprBvethe CSOmodelbut rather supports the

concept ofibidirectional interconversiarbetween stem cells and netem cells that can initiate tumors

57,59

Inflammation and CRC

An importantcontributor tocolorectal carcinogenesis is the presence of chronic inflammation
This has been established by numerous studies shawirgased CR@sk in patients withinflammabry
bowel disease (IBDand accelerated tumor development in mouse models of CRC wheosahu
inflammation is inducef.

During chronic inflammation, constaptoduction of reactive oxygen speci@&J9 can be
mutagenic and lead DNA damage favoringarcinogenesi%. In humans, elevated levels of pro
inflammatoryinterleukin12 (IL-12) in normal rectal mucosa were associated with presence of colorectal
adenoma&’. Cytokinesor inflammatory mediatorsnplicated ingrowth of colorectal tumors, metastasis
and poor prognos@resignal transducer and activator of transcriptiofB3AT3), cyclooxygenase
(COX-2), tumor necrosis factéd ( TUNEF NF o B, a n dintarldukin6 (lLoe)’°¥*t r e a m

Obesity and high fat diet (HFD) have been strongly linked to inflammation. It is well established
that adipocytes am@ main sourcef proinflammatory cytokines such @NF-Uand IL-6 during obesity
® However there is increang evidencehat obesityassociated inflammation occurs in the intestihe

mice and human®. For examplemice fed a HFD showed increasexpressiorof TNF-UmRNA and



N F o dBtivationrelative to mice fed a low fat di&t Particularly, TNFU mRNA | evands strong!

positively correlatedwith bodyweight gain fat massand plasma glucosElevated intestinal TN
preceded weight gain and adverse metabolic consequences of obesity such as elevated plagtha insulin
Similar results were obtained by a more recent studyrendietinduced obesityed to increasethRNA
expression of TNRJ  aimedeukin18 (IL-18)in the mouse coloff.

Current views support a rolerfthe microbiotan inducingintestnal inflammationduring
obesity. Obesity induceshanges in the gut microbiedmposition and promotes activationtioé pro
inflammatory toltike receptor 4 TLR4) **’°. In germfreemice, HFD feeding does not induce obesity
and does not increase intestinal FNIF™. Colonization of gernireeN F a-BBGFP reporter mice with
fecal slurries from HFBed mice activated the reporter, demonstrating that fecal contents, which include
microbiota, were sufficient to induce inflammatinFurthermorearecent study using mice with
mutatedK-ras showed thatecaltransferfrom HFD-fed donors with small intestinal tumors healthy
recipientsfed a standard diet was sufficient to induce tunitheir small intestiné?. This effect was
blocked by antibiotics, indicating that gut microbes play a key role in piognobesityassociated
cancer?,

Based on théinks between obesity, inflammatipandcolorectal tumorigenesis topic of
interest tahis dissertatioms howsignaling @thwaysthat arealteredduringobesityplay a rolen CRC

risk in the context obbesityassociated inflammation

Mouse models of CRC
Both genetic and chemicalipduced models of colorectal carcinogsis are typically used in

Min/+

rodents TheApc mouse modetarries a heterozygous mutation on Apegene andelatesto FAP
in humans. This genetic mouse model was discovered in 1990 by forward gevietiesthyl
nitrosoureinduced mutagenesis led to numerous intestinal adenomas, and this mutation was named

multiple intestinal neoplasia (MINY. Two years later, itvas found that the MIN phenotype was caused

by a nonsense mutation in one allef¢he Apcgene, which resulted in a truncated proféiThe



Min/+

Apc’™" mouse represents a goadimalmodel to studyadenomassincesomatic mutationsn theAPC
gene usually occur in human colo@edenomas and CRC. Howevetinaitation of this mouse model is
that it developsnany adenomas in the small intestine and relatifexlyadenomas ithe colon This
contrasts with human FAP, where polyposis occurs in the cblare are also chemicaligduced
models of CRGFigure 1.3. Administration ofazoxymethane (AOM in rodents offers onketter

system to study nehereditary, sporadic CRE. AOM is achemical agentvhich, when given to animals
via 4-6 weekly intraperitoneal injectionsan induce colon tumo(Eigure 13 A). AOM travels through
the bloodstream to the liver, where it geyditoxylaedand secreted into the bifer delivery in the
intestine, where it gets further metabolized by the microbioEheactivatedmetabolitecauses base
mismatchesn DNA which promotedormation of colorectal tumors, particularly on the mid to distal part
of the colon’™. Unlike Apc"™* mice, AOMtreated animals develapmors specifically in the cofpand
rectum providing an advantage in terms of similarity to human disétmegever, AOM-induced tumor
formaiton can take as long &months and susceptibility to AOM doses and number of injections
requireddiffer across different mouse straiirs.our hands, the AOM model as applied to mice on the
C57BL/6 background has proveuoblematic. 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 turé&z8L/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
tumorigenesisCombined treatment witAOM anddextran sodium sulfate (DSS), a polysaccharide
known to induce mucosal damage and inflammatiahe colonwas shown to dramatically accelerate
tumor developmergo thatcolontumors are reliably observed 26 monthsafter AOM administration’.
This model consists @& single AOM injection and BSS treatment&-7 days long)eachalternated

with a 2week recoveryeriod(Figure 13 B). Like in the AOM model, tumors are seen primarily in the
mid to distal colon and rectum, and rarely in the proximal cdlba.AOM-DSS modeivas initially

developed to model tumorigenesis in chronic inflammation as orcpetients with ulcerative colgi



(UC) . However, because of its rahility, 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 insulininsulin-like growth factor (IGF) systermomprise threeligands, insulinIGF1, and
IGF2, and two receptors, insulin recepfidt) and IGF1 receptor (IGF1Rigure 14 A). IGF1R is
expressed at high levels in most, if not all, tissues in the bduig IR expression is most predominant in
skeletal musle, liver, and adipose tissues in addftraditional views consider IGF1R as a key
mediator of the trophic arro-tumorigenic actions of IGF&indIR as a mediator of the metabolic actions
of insulin "#8%. Although it will not be further discussed here, a recegpercificfor IGF2 (the IGF2R or
mannose phosphate receptag)so exists and it is thought to serve disiako to clear IGF2 and
attenuate its signaling. IR and IGF1R belong to the family oéceptor tyrosine kinasewhich are
located at the cell membrane. Beeeceptorc onsi st of two extracellular or
represent the liganbinding domain,ant wo i ntracel l ul ar or fAbO subunit:
activity and autephosphorylate each other upactivation byligand bindingIn humans, the gene
encodingR (INSR is located on chromosome &8d thd GF1Rgene in chromosome 1Both genes
derive from a common ancestor gene tair proteinsshare a high degree of structural homoldgs
67%in the extracellular subunit and 84% in the intracellular tyrosine kinase sfbursta resultjnsulin
and IGF1 hee the ability to bindothIR andIGF1R IR has higher affinity for insulin than IGFs and
IGF1Rhas higher affinity for IGFs than insulin. Therefore, at normal physiological concentrations, each
ligand activates t s fipr e f e Howalar, elevatedeqntentrations of insetm bind the
| GF1R and el evated |l evels of | GFs or fAfreeo | GFs
During evolution of mammals, the IR gene acquirébanucleotideexonand the ability to skip
this exon by alternativeremRNA splicing®*®. In 1985,the human IR cDNA was cloned byo

different research groupsd they eacpredicted the size of the protein toh882and 1,37Gmino



acids®"®®. Four years later, it was found that thisarinoadd difference orresponded to exon 11,
which was present or absefgpending on the tissue attek developmeral stage®™. These two IR
isoforms resulting from alternative splicing were termeddIRnd IRB (Figure 1.4B). IR-A lacks exon
11,is highly expressed in the fetus aindcancer cis, and isanisoform that binds IGFas well as
insulinwith high affinity °*%2 IR-B, which is only pesent in mammal#ncludes exon 1,binds primarily
to insulin, andits highest expressidmas been reportead insulin target tissues such lager, muscle, and
adipose tissu&%. IR-B has therefore been associated withaorrole in mediatingthe metabolic
actions of insulinandmore recent evidencecluding evidence from our laboratohgs linkedR-B to

differentiationof some tissue®°’,

Hybrid receptors and ligand specificity

Thehigh structural homology of IGF1R and IR can lead to the formation of hybrid receptors
(HRs), which givesthe insulin/IGF systeran extra levebf complexity®®. These HRs form when one
hemireceptor(@aland a b subunit) of | GF1R hetBethlRAlandner i zes
IR-B can heterodimerize with IGF1® making fivepossiblecombinations of reqeors(Figure 1.5A.
Significant efforts have been made to investigate the ligand binding affinities of these soept
and the data are summarizedFigure 1.5A%'% IGF1R and the hybrids HR and HRB bind primarily
to the IGFs butan bind to insulirat elevateadoncentrations. IFA and IRB have a similar binding
affinity for their main ligand insulin, but HRA binds much more strongly to the I§Fespecially IGF2,
than does IRB.

The function and signaling of HRs remainclear, but their expression has been found to be
elevated in cancéf. The formation of HRA or HR-B in a particular tissudepends on the abundance of
IR-A and IRB. As a result, during fetal development and carcinogenesis wh&edRighly expressed,
HR-A formation may allow insulino crosstalk wh IGF1R signalind”®°. However, in normal
differentiated cells where HB is more highly expressed, HRRmay attenuate IGF1 signaling through

IGF1R to limit proliferative effects"*. Furthermoresignalirg through HRs is thought to be dictated by
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the type of HR that predominatés.vitro studiesusing a variety of cell lines showed that in cells
expressing predominantiyR-A, IGFs promotedaell proiferation and migratiomore potentlythanin
cellsexpressing primarilyiR-B . Brierley et al. used a CRC cell line to demonstrate that knockdown of
IR-A promoted formation and signaling through IGF1R homodintarss enhancing cell viabilit{f*,

Therefore, heterodimerization B® and IGF1Rmay provide a mechanism to attenu&€1R receptor.

Major downstream mediators

Insulin and IGFactioncan be mediatebly receptorinduced activation afheinsulin receptor
substrates 1 and 2 (IRISand IRS2) or theSrc homology 2 domain containig§hc) proteins, which are
immediately downstream of IGF1R and (Rgure 15B). Tyrosinephosphorylation of IRS/2 can
activate mosphoinositide Xinase(PI13K), which leads to phosphorylation of AKT and subsequent
activation of molecules involved in glose and lipid metabolisr&ignaling through AKT can also favor

cell differentiation®®®

as well agell growth and survivafor examplevia inhibition of the pre
apoptotic BAD'®. Shc proteingead to activation ohe RAS/MAPK pathwayo promote proliferative
and antiapoptotic signal§™’.

IRS-1 knockout mice arabout 50% smaller thaheirwild-type (WT)littermatesandbecome
mildly insulin resistanas they agé®®'®. Loss of IRS1 did not prevent insuliinduced phosphorylation
of PI3K in liver and muscle andis residual insulin signalingas attributed to IR® action'®*'®°. IRS-2
knockout miceon the other handye normal in size butevelop peripheral insulin resistance and
p an c r ed tysfunctibn, consistent with a diabetic phenotyfieStudies on fibroblasts isolated
from IRS-1 knockout mice showed that$RL deletionsignificantly decreased IGHhduced proliferation
and PI3K signaling™ . Transfection of IR into these cells rescuedtivation of PI3K but had minimal
effects on proliferation™’. In the mouseintestinal epithelium, IRS was shown to be required for the
antiapoptoticactions of IGFIand disruptiorof the IRS-1 gene doselependentlyncreased apoptosis and

reduced tumdgenesis*>**3 On the other handRS-2 wasshown to be induced audalrelated

homeobox protein RCDX2) to promote differentiation in normal anghtorcellsderived from human
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colon' Together, hesen vivoandin vitro data suggest #t IRS1 plays a larger role in mediating the
mitogenicandantiapoptoticeffects of IGFiwhile IRS2 primarily mediates metaboli&nd
differentiationsignals Overall, these studies lead to the concept thd Raysignalpreferentially
through IRS2 to mediatenetaboliceffectsand differentiation, whereas IGF1R andARmaysignal

primarily via IRS-1 to promote cell proliferation, reduced apoptosis, and tgeoesigFigure 15 B).

Impact of the insulinflGF systenmon growth

IGF1 is produceathighest levels in hepatocytdsut it is alsexpressed iseveral othetissues
in the body including the gutesenchymé&'**®, IGF1 plays an important role in mediating the trophic
actions ofgrowth hormone@H) to promote growth and delopment of various organsdis clinically
usedto treat children with growth failurdue to genetic defects in the GH receptorMice deficient for
IGF1R exhibit severe growth retardation atiel shortly after birth'®. IGF2 is expressed in the fetus to
regulate proliferation and apoptosis during embryonic developmvliie in humanadults it is expressed
mainlyin the liver and exerts antipoptotic and proliferative actions throughAR>®. In normal cells,
thelGF2 gene is maternally imprinted and therefore the paternal allele is only expressed, and loss of
imprinting has been found in many tuméts

It is well established that IGF1 is a potent mediator of intestinal growiiGF1 is produced in
the mesenchyme and acts in a paracrine manner to induce mucosal growth and adaptation to surgical
resection of the boweét®?*?!, Local synthesis of IGF1 is stimulated by glucatjke peptide 2 (GLP
2), a gastrointestindlormone that acts on GLP2 receptor in intestin@senciimal cellsto stimulate
IGF1 secretioff. GLP-2 eerts entastrophic effects exclusively via IGF1 and a GRRnaloghas been
recently approved for treatment of short bowel syndrtAté°. Mouse studies omé mechanisms of
GLP-2 action to improvgut barrier function showed that signaling through IGF1R in intestinal epithelial
cells was essential and this was associated with I@Fdiced modulation of tight junction proteit&

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

that actn the intestinal epithelium. In mice, circtibey IGF1 increases intestinal mass and crypt cell
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proliferation and survivaduring normal conditions, and infusion of IGF1 promotes growth of small
intestinal epithelium durintack of luminal nutrients asccurs with total parenteral nutritiofi**,
Furthermore, exogenous IGF1 has been recently shown to enhance epithelial regeneration by expanding
ISC following highdose radiatiori”®. Studies performed in rats indicated that IGF1 treatment enhanced
colonic mucosal growth and function and promoted healftey colonicanastomose$***",

Insulin issecreted into the bloodstredomthe b-cells of the pancreatic islesdter ingestion of a
mealto regulate carbohydratkpid, or proteinmetabolism viaR **2. Mice deficient for IRare normal at
birth but die of diabetic ketoacidosis3Mays after birti>'*. In addition to the traditional actisof IR
on metabolism, a role for IR in growth and development emerged from work Bydbatiadi® gr oup i n
1993813 |n these studies, the researchers observed that growth retardation was more dramatic in
double mutant mice lacking I@RNdIGF2 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 existencesafrdamown receptarapable of
mediating IGF2 signaling'®**. In 1997, this unknown receptor was identified as IR and later found to be
IR-A 90,135.

Some studies hawiggested thamsulin can inducegrowth of theintestinal epithéum. In rat
models of short bowel syndrome and mucosal danmagénsulin treatmented toincreases in overall
small intestinal mas$®**’". Thesegrowth effects induced hipsulin were associated withcreased
proliferation in the crypts and decreased apoptodisanilli **% It is important to note that despite these
few studiesthe impact of insuliin intestine has been undevestigated 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 ddléGériBor IR in mouse
intestinal epithelium to better define their roles.

IGF1R oveexpression has beéoundin a number of tumors includingplorectal
adenocarcinomas amoetastaseS”'*., Furthermore, increased IGF1R signaling in tumor ¢elsbeen

linked to resistance ttchemotherapynd radiatiorireatmers **>'*%. IR-A is overexpressetklative to IR
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B in tumorsof the breast, thyroidyvary, prostateand color?®'?”. IR-A:IR-B mRNA ratio is increased in
aggressive human colorectal cancer cell lines and in colon tumors '8fAptce . This reflected
primarily loss of IRB rather than increased R since total levels of IR mMRNA were actually reduced in
tumorsrelative to normal tissu¥. The ability of IRA to mediate IGF1 and IGF2 action hpsesentea
difficulty in the efficacy ofanti-cancerdrugsdesignedo block IGF1RIGF1Rinhibitors have beetested
as anticancer therapidsutin some tuma IR was able t@wonfe resistance ansupport survival or
growth despite IGF1R inhibitioH***’. This compensatory response of IR to IGR&R)eted therapies
led to development of dual IGF1R/IR inhibitdf&*>'. However, he concern with blocking IR is the
potential fordecreasethsulin sensitivity anédversametaolic consequence$hereforejt is expected
that therapies targeted to IGF1R andARombined with insulin sensitizing agents would provide the
most beneficial stratedy’. Defining risk factors for development of prancerous adenomas and
improved screening and prevention represent desirable goals to reduce CRC. One chapter of this
dissertation undertook an epideraigic 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, drculating IGFs ar@bout 95%bound to IGF binding proteir$GFBPs)™*% When IGFs are

present in the unbound form, they becol®EBPfifreed t
therefore | imit fAbioavai |l dhetearé sixllGFBPsthat bindbGFsvdth ng t o

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 IdRBFound at low levels in the plasma of
obese, hyperinsulinemic individudf§***. Suppressed IGFBR correlates with increased free IGF1 in
serum, which was shown to be-30% higher in obese than in nrobese subjects®. This increase in
bioavailable IGF1 is associated with the adverse effects of obesity and hyperinsulinemia on cancer risk
including precancerousaon adenoma$”. IGFBP-2 binds primaily to IGF2 and plays a role in

regulatinggrowth of a number of tissues during embryonic developMehit. IGFBP-3 is the most
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abundant in the circulaticand is expressed inrtually all tissues in the bodyts major role igo
modulatelevels of free IGFs$hat signal throughGF1Rto regulatecell proliferation, differentiation, and
apoptosis®®'*°. Although numerous studies investigated the roles of IGBBPcancer and metabolism,
resuts have been inconsistent and whetli&FBP-3 promotes or protects agaihsmorigenesis and
metabolic disorders remains unclé®r®. In the intestine of rodents, IGFE®PmRNA is expressed
mainly in the lamina propria and is decreased after small bowel resqmitentially fcilitating the

ability of IGF1 to promote mucosal growtft'®®. In human colon|GFBP-3 protein expression is
decreased in adenomas and adenocarcinomakwah@FBP-3 mRNA levels in normal mucosa have
been associated with increased risk of colorectal adendm&sConsistent with this evidenci, vitro
work has shown thaGFBP-3 is atranscriptional target of the tumor suppressor p53 and may promote
apoptosis independent of IGE®'®". IGFBP-4 is expressed in several tissues including the intestine. A
recent report using IGFBPMO mice concluded that circulating IGFBPinhibits basal intestinal growth
butis required to promote the fhic actions of GLF2 on the intestinal epitheliufi®. Another sudy

usingCRC cell lines overexpressitgDX9andmice deficient for SO, an1SC marker°%"

, showed

that IGFBR4 mediatesnti-proliferative actions of SOX9 0o8RC cells andEC ', IGFBP-5 s also
expresseih most tissues and, ihe intestine, its expression is hightlie muscularis layeand in
mesechymal cells of the laminaropria **°. Unlike IGFBR3, local IGFBR5 expression is thought to
potentiate the trophic actions of IGBf the small intestin€®' "% In line with this concept, some
evidence links IGFBF to tumorigenesis in a number of cell typEsIGFBP6 has a much higher
binding affinity for IGF2 than IGF1 anehayinhibit proliferative or antiapoptotic actions diGF2

through IGFR "**"> A largebodyof datarecentlyreviewedby Bach et al.2013 indicatethat IGFBR6

is apotential inhibitor of cancer, as its expressioretucedy b-catenin and increased by p53 in tumors

17> Additionally, studieshavelinked IGFBP6 to decreased tumor growth and metastasis in a number of

cancers, including colon cancér.
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Obesity, hyperinsulinemia, and colorectal cancer

The World Health OrganizatioZWHO)d ef i nes over weialpbrmalaand obesi ty

excessive fat aumulation that presents a risk to healtbbesity iscurrently at epidemic levels,
affecting13% of the world population and 35% of the US populatidH®. Body mass index (BMI) is
widely usedo define obesity and is calculated using the formula (weight in kg)/(height in meters)"2.
Normal or lean BMranges between 19.5 and @4g/n7, overweight corresponds to a BMI betweer025
and 29.%g/nt, and obese individuals have a BMI equal to or greater thark@0vf. Waistto-hip ratio
(WHR) is another measure of obesity that takesantmunt abdominal fat. WHR equal to or abéte
and99.5cmin women and men, respectively, indicga®dominalofic ent r al ¢ iBbnesi t vy,
component of metabolic syndrorang with dyslipidemia, hypertension, and hyperglyceitiia

Insulin is produced byht e -cefis of the islets ofangerhans in the pancreas and releasedhe
circulationin response to a rise in blood glucose, aminoacids, and secretion of intestinal hormones after
ingestion of a medf”. Some of the effects of insulinclude 1) glucose uptake inuscleandadipose?2)
decreased hepatic gluconeogenesigyg8jogensynthesis in muscle and liveand 4) lipogenesis in liver
and adipose tissu€igure 1.8\) ***!’® To induce glucose uptake, insulin bindilegR recruits glucose
transporters (GLUTdp the cell membrane facilitate glucoséransportinto the cell**’. Reducedlood
glucosethensignaktop a n ¢ r edldtaindibitnsulin productioninsulin resistanceis a condition
whereperipheral tissuelsave a reduced abilitp respond tairculating insulinat physiological levels
and therefore glucose uptake is impaif€igjure1.6B). The molecular basis d@fisulin resistances not
completely understoodomeproposed mechanisnrgcludelipotoxicity, inflammation, hyperglycemia,
mitochondrial dysfunction, and endoplasmic reticulum (ER) stf@sall these mechanisms, which are
reviewed in detifiin Boucher et al., 2014ead to phosphorylation of IR, IRE2, or AKT at Ser/Thr
residues that inhibit their kinase activity and therefore impair insulin signafings a resultof insulin
resistancegblood glucose levels increaseyperglycemia) andthe pancreathereforesecretes more
insulin tomaintain normal glycernilevelsand glucose metabolistf. This compensatory response to

insulinresistancéeads to elevated plasma insulin, knowrggerinsulinemia (Figure 1.6B. Some

16

wh



obese patientsavehyperinsulinemidut whetherthisis a cause asconsequenre of obesity remains
unclear®*'®, In mouse models of diet induced obesity, hyperinsulingypi@ally develops after

increases in fat mass, indicatingaderfor obesity or functional consequences of obesity in driving insulin
resistance and hyperinsulinefifalnsulin resistance arttieinability to uptake gicose result imepatic
glycogen breakdown and conversion into glucegachincreaseglucose outpuand further exacerbates
hyperglycemigFigure 1.6B)"**!"8 Lipolysis occurs in adipose tissue, which leads to lipid accumulation

in musclet’®

. When increased insulin production is not sufficient to overcosdin resistancand

maintain normal glucose levelasting hyperglycemia and hyperinsulineraizcur, marking the onset of
type 2 diabetes At | ater stages in t he -pelishecone exhdusied and f
dysfunctional, resulting in partial or complete insulin deficietitigure1.6C) **2 Therefore, obesity,

hyperinsulnemia, and type 2 diabetes are sgtgiinked and can lead to lotgrm complicationsuch as

metabolic syndrome, cardiovascutiseaseand cancer.

Evidence for the link between obesity and CRC

Obesity and type 2 diabetes have been widely associated with incrisssdnultiple cancers,
including CRC **2*%> Hyperinsulinemia and insulin resistarttave teenlinked to increasedsk of
colore¢al adenomas and cancet'®®* |nterestingly, those patients with elevated plasma insulin and
adenomas had sifitanlty reduced apoptosis in tinenormal rectal mucosa, suggesting a potential
mechanism by which insulin may promote formation ofgaacerous lesiors>®. In colorectal cancer
patients treated with chemotherapy and EGFR inhibitors, elevated bloodsg and high BMI predicted
acceleratedisease progressidff. Additionally, rectal cancer patients with type agites bowed a lack

of response tehemoradiothepy*°

. Obesity hadeen associated with increased recurrence and
mortaity following CRC treatment, as obese and morbidigse patiets with colon canceappeato
have increased recurrence and poorer survival after chemoradiotffét&pin contrastsome

epidemiological studiesuggestethat weight loss decases CRC risk®**,

17

t

he



In the last years, there has been growing evidsuapporting he concept that cancer risk
associatd with type 2 diabetes may be infludrmgantidiabetic treatments. Humatudies have shown
a positive relationship between insulin therpies and cdfité?. Insulin analogs such assulin glargine
have also been associated with increased cancer risk, but results have besstémtS®*%® In contrast,
use of biguanides suasmetformin has beesuggestedo decreaseancer incidenca a number of
organsvia increased activation eflenosine monophosphatetivated protein kinag@MPK)

180196199200 AMPK is activated when energy levels in the cell are low and therefore stimulates catabolic
pathways to produce energf{{***. Thus, metformirinduced AMPK activatioeads to increaseglucose
uptakeand glycolysis and decreaseepatic fuconeogenesisyhich attenuatéyperglycemia and
hyperinsulinemig®®®", Interestingly AMPK activationis mediated by théeumor suppressor liver kinase

B1 (LKB1), which is deficient in patients witheutzJeghersyndrome a hereditary polyposis disease

that increases susceptibility to CR& Thesignalingpathways danstream of AMPK that are involved

in the anti-tumor effects of metformiare reviewed in Perncova aKkdrbonits 2014°°. These

mechanistic studiesereperformedmainly in cell lines and micevith the limitation that the doses of
metforminused werenuch higher than thosinically used in humans.

Together, elevated levels of plasma insulin associated with metabolic diseased@tetic
therapiesepresent aisk factor for colorectal carcinogenegimor CRC treatment efficacy, orcreased

moratlity after CRGQreatmen{Figure 17).

Mediators and mechanisms @blorectalcancer risk duringobesity

There are many proposed mechanisiriscreased intestinal cancer risk associated with obesity
and are summarized Figure 1.8 The insulin/IGF1 pathay is likely to play a rolén carcinogenesis
given that dese individuals tend to have elevapdamsmainsulin andfree IGF1 as well aglecreased
IGFBP1, which allowsmore free IGF1n the circulation>>'8%, Numerous bman studies have found

139141203204
C 1203204

associations between IGF1 d@F1R overexpressioandCR 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 growthln vitro studies reportethat inhibition of IRS1 decreased proliferation
of colorectal cancer celf§>. Furthermorestabilization ofb-catenin and phosphorylation of IRSwvere
induced byGFltreatmentand Wntb-catenin signaling is an important transcriptional regulator of the
IRS1gene®®?’. b-catenin stabilization results in nuclear translocation and activation of Wnt targets
genes such as the stem cell matkgn5 *®. In fact,a human studyeportedthatLGRSmRNA levels were
increased in colorectal tumors relative to normal mucosa andatiedatedvith mRNA up-regulation of
oncogenicMYC*®. Furthermore, patients with high tumioBR5expression had decreased disdfase
survival®®. Together, these studies suggest thediatorsdownstreanof IGF1R/IR pomote
tumorigenesis buvhether IGF1R or IR mediatéiseseeffects in the colon has not been directly tested.
Hyperinsulinemia associated wittbesity and diabetes is caused by hyperglycemia, as pancreatic
b-cells attempt to lower blood glucose when glucose uptake is impHliypdrglycemia facilitates
consumption of glucose by cancer cells, whabkainenergyfrom glycolysisandlactateprodudion in the
cytosolrather tharby oxidative phosphorylatiom the mitochondrid*****, Thismetabolicswitchin
cancer cells isalledthe Warburg eféct and is thought to provideancer cells witmetabolites that favor
cell proliferation®’. In line with this concept, hyperglycemia has been associated with increased cancer
risk by positivelyinfluencing pathways that enhance proliferation, migration, aneaaoptosis 2.
Adipokines ardhormoneghat areproducedmainly in adipose tissue and am0 thought to
contribute to the mechanisms of tumor growth during ob&Sitizeptin is secreted by adipocytes during
the fed state and acts on the hypothalamus to suppress gpfpetitdias also been implicatedtinmor
cell growthin the mouse coloft®. Proliferative effets of leptin on colon cancer cells appeared to be
mediated byhesignal transducer and activator of transcriptid@BAT3)**>. In humanspbesity is
linked to leptin resistance at the level of the leptin receptdrepidemiological studies linkirgggrum
leptin concentrationt® cancetrisk remaininconclusive?'®. On the other hand, adiponectin, which is
another hormone released by adipose tissue, is found at low lettedgplasma obbese and diabetic
patients’™. In the mouse coloradiponectin deficiency led to incased polyp number and colon cell

proliferation only during dieinduced obesity, anadministration of adiponectin inhibited colon tumor
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growthin obese animal$>?'. In vitro experimentsn amouse colon adenocarcinomel! line showed
thatadiponectirexerts antproliferative actions viaecreased STAT3 phosphorylatith

As mentioneckarlier,chronicinflammaion associated with obesity has been widelglicated in
CRCdevelopmentElevated plasmaoncentrationsf the preinflammatory cytokindL -6 have been
found in patients with colorectal adenomas and caamemvere associated with high BMI and abdominal
obesity*#?'°. Moreover number and size of tumovgere reduceth AOM-DSS treated mice laing IL-
62%°. In Apc™™* mice,HFD feeding led to increased expressiomnafrkers of inflammation such as-IL
12,1L-6and TNFU i n adi pose an d®ilmvitrestudids m ERC cells limes have i s s u e
shownthatlk6and TNFU act via STAT3 to promote expression
proliferation®” In summarya large body evidence exists to support the contributibmsulin/IGF1
signaling, hyperglycemia, adipokines, and inflammation to the mechanisms underlying increased CRC

risk during obesity and insulin resistar(€&gure 1.8.

Overview of apoptosis
Intrinsic apoptosis pathway

Apoptosis is arogrammed cellleath thathe body use® eliminate unwanted cells and is
essentiatluringtissuedevelopment, regeneration, amaintenanceln adult tissues, apoptosis generally
occursin orderto removecellswith damaged and unrepaired DNA, whitlay otherwiseaccumulate
mutations and acquire cancerous potentsimuli that triggeapoptosis includgrowth factor
withdrawalandDNA damage caused by toxins, infection, or ionizing radigfio he balane 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 ofancer

Depending upon whether the pepoptoticsignals arentracellular orextracellular,apoptosis
occursvia theintrinsic or extrinsicpathway, respectivelyhich are reviewed in detail yshkenazi,

2008%%. Bothforms of apoptosigvolve cysteinyl aspartatepecific proteasesalledcaspaseswhich
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are activated by proteolytic cleavaigea process known as the caspase cascade, leading to DNA
fragmentation in the nucleus and execution of apoptsis

Theintrinsic pathway, also known as tin@tochondrialpathway is initiated by intracellular
events such as DNA damaged is illustrated ifrigure 1.D. Radiation, chemotherapyV light, and
other types of cellular stresscause doublstranded breakSB)in DNA. DSBsare recognized by the

kinaseataxia telangiectasiautated (ATN) %%

, which initiates the DNA damage response by activating
p53%2%%27 a tumor suppressor that is critical to mediatlegth and survival signalds a consequence
p53 translocates to the nucleus to initiate transcription of genes encodiaggmtoticproteinssuch as
NOXA, PUMA, and PERP, as well as genes encoding mediators of cell cycle arrest pti*asro
apoptotictargets of p53 inhibit antipoptotic BCL2 and BCI-XL and activatepro-apoptotic BAXand
BAK. BAX and BAK directly promote permeabilization of the mitochondrial membrane which causes the
release ofCytochrome Gand Smac/DIABLO from the mitochondrion irtiee cytosof?®. Cytochrome C
binds to @optotic protease activating facto(APAF-1) to recruit the initiatocaspase® into the
apoptosome compleXhe apoptosome stimulateleavage and activationf caspas®, which inturn
cleaesand activagseffector caspases such as casggasgmac/DIABLO further contributes the
caspase cascade by inactivatihginhibitor of apoptosis proteindAPs) **. Cleaved caspas®is a
critical mediator of chromatin condensation, DNA fragmentation, and membrane blelghioly result
in the formation of apoptotic bodies that are engulfed by phagocytdsis

Theextrinsic pathway is triggered by cytotoxic immune cells which releas@apoptotic ligands
that belong to the TNF superfamily suchidd--related apoptosimducing ligand TRAIL) and Fas
ligand (FasL}?®. 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

and10 and subsequent activatiohdownstream effector caspagegure 1.9F*% The current studies

have used cleaved casp#&sas a major readout for radiation/genetic dariadaced apoptosis.
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Apoptosis in the colonic crypts

Cell deathin the colonic epithelium occurs at two main sites: 1) in the bottom half of the crypts
by apoptosis in order to remogenetically 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, whichrédated to apoptosis ampértof normal intestinalepithelial renewal.
Levels d spontaneous apoptosis in the intestorgpts are lonandmuchlower in the colorthan inthe
small intestiné®’. The particularly low rates of apoptosis in the colon are attributed to decreased basal
expression of p5and increased BCR, and this magontribute tathe higher incidence of tumors in the
colon than in the small intestif&**2. Another difference between the two bowel regions iswthéte in
the small intestinbasal and inducegpoptosis occurs primarily within the stem cell zone actlypt
base in the colonapoptotic cells are present throughout the lengthetrypt?3*%,

During homeostasis, the noajmediator of apoptosis goloric cryptsis BCL-2, asBcl2
knockout miceexhibited increasklevels of apoptosis relative to WT mité. However, p53 an8AX
appear to have little role in spontaneous apoptosis since mice deficient for these protepdsishitay
apoptosis levels to those in WT animalshe basal staté”. To better study the apoptotic response in the
intestinal crypts, modelsf DNA damagenduced by 16 Gy radiatiorhave been idely used32323323¢
Studies irrodentsshowed thatdllowing radiation there two large waves of apoptoSis The first one
occurs3-6 hours after radiation and requires p&8 mice lacking p53 showsinificantly reduced
apoptosis a8-4.5 hous postradiation®”®* The second wave of apoptosis, a
c at as % acqurds 24chours later and is thought to result fgemetically damaged cells with
unrepaired DNAhatre-enter the cell cycland attempt to undergo mitosis but dige to chromosomal
aberrations. This later wave of apoptosis has been shown t@fedependent®’. BCL-2 was also
reportedo play an important role iregulatingcolon crypt cell apoptosis within the iial hours after
DNA damage, where€®AX was shown to hawvétle impact onp53-dependent apoptosi&’. 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 preoeteal ofaberrantells

that could initiate tumors

Research hypotheses
Distinguishing the specific functions of the IGF¢&sushe IRin situations of elevated insulin
has been a long standing challenge due to the high degree of crosstalk between both receptors.
Understanding the individuabntributions of each receptr CRCrisk and initiation is critical to
developing and improvingtrategies foCRC prevention, diagnosis, and treatmespeciallyin the
current epidemic of obesity and insulin resistafitgs workhasused human biopss andyeneticmouse
models to investigate the specific roles of IGF1R d@héhlcolonadenoma riskkumorigenesis, and
epithelial cell survivahfter DNA damageluringhyperinsulinemiaobesity or inflammation The
following hypothesehave beemestedFigure 1.D):
1. IncreasedGF1Rrelative tolR mRNA or increased IRA:IR-B ratio innormal mucosa
predictscolorectal adenomas in humans, and this is associated with elevated plasma insulin.
2. IGF1R is the main mediator of colorectal tumorigenesis WRilexerts protective effects by
attenuating IGF1Rignaling.Therefore, IR loss favors formation of tumors.
3. Diet-induced tesityand hyperinsulinemibead to decreased apoptosis of genetically
damaged colon epithelial cells

4. IGF1R is a critical mediator ohe antiapoptotic actions abbesity andhyperinsulinemia
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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 histologyuddsa
consists ofi) a single layer of columnar epithelial cells that forms the cryiptstromal connective

tissue surrounding the crypts (lamina proptieat containsmmune cells important for defensand(iii)

an underlying layer of smooth muscle cells (muscularis mucosajulimeucosais a thin layer of

connective tissue containing small blood vessels.rigcle layer or muscularis propria, is comged

of circular and longitudinal smooth muscle tissudtough not visible in this figurgwo neural plexi

exist: the submucosal plexus and the myenteric plexus between the two muscle layers of the muscularis
propria. (B) Histological image (left) arsthematic 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 celemdfigmal 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. Notcand 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 fronMedema and Vermeulen, 2011
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Figure 1.2: Progression from normal colon epithelium to adenocarcinoma.

A loss of function mutation in thePCgene and micrasellite instability can lead to the formation of
aberrant crypt foci (ACF). Progressionadenoma can involve mutations that lead to overexpression of
KRASand loss o6EMAD2/4as well as altered epigenetic modificatiim®NA repair genes. Mutations

on the gene encoding the tumor supprep88 caus@rogression to malignancy and developrnant
invasive adenocarcinoma. (Diagram modified from Davies et al., 2005, and Markowitz and Bertagnolli,
2009).
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AOM model of CRC
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Figure 1.3: Chemically-induced models ofcolorectal cancer CRC).

(A) The AOMmodel of CRC onsists of 46 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
treatmentdor 5-7 days. A recovery period consisting of water drinking occurs between each DSS cycle.
This model allows numerous colorectal tumors to develop2¥% 2nonths as a result of chronic
inflammationand mucosal damageduced by multiple exposwséo DSS.
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Figure 1.4: The insulin and IGF1 receptors

(A) The insulinlike growth factor 1 receptor (IGF1R) and the insulin receptor (IR) belong to the receptor
tyrosine kinase family. They are composédwn U-subunits (ligand binding domain) and tissubunits
(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)idmabtviews
associate IGF1R with growth, ardpoptotic, and tumorigenic actions of IGFs. IR is expressed as two
isoforms resulting fronalternativepremRNA splicing. IRA lacks exon 11, binds strongly to insulin and
IGF2, and is overexpressed in fetatlacancer cells. IB includes exon 11, binds primarily to insulin,
mediates glucose and lipid metabolism in instdirget tissues, andayplay 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:HR (HR-A) and IGF1R:IRB (HR-B) receptordind to the IGFs

with higher affinity than to insulin. Both IR isoforms bind preferentiédlynsulin, but IRA has a high
affinity for IGFs and IRB does not. In the diagram, closer proximity of a ligand to a receptor indicates
increased binding affinityB) Growing evidence suggests that IGF1R and\IBhare a common
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signaling pathway in whit Shc and IRQ. proteins are phosphorylated following ligand binding. Shc
activates the MAPK pathway via phosphorylation of RAS and ERK, whilellR&ivates PI3K/AKT
signaling, leading to cell growth, survivaind @ncer. IRB likely signals through IR to activate
PI3K/AKT and mediate the metabolic effects obuiin in insulintarget tissuesr promotecell
differentiation. IRS2 actions on differentiation are positively regulated by CDX2, as suggested by

Modica et al., 2009. (Adapted and modifiedrfr Frasca et al., 2008, and Belfiore and Malaguarnera,
2011).
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A. Normal glucose metabolism
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Figure 1.6: Glucose metabolism during healthy conditions and insulin resistance.

(A) After a carbohydrateich meal, glucose is sensed by Heells of the pancreatic islets which secrete
insulin into the circulation to decrease hepatic gluconeogenesis and promote glucose uptake in skeletal
muscle and adipose, glycogen synthesisvierland muscle, and lipogenesis in liver and adifiesae.

As a result, blood glucose levels decline and the pancreas ceases to secrete insulin. (B) During insulin
resistance, tissues are insensitive to circulating insulin.cBuse$yperglycemia, wiah 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 glucosedés. Additionally, lipogenesis is increased in adipose tissue, leading to

' i pid accumul ati on i n mcescdnaalondeCsecre®ermugh ibshlivBtopancr e
maintain homeostatic glucose levels, they become dysfunctional and diengesuitisulin deficiency

and type 2 diabetes. (References: Samuel and Shulman 2012 and Lippincotts' ¢l Esetvedeys,

Biochemistry. 3rd ed
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Figure 1.7: Adverse consequences of hyperinsulinemia on tleelon.

Hyperinsulinemia caused by obesity, insulin resistance, type 2 diabetes, and/or liesafires can have
implications n increased risk of colorectal adenomas or cancer, decreased response to treatments, and
increased recurrence and mortalitydaling 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 obesitgduced colorectal cancerrisk.

Excessadiposityduring obesity leads to enhanced production of inflammatory cytokines and leptin,

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

Production of adiponectin, which normally inhibits STATS3, is reduced during obesity. Hyperinsulinemia
decreases hepatic production of IGFBP1, allowing more free IGF1 in the circulation. IGF1, as well as
insulin, can ativate IGF1R or IR in colon epithelial cells to exert proliferative andapdiptotic actions.

Finally, hyperglyemia associated with obesityloyperinsulinemia promotes the switch from aerobic to
anaerobic glycolysik nown as t he @ Whafavorsproductienfof metakioliies andvh i ¢
nutrients that are ut i Médaterslandnyechanismsoof colarecthllcasicer ( Se e
risk duringobesity o f t hi dorréferences)r t at i on
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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 mdiators inhibit antapoptotic BCL2 and BCLXL, thereby allowing activation of prapoptotic

BAX and BAK, which cause permeabilization of the mitochondrial membrane and efflux of Cytochrome
C and Smac/DIABLO. Cytochrome C promotes formation of the apopie where the apoptotic

protease activating factor 1 (APAIj cleavesind activatesaspas®, which in turn cleaves and activates
caspase. Smac/DIABLO released by the mitochondrion negatively regulates the inhibitor of apoptosis
protein (IAP) complexfurther allowing caspase activatidextrinsic pathwayExtracellular factors such

as TNFrelated apoptosimducing ligand (TRAIL) and Fas ligand (FasL) are secreted from cytotoxic
immune cells. TRAIL binds to death receptor 4 or 5 (DR4/5) and FasL t@éggtor (FasR) in order to
activate caspases 8 and 10, which subsequently activate ca8séesmved caspase moves to the

nucleus to fragment DNA and execute apoptosis, which ultimately results in the formation of apoptotic
bodies that are phagocytdzey macrophagesRéferencesAttardi and DePinho, 2004, diagram modified
from Ashkenazi, 2008).
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