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Abstract

Stem cell driven tissue renewal in the intestinal epithelium tgldly regulaged and

controlled process The colonic epithelium is organised into millions of invaginations

called crypts, each of which represents the-rgléwing unit of the tissueln the mouse,

renewal of the intestinal epithelium is regulated by signallingsaiik between the Wnit,

Not ch, EGF and TGFb/ BMP pathways. The mol
processes of tissue renewathe humarare of great interest because they are disrupted

colorectal cancer and inflammatoiseases Bar r et thagss iso ansirdgstinal

metaplasia arising in response to inflammation and ulceration provoked by
gastroesophageal refluketailed knowledge of the processes and signalling pathways
involved in tissue renewal i n Bragquirecetot 6 s 0 e
understand more fully the risk and pathogenesis of this metaplasia and oesophageal

adenocarcinoma.

Intact human colonic crypts were isolated and placed intdisdde cultureconditions
optimised for steadgtate tissue renewal. The role oiniNand T G FBMP signalling

pathwaysn tissue renewal was investigated.

Native human colonic crypts exhibited distin
and BMP patways. A population of intestal Lgr5/OLFM4" stem cellsvere found tdoe

interspersed between goblet celis the base of the crypt Exogenous Wnt signals

maintained Lgr5/OLFM42st em cel | s, whi | st BMP and TGF¢
complete loss of stem cell$Vnt signals alseescued the inhibitory effects of Dkk1, IWP2

and dnTCF4n Wnt target genexpression, cell proliferation armlypt length. BMP and

TGFDb i nhi bi t e dxprégsian, cellpmolijemtion agodypt kength.

Anearnat i ve human B axvivectlturé moda was depelopasgnilas to
the colmic model which was ameable to reatime timelapse microscopy and imaging
techniques. The Wnt and NFaB signalling pa

A population of OLFM4 stem cells were found to reside in the lower third of the Béarrett

crypt.

Steadystate tissue renewal in the human colonic epithelium is dependant on Wnt signals
combined with suppressed TGFb/ BMP pat hways.
Barrettbés oesophagus crypt mo d eel meakdnisrths per mi |

underlying tissue renewal and risk of inflammatory diseases and adenocarcinoma.
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Chapter 1 Introduction
1.1 General Introduction

The colonic epithelium isne of the mostlynamic renewing tisssen the body which is
tightly regulated and controlled Approximately 10 billion cells are shed from the gut
epithelium each day and theaee continuously replaced by intestinal stem cell progeny
The epithelium undergoes continuous replacement of cells through a cycle of cell
proliferation, differentiation, migration and shedding at the crypt surface durirf) dag
transit time. Severa key regulatory signals are involved in colonic epithelium stem cell
renewal and ifferentiation, including Wnt, Bone Morphogenic Protein (BMP),

Transforming Growth& or ) ( Ta®@RK Not(H.h pat hways

Whnt signalling plag a major role in maintaining epithelial stem cell fate and progenitor
cell proliferation Adenoviral and transgenic expression of Dkk1, an inhibitor of the
canonical Wnt signalling pathway, led to complete loss of proliferation and presence of
mouse intstinal crypts(2) (3). The predominance of Wnt signals at the base of the crypt
led to the discovery that the Wnt target gége5 was enriched in mouse intestinal stem
cells (4). Recently it was also found thagation of RSpondinl to the Wnt ligand-z-

LRP5/6 receptor complex synergistically activates Wnt sigi5ls).

BMP and T Gik éontrasiprgdoriniate at the top of the crypt aage involved in

inhibition of intestinal stem cell activation and promote intestinal differentig@r8).

Loss of the TGFb/ BMP p atWntsggallirg pathwayavhicdhon aug
disrupts tissue renewal and drives intestinal polyp and tumour formét)o(®) (10).

Notch signalling is involved in cell fate decisioimsthe colonic epithelium, specifically

directing cells towards a secretory lined@#) (12). Pr ecancer ous | esi ons s
and ulcerarive colitis have been found to haveegulated leved of transcription factors

downstream of Notch signalling, which may be responsible for the altered goblet cell

differentiation and mucin formatiofd3) (14).
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The hierarchy of tissue renewald the colonic epitheliumis thought to minimise the
accumulation of molecular damage by the position of the-limeg stem cells residing at

the base of the crypt in a safe environment. The mechanisms that regulate the processes of
tissue renewal are of gremterest since they are found to be disrupted in inflammatory

bowel disease and colorectal cancer.

Barrettds oesophagus is an intestinal met ap
ulceration provoked by gastroesophageal reflux. This metaplasiasgoeds the

oesophageal tissue to adenocarcinoma through #@oldwgh grade dysplasia. The Wnt,

BMP and TGFb signalling pathways have been
by activating genes that induce a columnar phenotype of the cells. Mdlractivation of

b-catenin and increased expression of Wnt target genes cyclin D1, Sox9\viyware

common during neoplastic pr(lb)g(l6e sTha BMP o f Bart
signalingpat way i s al so acti vatedouldplay8memé¢het 6s oe
transformation of normal squamous cells into a columnar phenétyf)€18). Loss of

SMAD4 and TGFbRI I Bhrasethteesn deosomhagqpus and ad
(19). Detailed knowledge of the processes and signalling pathways involved in tissue
renewal in Barrettds oesophagus is stildl | ac

risk and pathogenesis of this metaplasia and oesophageal adenocarcinoma.

Tissue cultureonditions that favour Wnt sigiling pathway activation and suppression of

TGFb/ BMP pathways have |l ed to the devel op me
organoidsex vivo. | sol ated single crypts from both
multiple budding structures which are composed of immature stem/progenitor cells that

can be induced to differentia{@0). We have developed a cukumodel of neanative

human colonic and Barrettés crypts that pr e
and demonstrate that the hierarchy of steth driven tissue renewal is recapitulated in

this modelex vivo(21).



1.2Colon Physiology

1.2.1 Structure of the colon

The human colon is a dynamic organ whose functions include absorption of water and
electrolytes, salvage of unabsorbed nutrients, and transport of luminal coatehts
formation offaeces. The 1.5m longnuscular tbe is subdivided into thascending colon,

transverse colon, descending colon and the sigmoid colon which connects to the rectum.

Ascending
Colon = | A==
Appandic= § Sigmoid

Rectum

Figure 1.1 Anatomy of the colonFigure from(22).

The wall of the colon is composed of foomajor tissue layers; the serosa, muscularis
externa, submucosa and muc@Sim 1.2) The outermostalyer of the colon is the serosa
which iscomprised of a thin layer of connective tissue. Sheets of connective tissue attach
the serosa to the abdominahiy supporting the colon in the abdominal cavity. Below the
serosa is the muscularis exterrtajo layers of smooth muscle tissue. These muscle
contractions force the gastrointestinal contents to move along the tract. The inner layer of
the muscularisderna is a thick circular muscle that allows contractions that shorten the
colon. Between the two muscle layers is a network of nerve cells known as the myenteric
plexus. Beneath the muscularis is a connective tissue known as the submucosa that
containsa network of nerve cells termed the submucosal plexus, blood and lymphatic
vessels. The mucosa comprises of a thin layer of smooth muscle, a thin layer of
connective tissue layer comprising of the lamina propria and the epithelium.

3
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Figure 1.2 Structue of the colonic wall A) Colonic wall showing the four layers: serosa,
musularis, submucosa and mucosa. b) The epithelium of the mucosa comprises of single
unitary structures called crypts of Lieberkiihn. Stem cells at the base of the crypt provide
therest of the crypt with all the cell types required for its function as they migrate up along
the crypt axis and are eventually shed at tbp of the crypt into the lumenFigure

adapted fron(23).

Unlike in the small intestie, the muasa in the colon lacks the will projections thereby
creating a smooth surface that is continuously renewed. The epithelial layer of the human
colon is made up of a single sheet of columnar epithelial cells, which form -fikger
invaginatiors into the underlying connective tissue of the lamina propria to form the basic
functional unit of the intestine, the crypts of Lieberkiihn or colonic crypts. Within the
colon there are millions of crypts and a few stem cells at the base of the crypts are
responsible for the renewal of the colon by producing all the functioning cell types of the
epithelium. Stem cells are supported by underlying myofibroblasts known as intestinal
subepithelial myofibroblasts (ISEMFs) which are in close proximity to the gnrooscle

cells of the muscularis mucosa layer. These cells contribute to the stem cell niche and act
as regulators of intestinal stem cell selhewal and differentiation. Theye thought to
secrete factors that can maintain the slikm phenotype oktem cells in the nich@4).
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Wnt signalling in particular has an important role in the crosstalk between epithelial and
mesenchymal cells in maintaining the survival of stem céliginet al (25) have recently
demonstradthat deletion oPaneth cell deriveWnt3 in the intestinal epithelium showed

no effectin vivo butwas required for growth and sustainability in organoiditro culture
Co-culturing of mesenchymal derived WntRgandrestored the growth of organojdlus
demonstrating a compensatory mechanism in the stem cell niche that safeguards against

stem cell dysfunction.

1.2.2 Cell typesof the intestinal epithelium

Theintestinalepithelium is probably the most dynamic renewisguiein the body which

is tightly regulated and controlledt is renewed by a small number of intestinal stem cells
that give rise to a pool of multipotent progenitor cells, also known as transit amplifying
cells that are highly proliferative and diffet@ate into one ofseveral celllineages:
absorptive enterocytes, the muaexreting goblet cells, peptide hormeseereting
enteroendocrine cells and Paneth cells (in the small intestine and proximal colon).
Enterocytes, goblet and enteroendocrinescaligrate towards to the lumen of the gut
whilst Paneth cells movewards the bottom of the cryfi26). Less common cell lineages

are also present such asft (caveolatell cells and M(membranous or microfold) cells

(Fig 13). Tuft cells are characterised by long and blunt microvilli with prominent rootlets
and by a well developed tubulovesicular system in the supranuclear cyto{@@Fm
Experiments by Bezencaat al (28) have shown thalrpmb-expressing cells areuft cells

that express the cyclooxygenase 1 and 2 (COX1 and COX2) enzymes and this was also
confirmed by Gerbet al (29). The expressionf COX1 and COX2 enzymds the rate
limiting step for the biosynthesis of prostanoids. Tuft cells also expfiegsls and
represent a likely epithelial source of prostaglafoin(29). Gerbeet al (30) also show

that tuft cel s are the only intest-indaphin ag likehhel i al
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Figure 1.3 Cell types of the intestinal epitheliumAbsorptive cells hava brush border of

microvilli on the apical surface. Goblet cells secrete mucous with their apical cytoplasm

containing mucoutsilled secretory granules.
secrete gut hormones such as peptides
antibacterial proteinssuch as lysozymes and

produce prostanoidsFigure from(29).

Enteroendocrine cells are smaller and

and catecholimes. Peglethsecrete

defensirfaft cells release opids and

The major function of enterocytes include: ion uptake through active transpadiofrs

calcium, magnesium and iron, water uptake via an osmotic gradient establishedioy Na
ATPase on the basolateral surface, sugar uptake using the GLUT2 and GLUT5 receptors,

peptide, amino acid, lipid and Vitamin B12 uptakesabsorption of unconjwged bile

acids and secretion of immunoglobulin



Goblet cells synthesize secretory mucin glycoproteins (MUC2) and bioactive molecules
such as epithelial membrabeund mucins (MUC1, MUC3, MUCL17), trefoil factor
peptides (TFF), resistiike molecule betdRELMbeta), and Fgamma binding protein
(Fcgbp). The MUC2 mucin protein forms trimers by disulfide bonding in cystahe

amino terminal von Willebrand factor (VWF) domains, coupled with crosslinking provided
by TFF and Fcgbp proteins with MUC2 vWF daims, resulting in a highly viscous
extracellular layerThis viscous extracellular laygrovides the frontline host defense
against endogenous and exogenous irritants and microbial attachment and invasion but

allows the transport of nutrienitsto the cd (31).

Enteroendocrine cells comprise less than df%the overall epithelial cell populaticend
their primary function is to secrete hormoneEhey are characterised by the presence of
secretory vesicles that are eithirge denseore vesicles (LDCVs) or the smaller
synapticlike microvesicles (SLMVs) that areingilar to those found in neursn
Components of the vesicles such as Chromagranin A can be used as markers of
enteroendocrine cells in immunohistochemistry siitcis a matrixsoluble glycoprotein
found in LDCVs and a synaptophysin, a membrane glycoprotein of SLNBZA.
Enteroendocrine cells also express ik receptors (TLRs) that are involved in innate
immunity response togthogens. Palazzoet al (33) have shown that enteroendocrine
hormonecholecystokinin CKK) production in STEL cells was increased with stimulation
of the TLR agonists LPS, flagellin and CpG oligodeoxynucleotidading tothe release

of keratinocytederived chemokine arfitdefensin 2 which neutralise intestinal bacteria.

Paneth cells provide host defence against pathogens in the small intestine. The defence
molecules secreted by Paneth cells include atigtiensins, als&known as crymins,
defensins, lysozyme and phospholipase ARatoet al (34) have recently shown that
Paneth cells also provide stem cell niche factors that are essential for the maintenance of
stem cells. Gene expressioprofile on stem cells and Paneth cells found that Paneth cells

were highly enriched in thé&/nt3 Wnt11, Egf, Tgfaand the Notch ligan®ll4 genes, all
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which provide essential support for stem cells. Theicuture of Lgr5” cells with Paneth
cellsin vitro increased organoid formation compared to single stem cell orgaroiteir

in vivo model they also showed that stem cells disappeared coincident with Paneth cells
and the remaining stem cells crowded around the remaining Paneth cells. Thus they

concluded that Paneth cells were essential for the maintenance of crypts and stem cells.

The colonic epitheliunhowever,does not contain Paneth cells. Rothenlergl (35)
investigated the existence of colonic PaHéka cells that could support L& stem cells.
Using fluorescencactivated cell sorting (FACS) to isolate different subregions of colon
crypts and singleell gene expression analysiiey characterised distinct cell types. They
found that some goblet celtontained a distinct cKit/CD117%rypt base subpopulation
that expressed DIlI1, DIlI4 and epidermal growth factor (EGF), similar to Paneth cells which
are also marked by cKitln the colon the cKitgobletcells interdigitate with the L&

stem cells. In vivo they regulated and increased the number of “c@ls with the
admi ni st sexretase mhibibof. When they isolated these cells from the mouse
colon and cecultured with Lgr5" stem cells, they found that the cKitells promoted
organoid fomation and when organoids were depleted of ‘ciélls the organoid

formation decreased.

1.2.3 Search for the stem cell

Colonic stem cells have remained elusive for many years due to lack of specific markers
that can distinguish them from other progenitotscigl the crypt. About 40 years ago, the
unitarian theory proposed that crypts are monoclonal populations that are derived from a
single intestinal stem ce(36). Evidence for the Unitarian hypothesis was shown by
Noveli et al (37) who studied the colon of a rare XO/XY mosaic patient with familial
adenomatous polyposis (FAP) and found that individual colonic crypts were composed

entirely of either XO or XY cells, and not a combination e two. Immunostaing for



the crypt enteroendocrine cells confirmed that they share the karyotype of the other cells in

the crypt, suggesting that they were derived from a stem cell precursor.

Taylor et al (38) have alscsshown that accumulation of defects in cytochrome c oxidase
(COX) activity in intestinal stem cell mitochondrial DNA (mtDNA) were passed on to
daughter cells that then populated the crypt. They found that a few crypts had ribbons of
COX deficient cells raching from the bottom to the top of the crypt, suggesting that one of
the multiple stem cells within the nichad acquired sufficient mtDNA mutations to result

in a functional deficit. A study by Bjerknes and Chei(g9) found that the crypt contains
bothshod i ved (|l ifespa-hi @288 dayspspad DaOH days)
lineages as well as lodiyed multipotent stem cellsThe specific progenitor assay was
demonstratedby firstly crossing theDIb ” SWR mice withDIb ** C57BL/6 mice. The
resulting F1 chimeridDlb ™ mice show heterozygous expression of a binding site on
intestinal epithelial cells for thdéolichos biflorus agglutitin (DBA) lectin, which is
abolished when the DIb locus becomes muatatither spontaneously or by the chemical
mutagen ethylnitrosourea (ENU). Induction with ENU results in clafe=lls that are

DIb ” (unstained) and DIH* (stained) along the crypt axis. Over time they found that the
stem cells give rise to both @ft-lived and longived progenitor cells These londived
progenitor cells or transitorgommittedprogenitor cells, columnar cell progenitorsC

and mucous cell progenitors (Mthat reside in the lower crypt base, evolve from
multipotent stem celland then differentiate further into the epithelial cell typeara M,

that migrate up the crypt axis. The sHoréd cells probably represent the offspring of an

extinct mutant M cell.

To determinethe position of thentestinal stem cells, studiesing DNAlabelretaining
assays concluded thatem cellsresided above the uppermost Paneth cell, at positions
ranging from +2 to +7, on average at position(4d). It wasobservedhat the intestinal
stem cells retaineché template strand during segregation of the DNA straadsibly

providing a protective mechanism against accumulation of replication emargound

9



about four to eight labektaining cells per crypt distributed around the fourth position
from the botbm of the crypt. However,using electron microscopy studiegsheng and
Leblond(41) revealed the presence of slender, immature cycling cells wedged in between
Paneth cellsteferred to as crypt columnar cells (CBEJg 1.4). Following exposure to
3H-Thymidine,the surviving CBC cells actively phagocytosed other dying, radiolabelled
CBC cells at the crypt base. The resulting radioactive phagosomes, initially restricted to
occasional CBC cells, were subsequently obsewitisin more differentiated cells that
belonged to the four lineages higher up the crypt. This demonstrated that the CBC cells

were the common origin of all four major epithelial cell lineages.

/ \ Transit
amplifying
. (TA) cells

I8

Paneth cell

Mesenchymal
cells (MC)

Figure 1.4 The two proposed locatisof intestinal stencells. Potten et aldemonstrated
that intestinal stem cells are located at position +4 whilst Cheng.diaale shown that
crypt columnar cells (CBC) are the true stem cells that give rise to all four cell lineages

and are located between the Paneth<atlthe crypt basdigure from (42).

Several strategies have been used to ideimigstinalstem cell markers Musashilwas

first identified as a neuronal stem cells marker and [atgposed as an intestinal stem cell
maker using immunocytochemistri4d3). Bmil, originally proposed to regulate self
renewal of neural and haematopoietic progenitors was later found to mark rare +4 position
cells using lineage tracing experime(dg). Prominin 1 (CD133) was first identified as a
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haematopoietic and neuronal stem cell marker and was later shown to mark intestinal stem
cells usig lineage tracing and experimer(®5). Immunohistochemical stang showed

that DCAMKL1 may also be an intestinal stem cell mark#8). Lgr5 was identified

using a screening of Wnt target genes that had restricted expression at the crypt base and
later confirmed using lineage tracing tabel intestinal stem cell@7) (4). Found to be

highly enriched in human colonic crypt bas@tFM4 was shown to be an intestinal stem

cell maker usingn situ hybridisation(48). Breultet al (49) propose that since high
telomerase levels may be a general feature of adult stemma&kstwas shown to mark a
radiationresistant stem cell population that generated all differentiatestimaecell types

(50). Hopx, involved in cardiac developmef61) and neual stem cells(52) was also

found to label intestinal stem cells that gave rise to all liee#63). The parErbB
inhibitor Lrigl, was shown usin@ situ hybridisationto be highly expressed in the stem

cell niche and colocalised with other stem cell marke43

The musashl (Msi-1) gene encodes a RNA binding protein that is involved in early
asymmetric divisionghat generate differentiated cells froraural stem cells ggrogenitor
cells. It was first identified inDrosophilaand plays an essential role in regulating the
asymmetriccell division of ectodermal precursor cells known as sensory organ precursor
cells through the translationa¢gulation oftarget mMRNA(55). Collaborationbetween
Okano and Potte(b6) revealedthat there was Msl expression in the small intestiae

the +4/+6 positions of the crypt base and at the very bottom region ofypebase in the
colon. Nishimuraet al (43) have also shown Msashi-1 positive cells lodzd in the lower
part of the crypt, less than 10 cell positions from the bottom. Sumbah (57) have
shown that Msil expression is upregulated in human colorectal tumours and siRNA
mediated knockdown of M4l in the tunour xenografts resulted in the arrest of tumour
growth. Furthermore, inhibition of Msi resulted in decreased cancer cell proliferation,

increased caspasemediated apoptosis and enhanced radidtidaced apoptosis,
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suggesting a role of Mdi in intesinal tumourigenesis as a cell proliferation regulator and

inhibitor of mitotic catastrophe.

TheBmilgene is known to be involved in the sedhewal of neurongdb8), hematopoietic

(59) and leukenic (60) cells and was first identified in a mouse proviral insertion screen
for lymphomagenesi61). Sangiorgi and Capechfd4) found that Bmil predominantly
labdled a discrete cell population above the Paneth cells at the +4 position from the base
of the crypt. However, they found that there was a non uniform distribution of Bmil
expressing stem cells in the small intestine, with more crypts labelled in thenduoednd

the first part of the jejunum and progressively fewer to none in the ileum. They suggest

that more than one adult stem cell population may be present in the intestine.

CD133, also known as Prominin 1 in the mouse, was first recognised as a ohdutkean
haematopoietic stem cells and later used to mark neuronal and brain tumour stem cells.
Zhuet al (45) found that Prominin 1 was expressed in a variety of developing adult tissues
and in the small intestine the Pribhcells were located at the base of the crypts and co
expressed with another intestinal stem cell marker, Lddsing lineage tracingf the

PromI stem cells, the Promitell progeny could be detected for over 60 days in the small
intestine, brain, kidey, lung and pancreas. However, in the colon the Proml expression
disappeared within 60 days. Zkual (45) propose that because the brain, kidney, lung
and pancreas have low rates of cell turnover, the Proails in thee tissues and the small
intestine are the quiescent adult stem cells rather than the morecyaliid) Lgr5 CBC

cells.

Doublecordin and CaM kinadike-1 (DCAMKL-1), a microtubuleassociated kinase
expressed in post mitotic neurons was proposed by &lal. (46) to be a putative
intestinal stem cell marker. Immunohistochemical staining revealed DCAMHL
expression at the +4 position of the crypt base, as well as the occasional crypt columnar

cell between the Paneth cellsColabelling with MusashiL antibody revealed eo
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localisation of the DCAMKEL" and Musashi" cells in the small intestineMay et al

(62) later also cdabelled DCAMKL-1 with Lgr5and found that they marked two distinct
populations of cells. Even though they sometimes observed a DCAMKgell in
between the Paneth cells where CBC cell normally reside, there waslocatisation

with Lgr5. May et al also isolatedDCAMKL-1" cells from the adult mouse small
intestine usig fluorescence activated cell sorting (FACS) and observed that these cells
selfrenewed and ultimately formed spheroids in suspension culture. These spheroids
formed glandular epithelial structures in the flanks of athymic mice and expressed multiple
gut epithelial lineages. Therefore, although the DCAMKL cells may not céocalise

with Lgr5 and mark the crypbasecolumnar cells, they may represent the quiescent
intestinal stem cells. However Gerbeet al (30) identified the DCAMKL-1" cells as
terminally differentiated Tuft cells (caveolated cells) that are distributed throughout the
cryptvillus epithelium. This was confirmed by Bezencet al (63) who foundDcamkt1

expression in the tuftells of the mouse.

mTert (mouse telomerase reverse transcriptase) is another very recently identified stem cell
marker for the +4 position, or slegycling intestinal stem cells. Telomerase is a
ribonucleoprotein complex that helps to maintain the tefanmends ofchromosomes that

are shortened with each cell division. The loss of telomeric DNA beyond a critical
threshold induces senescence so induction of telomerase activity prevents cellular
senescence, especially important in the-gibwal of ste cells(50). Montgomeryet al

(50) generated anTertGFP transgenic mouse model system in which GFP expression
recapitulated endogenousTert expression and telomerase activitythey found that
mTertexpression marks a population of crypt cells distinct from L@BC cells and also

a subpopulation of Bmilcells. Their results also show that mTextlls are slow cycling

cells and are resistant to the effects of radiation, unlike rapid cycktlg that are
radiosensitive. So althougimTertexpressing cells only minimally contribute to the

normal intestinal homeostasis, over the life of the organism they progressively contribute
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to the crypt/villus unit. This most comes in effect as a ragdine response in which
radiation sensitivestem cells might be restored following intestinal injury. This was
demonstrated by showing that Lgem cells could arise from theTertexpressing stem
cells, suggesting a possible mechanism by which ttieeastem cell population may be

renewed throughout the lifetime.

So far the stem cell markers mentioned have been shown to label intestinal stem cells at
the +4 position at the cryptabe. However, Barkest al (4) identified Lgr5, a gene
encoding a Groteincoupled receptowhose expression was restricted to just crypt base
columnar cells(CBC). Lgr5 (leucinerich G-proteincoupled receptor 5) was originally
identified during a screening of Wnt target genes that hadctestiexpression at the crypt

base Of approximately 80 Wnt target genes, most were expressed in either Paneth cells or
transitamplifying cells. Thd.gr5 gene however, seemed to mark the cycling CBC cells
between the Paneth cell§he stem cell poterati of the Lgr5 cells was assessed inyvivo

lineage tracing using anLgr5-EGFP-ires-CreERT2/Rosa26RlacZmouse model.
Following induction of Igr5-CRE activity using tamoxifen, lacZ reporter gene activity was
initially observed in isolated CBC cells (Fig5). At later time points the lacZ genetic
mark was seen in cells of all lineages throughout the -ailfps epithelium. This tracing

was maintained throughout the lifetime of the mouse, thus identifying thé C&6 cells

as the selfenewing intestial stem cellghat were multipotenfFig 1.5) Lgr5 has been
shown to mark stem cells in other tissues including hair follicles in the (6khand

pyloric glands of the stomadB5). Barkeret al. (66) have also shown that deletion of Apc

in the Lgr5 stem cells leads to their transformation into tumour initiating cells that

develop into adenomas.
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Figure 1.5 A) EGFP expression of Lgrin an LgrSEGFP-IREScreERT2 knockin
mouse along the entire crypillus axis and B) enlargement of crypt regions. L@gZ

lineage tracing in the small intesti®® days after inductionFigure from(4)

To demonstrate that Lgr5 & robustintestind stem cell marker, Satet al. (67) sorted
single Lgr5EGFP cells using flow cytometry and placed them into cultu@er a period

of two weeks ltese single celldeveloped into organoids (Fig 1.6) that contained all the
cdl lineages of an intestinal crypt: Paneth cells, enterocytes, goblet cells and
enteroendocrine cells. Remarkably, these Lgtém cells are capable of generating these
complex threadimensional structures in the absence of any mesenchymal components,
although RSpondin 1, Noggin and EGF are essenti&Spondins have recently been

found to be the ligands for Lgr5 as well as its homologues Lgr4 and&pr6

Figure 1.6 Isolated single Lgrbstem cell growing into a complex tee-dimensional

organoid structure in a two week periodtigure from(67).
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Most recently Yuiet al (68) have demonstrated that L§rStem cells that grew into
organoidsin vitro could be transpinted into damaged mouse coland lead to a
successful engraftment. They first induced mucosal damage by providing immune
compromisedRkag?” mice with colitisinducing dextran sulphate sodium (DSS) so that the
mice developed acute colitis. They dissbed the organoids cultured frangr5-EGFP-
ires-CreERT2mice and instilled them by enema into recipient mice. At four weeks after
transplantation, tubkke EGFP crypts appeared in the distal colon and were
morphologically indistinguishable from the sounding EGFPepithelium. The engrafted
crypts were entirely EGFPindicating the presence of EGF&tem cells and these crypts
contained all the differentiated cell type$his work demonstrates the potential of stem

cell therapy in repairing damagepitelium.

Van de Flier et al (69) carried out a small intestine stem cell signature based on Lgr5
expression. GFpositive epithelial cells from thegr5-EGFP-ires-CreERT2mice were
isolated umg FACS sorting. The FACS8nalysis distinguished two populatioof cells,

GFP" and GFF cells correspondingo the Lgr5 stem cells and their trarsinplifying
daughters. Gene profile analysis was carried out on the two populations akd8Cha

and OLFM4 genes werefound to beenriched in the Lgf population. ASCL2is one of

the mammalian homologues of tBeosophila aschaetecutecomplex genes that encodes
related bHLH proteins that are powerful regulators of cell fate. Genetic ablation of ASCL2
expressiorin vivo resultsin silencing of the stem cell signature and rapid stem cell death,

suggesting a crucial role for this transcription factor as a master regulator of stemness.

Formeisteret al (70) have recently shown that distinct levels Sdx9expression mark
intestinal stem cells based on enriched levelsgnd MRNA in discrete cell populations.
S transcription factors have the capacity to modusdésviprogenitorcell proliferation
and differentiation in a dosgependent manner. Usgirluorescence FACS to sort cells of
the small intestial epithelium from eSox$°"" reporter gene mouse model, they identified

that low levels 0B80oxF° (S0x°®™'9) mark cells that are enriched fogr5 and high levels

16



of Sox&F° (SoxF° ") mark postmitotic enteroendocrine cellsTheseSoxF°™° cells

were also enriched fadDLFM4 and ASCL2which celocalise with the Lds population of

cells and had increased expression of Wnt target gelg® andCyclin D1 The isolated
SoxX® " cells were plaed into culture condition described by Satoal (67) and grew

into organoid structures within a week. These organoids contained all the differentiated
cell lineages, demonstrating that singlet® "' stem cells have theapacity to function as

multipotent stem cell in cultur@l).

Gene expression and proteome profiling of Lgg®m cells has revealed an Lgr5 stem cell
signature (72) (73), whose genes contribute to stemness. Genetic ablation or
overexpression ofAscl2or Smoc2results in rapid stem cell deat®9) (72). The OLFM4

gene wasalso found to bénighly enriched in honan colon crypt basg34). OLFM4 is a
secreted molecule originally cloned from human myeloblasts that is under the control of
Notchsignalling and was recently shown that an OLFM4 family mem¥en¢pusONT1)

acts as a BMP aagjonist.In situ hybridizationhasrevealed OLFM4 as a highly specific

and robust marker for Lgr5 stem cel8). OLFM4 was also highly expressed in subsets

of cells within colorectal carcinomas and its expression in theseur cells was much
higher than in normal crypt base columnar cells suggesting that they could be used to mark
stem cells that harbour tumour initiating properti€ersemantet al (75) have found that
OLFM4 expressionvasextensively ugregulated in inflamed inflammatory bowel disease
mucosa, expands up to the surface epitheliand is secreted into the numsc This
induction may be mediated by bacteria via the Notch pathway through, therefore
OLFM4 is suggested to i@ a functional protective role in IBD by binding defensins in
the mieus. Oueet al (76) suggest that serum OLFM4 could also be a useful marker for

early detection of gastric cancer.

The most recent intestinal stem cell nerko be identified is Lrigq54) (77). Lrigl
(Leucinerich repeats and immunoglobuliike domains 1) is a transmembrane protein that

acts as an inducible, negative feedback inhibitor of ErigBadling. Lrigl has also been
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suggested to mark a quiescent stem cell population in the mammalian epifié8jnis
Using in situ hybridisation Wonget al. (54) show that Lrigl is highly expressed the

stem cell niche of the small intestine and colon and using.gfe EGFP-ires-CreERT2
knockin mouse to differentiate between the GRPGR5' stem cells) and GERdaughter

cells, the levels ofLrigl were highest in the GEFP intestinal stem cells
Immunofluorescence stainingafiow cytometric analysis confirmed the overlap of Lrigl

and Lgr5 at the protein levahd that Lrigl is expressed in a gradient with highest levels in
intestinal stem cells and is absent in Paneth ¢adls Markers that define stem cells such

as Lgr5, Ascl2and Msil were found to be enriched in isolated LiigElls. They also
observed differential expression of multiple transcripts for Lrigl interaction partners
particular epidermal gwth factor receptor (GFR) and that Lrid cells are proliferative.

Loss of Lrigl caused a marked increase in crypt size along the entire length of the small
intestine. This is explained by the expansion of the stem cell compartment by affecting
ErbB sigralling within the stem cell niche (Fig7). Lrigl interacts with the ErbB family,

cRet and cMet and reduces signalling strength by negatively regulating both protein levels
and the activity of the growth factor receptors. Loss of Lrigl causes ansadreshe
protein levels of the interaction partners which then leads to a rapid expansion of the stem
cell compartment. Treatment with the ErbB inhibitor Gefitinib in the L-Kg&ckout mice
restored crypt proliferation, stem cell and Paneth cell nuntberermal levels.Powellet

al. (77) have also confirmed that Lrigl is an intestinal stem cell marker, but show that they
are relatively quiescent under normal homeostatic conditions and are only mobilised to
repopulate theolonic crypt upon tissue damage. Whole transcriptome analysis of Lrigl
and Lgr5 cells revealed that there are differences in the molecular programming of the
two cell population(77). Immunofluorescent analysis showedttbealocalisation of the

two markers rarely occurred in the same cell. Ki67 and BrdU analysis showed that the
majority of Lrigl+ cells are infrequently cyclingnd the cell cycle inhibita€dknla(p21)

was highly expressed in these cells. Lfigglls dso express genes involved in oxidative
stress responses, suggesting their role in damage response. lgmsimfLrigl” cells
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results in multiple intestinal adenomas dmiy1l null mice develop duodenal adenomas,

suggesting that Lrigl functions as a twmsuppressor.

- = Lrig1+ stem cells = - -

+4 stem cells
(Bmi1, mTert;
HopX)

Lgr5+ stem cells

Slowly
cycling

Figure 1.7 The intestinal stem cell marker Lrigl is a transmembrane protein that acts as
an inducible, negative feedback inhibitor ofbBrsignalling. Powell et al show that
Lrigl® cells are slowcycling and are a distinct population froLgr5” stem cells. Figure

from (77).

The location of the intestinal stem cells seems to be of debate, with several stem cell
markers such adlusashil, Bmil, Prominin 1DCAMKL1, mTert and Lrigllabelling the
slow-cycling and labelretaining cells at position +4 and Lgr5 and OLFM4rking rapid

cycling CBC cells The relationship between thémnot well understoadalthough both

give rise to all intestinal epithelial lineagedJsing organoid culture frontHopx2#*;
Lgr5=CFPERC®™ mice, Takedaet al (53) have identified that quiescent +4 intestinal stem
cells express the atypical homeobox geéfapx, and give rise to Lgr5 expressing CBC
cells. Converdy, rapid cycling CBC cells expressihgr5 give rise to +4 cells expressing
Hopx This demonstrates that a-directional lineage relationship exists between active

and quiescent stem cells in the stem cell nichgproposed model for this relationship is

demonstrated in Fig.8 by Powellet al. (77). They propose that Lrigl+ stem cells are
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dowrstream of the more quiescent Bnj Hopx or mTert stem cells and serve two roles
in homeostasis: to protect the niche from stress and to give rise to transit amméis

directly and/or the highly proliferative LgrStem cells when needed.
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Prohferalwe Status

Figure 1.8 Proposed model for the relationship between the slow cycling and rapid
cycling intestinal stem cellsThe LrigT stem cell may be downstream from the quiescent
Bmi1l", mTert or HopxX stem cells and may have two roles in homeostasis: to protect the
niche from stress and to give rise to traraitplifying cells directly and/or to LgfSstem

cells when needed. Figure frdi@i).

Whilst the intestinal stem cells have been identified and demonstrated by lineage tracing,
culture and transplantation experiments in mouse modegetevance of these stem cell
markers to human intestinal stem cell biology and tissue renewal requires further

investigation
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1.3Tissue Renewal

1.3.1 The stem cell niche

Stem cells have the ability to undergo both-seffewal and give rise to progeny that can
differentiate into all the cell lineages. This ability is dependent on the microenvironment
or niche in which thestem cell residesThe first germline stem cell niches to be defined
were in Drosophila and Caenorhabditis eleganand subsequently adult stem cells and
their niches have been identified in the hematopoietic system, epithelial system, neural
system and itestinal systen{79). There appear to beeveraltypes of stem cell niche,
cellular and nofecellular nicheas well as a cancer stem cell nidkég 1.9. The cellular

and nonrcellular components interact with each otheittin niche environment and are
responsible for the maintenance of intestina
regulation of symmetric and asymmetric cell divisionThe cancer stem cell niche
comprises of stem cells that have acquired mutatiwhich allow these seténewing,

multi-potent, tumour initiating cells to escape the niche regulation.

A Cellular niche
Self-renewal

Regulated proliferation and
. . — subsequent differentiation
Supporting A

cell Stem cells

B Non-cellular niche

Self-renewal

3 Regulated proliferation and
. . subsequent differentiation
A Stem cells
ECM
C CSC niche
Increased proliferation. Many

progeny are generated, which
have a limited proliferative potential

R

CSCs

Key: - Secreted signals
from niche

Figure 1.9 Stem cells and their niches. A) The cellular niche is composed of
differentiated cell types that provide ce#ll contact and secretddctors that support and

maintain stem cells. B) In the nawllular niche stem cells reside in a basement
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membrane and the signals that promote-ssiiewal come from the extracellular matrix.
C) Cancer stem cells are the normal stem cells that acauouirtations whiclallows them

the ability to escape the niche regulation. Figure fi@i).

The intestinal stem cell niche contains all the cellular andcedinlar components that
regulate fate of the stem cells including adjat epithelial cells, subepithelial
myofibroblasts, enteric neurons, endothelial cells, intraepithelial lymphocytes and the
basement membrar(@6). The subepithelial myofibroblasts are believed to be the most
influential megnchymal cells in the niche since they secrete factors such as Wnt ligands
that are important in maintaining the survival of stem cell§he subepithelial
myofibroblasts exist as a syncytium, which extends throughout the lamina propria and
merges with thepericytes of the blood vesseg80). In the region of the crypts, the
myofibroblasts are oval and scaphoid in appearance and appear to overlap like shingles on
a roof and are attached one to the other with both gap junetimhadherens junctions. In

the upper regions of the colonic crypts and in the small intestinal villintredibroblasts

take on a stellate morpholod1). They also secrete Hepatocyte growth factor (HGF),
Transforminggrow h f actor b (TGFb) and Keratinocyte
receptor lgated on the epithelial cells and may play a moleolonic tumourigenesis and

metastasig81).

Satoet al (67) showthat intestinal stem cells require additional signals in order to grow

vitro which may not originate from the epithelium itself. They show that single’ lcgts

only grow into organoids in theresence of additional factors such aSpondin 1, EGF

and Noggin. Noggin has been shown to be derived from stromal tissue suggesting that the
factors required for organoid growth originate from the mesenchymal @xh8ao et al.

(34) also demostrate that @-culture of Lgr5 stem cellswith Paneth cells increased the

survi val and number of organoi ds. Panet h ce
ligand Dll4 which are all essential signals for stem cell maintenance in culture. The

geneticremoval of Paneth cell® vivo resulted in the loss of LgiSstem cells. Since
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Paneth cells are only found in the intestine and proximal colon, it raises the question of
what cells take on this role in the distal coldRothenberget al (35) demonstrated that a
population of goblet cells that are cKénd express DII1, DIl4 and EGF similar to Paneth

cells, support the LgiSstem cells in the colon and promote organoid formation.

The number of stem cells in the niche rersaipnstant and the process regulated possibly
through negative feedback. If this homeostasis of stem cell division is altered through the
accumulation of genetic mutations, then the stem cells produced through symmetrical
division are prevented from exity the niche or they lose the ability to respond to negative
feedback and cause crypt expansion and neoplastic transform&tem. cells may divide
asymmetrically with one stem cell remaining in the niche whilst the daughter cell
differentiates into onef the lineages or the stem cells may divide symmetrically and

forming two daughter stem cells or two daughter-stam progenitor cells.

Quyn et al (82) used highresolution mutiphoton microscopy to determine spindle
oriertation of dividing cells in the small intestine and colon and compared divisions in the
stem cells and transitmplifying cells of wildtype andApcheterozygous and homozygous
mutant human and mouse tissue. They found that in mouse and humans, theacdhe

base of the crypts tended to orient their spindles perpendicular to the apical surface of the
epithelium, whereas they orientated more parallel above positionThfs orientation
correlated with the asymmetric retention of latethining DNA. They also found that the
preference for perpendicular spindle alignment and asymmetric label retention was lost in
precancerous tissue heterozygous Aqc, thus suggesting that the loss of asymmetric
division in stem cells may contribute to the oncogesfiect of Apc mutations in gut
epithelium. This perpendicular orieation of stem cell divisiomay cause the generation

of unequal daughter cells due to finding themselves in slightly different environments after
division, as seen in thBrosophilatests where the germ stem cell divides perpendicular to
the niche structure called the hub. This ensures that one cell continues as a stem cell

attached to the hub, while the other differentiates into a gonial(Bl@jst Howeve, in the
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human and mousgut epithelium the stem cells span from the basal lamina to the apical
lumen and uniformly touch the Paneth céBd). Therefore, even though the spindle is
orientated perpendicular to the epithelgheet, the daughter cells do not end up in
divergent locations. Snippest al (84) propose that spindle orientation in these stem cells
results from special constraints in these flattened polarised d@jlscarrying outa fate

map of individual stem cell using a generated multicolorr€parter, they found that most
Lgr5™ cell divisions occur symmetrically and do not support the model that the two
daughter cells adopt divergent fates. Instead their model showselsteth cells double
their numbers each day and stochastically adopt stem or {aamgiifying fates. It could

be that following symmetrical division, Ldf5cells undergo neutral competition for
contact with Paneth cell surface. Once detached, cellsalasess to sherange signals

that maintain stem cefl s t e nandepsogréssively differentiate.

Snippertet al. (84) have also identified using their model that there are 14°1sgefn cells

in the mouse small intestined Barkeret al (4) had previously estimated that their cell

cycle time is approximately 1 day. Schepetrsl (85) have found that LgiSstem cells

divide on average every 21.5 hours and danségnificant telomerase activity which is

gradually lost in their progenyHowever, despite the presence of telomere activity in these

cells, telomere shortening still occues seen by the average telomere length of 'Lgr5

cells being substantially teer than in Lgr8 cells at all ages of the mouse. They also

found that the Lgr5stem cells randomly segregated newly synthesised DNA strands,
which opposes the &éi mmort al strandd hypothe

template DNA strand angdansfer the newly synthesised strand to their daughter cells.

1.3.2 Stem cell renewal and progeny lineage specification
Crypt homeostasis isaintained by stem cell proliferation and differentiation which is

regulated by several signalling pathways whicHude Wnt, bone morphogenic protein
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(BMP), transformm g gr owt h B aNotichoand Hbedgehoy @Hhpathways (Fig

1.10. Wnt signalling plays a major role in maintaining epithelial stem cell fate and
progenitor cell proliferation(86). Transgenic and adenoviral expression of Dkkl1, an

inhibitor of Wnt signalling, causes loss of proliferation and loss of crif)t§3). BMP

and TGFb signal | i ngninhibitiorcadintéstinal stém cellractivatiom v o | v e d
and promote intestinal differentiatiof8). Notch signalling is involved in cell fate

decisions in the colonic epithelium, specifically directing cells towards a secretaygdine

(87).

compartment

Differentiative

Proliferative
compartment

Undifferentiated

cells

niche

Stem cell

Figure 1.10 Regulatory signals involved in colonic epithelium stem cell renewal and
differentiation. The Wnt protein family and BMP antagonists are expressed in a
reciprocal gradient to the BMP and Hh protein fiigs along the crypt axis. The Notch
ligand Jaggeell is expressed in a reciprocal manner to the Notch recepkagsire from

(26).

Wnt signalling is important in both stem cell sedhewal and effect cell fate
determination It drives cell proliferation through up e g u | a tcatemin target gerfies
such asc-Myc and CyclinD1. Whnt signalsalso directly regulate the expression of the
transcription factor CDX1 (Caud&ype homeobox protein 1) which plays an important

role in enterocyte differentiation. CDX1 induces the expression of alkalinsphatse, a
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marker of intestinal enterocyte differentiatioand regulates the expression of ApoB
MRNA editing protein which is located in the vil{k6). CDX1 also regulates the
expression of the differentiation marker cytokeratin 20 (CK20) by binding to its promoter
region (88). Lickert et al (89) show thatCdx1was induced in mouse embryorstem

cells by Wnt stimulation anthat TCH-deficient mouse embryos no longer expressed
CDX1 protein in the small intestinal epitheliunBelandet al (90) have also found that
CDX1 and LEF1, a nuclear effector of Wnt sitlimg, synergise to induce expression from
the CDX1 promoter through LEF@ell factor response elements and the physical
interaction between the homeodomain of CDX1 and the B box of LEF1 could be the basis
of this synergy. Ikeya et al (91) show that among the Wnt family members, Wnt3a
appears to redgate CDX1 expression, as the \Bat mutants seem to have reduced
expression of CDX1. Prinost al. (92) also show that Wnt3a synergises with Retinoi

Acid to initiate CDX1 expression during murine development.

Whnt signalling has also been shown the play a role in Paneth cell developraenEset

al. (93) show that the expression of a Paneth gene programme is critiepigndent on
TCF4, as conditional deletion of the Wnt receptor FrizBatbrogates expression of these
genes in Paneth cells. This result is explained by-d@néndent expression of EphB3,

MMP7 and Cryptdin which are crucial in Paneth cell localisagioth maturation.

Sox9,a Wntdependent gene &socrucial in Paneth cell maturation as Méiiyama et

al. (94) found that in theéSox9conditional knockout mice no differentiated Paneth cells
were present at the bottom bktcrypts. The absence of characteristic Paneth cell vesicles
in the cell of the crypt bottoms and the lack of expression of Paneth cell markers such as
lysozyme, MMPR7, Cryptinl and Crypdir6 verified this result. Sox9 had no role in the
differentiation of goblet or enteroendocrine cell®astideet al (95) have found that as

well as Paneth cell absence, Sox9 mutant mice also had an increase in crypt cell

proliferation as well as an increased number of cells expressitgccand CyclinD1,
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suggesting that Sox9 may also play a role in negative feedback of the Wnt signalling

pathway.

A study by Gregorieffet al (96) found a Wnt responsive gene, termBgdef is a
transcription factor of the Efamily that is involved in the maturation of goblet and Planet
cells. They detected Spdef atound the +4 position just above the Paneth cell
compartment, possibly immediate descendents of either ‘BonilLgr5 stem cells and

that deletion of th&pdefgene resulted in major defects in the maturation of both goblet
and Paneth cellsAt the transcriptional level, they demonstrated that Spdef controls the
expression of a subset of Paneth and goblet cell markers sGecbké&l4, Ccl6, Hgfaand
Cryptdins. Spdef may also be involved in repressing certain Paneth cell genes such as

Mmp7andAng4in the goblet cell lineage.

The Notch signalling pathway regulates the secretory lineage through its inhibition.
Deletion of the downstream component of the Nagiathway transcription factor Math1l
(mouse atonal homologue, auses depletion of the goblet, Paneth and enteroendocrine
cell lineages in the small intestine. This suggests that Mathl is essential for progenitor cell
commitment to one of three epitheladult cell types and that Mathl negative progenitors
become enterocytd97) (Fig 1.11). High levels of Notch switch on the Hefiairy and
enhancer of split Iyranscription repressor, which blockse expression of Mathleads

cells to remain as progenitors and ultimately become enterocgmsversely low Notch
expression increases levels of its ligand Delta, which induces Mathl expression by
blocking Hesl, leading cells to become goblet, Paneth or enteroendocring98glls
Jenseret al (99) show that Hes1 null mice have elevated Mathl expression with increased
enteroendocrine and goblet cells and fewer enterocytes demonstrating that Math1 regulates
the detemination of cell fate though Notch/Delta signallingnactivation of the Wnt
signalling pathway is required fadathl (human homologue to Mathsjabilisation

throughpr ot eos omal d e st Aragaki 6t @ln(10@) youndGtBaK 3ofh
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constitutive expression of mutant Hathl and stabilization of Hathl protein by a GSK3

inhibitor increased the expression of MUC2 , a marker of differentiated goblet cells.

Stem cell
Symmetric / ‘
Asymmetric division
AWnt
AMNotch

VHes1
ACDX1 . AAtoh1/Math1/Hath1
/ Progenitor

cell -
‘ . Secretory lineage
Absorptive/
Columnar/
Enterocyte

Goblet Enteroendocrine Paneth
?Neurogenin-3 ?FGF3, LKB1
7PDX1 ?7S0X9, SPDEF

Figure 1.11 Lineage specification of an intestinal stem cellStem cks may divide
symmetrically or asymmetrically. Wnt signals maintain the diteanphenotype of the

stem cells, whilst Notch maintes the proliferation of progenitor cells. The intestinal stem
cell gives rise to progenitor cells, which can either formieeocytes or thesecretory
lineage, via inhibition of the Notch pathway, dewgulation of Hes1l and upegulation

of Mathl. Candidate genes that determine specification of enteroendocrine and Paneth
cells are neurogenit and PDX1 (enteroendocrine) asDX9and Spdef(Paneth cells).

Figure from(26).

Both Neurogenin 3 and pancreatic and duodenal homeobox 1 (PDX1) have been
implicated in the differentiation of enteroendocrine cells. Ldpez et al (101)used he

mouse Vvillin promoter to driveNeurogenin3 expression throughout the developing
epithelium to measure the affect osll fate. They found thahe Neurogenir3 expressing
transgenics had decreased numbergalflet cells with an increase in enteendocrine

cells Ootani et al (102) also show that Neurogenin 3 owetpression leads to

enteroendocrine cell differentiation in their murine intestinal spheroidst&yngculture in
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vitro. PDXL1 is a transdption factor involved in pancreatic development and islet cell
function and appropriate gene expression in enteroendocrine cells. Yamaldgl03)
show that oveexpression of PDX1 causes immature rat intestinal epithedihs to

differentiate into enteroendocrine cells.

Tuft cells have a unique signature marker that includesxpoession of SOX9, COX1,
COX2, hematopoietic prostaglandd®? synthase (HPGDS) and doublecottiike kinase 1
protein (DCAMKL1). Gerbeet al (29) have found that in contrast to the enteroendocrine
cell lineage which depends on Neurog3 function, tuft cells are still produced in the absence
of Neurog3 COX1I°" tuft cells that are still in the proceskterminal matiration express

high levels of SOX9 and never express Neurog3, whereas SOX9 is barely detectable in
Neurog3expressing enderoendocrine precursor cdl3) thus distinguishing them as
different cell types.Spdef and Gfilare also not essential for tuft cell differentiation (like
Paneth cells). However, Atohl is essential, as tuft cells are absémbliftdefficient

mice, thus characterising them as a secretory(B9e

The maintenancefatem cells and progenitor cell lineage specification seems to be mainly
driven by Wnt and Notch signalling and Crosnétral. (86) have suggested a model in
which these two signiithg pathways interact (Fig 1.12 The Whntsignalling pathway
drives the expression of Notch pathway components that mediate lateral inhibition within
the Whntactivated (Wnt+) population. Some cells express Delta and escape Notch
activation (Notch) while othersfail to express Delta and have Nbtactivation (Notch+)
imposed on them. The (Wnt+, Notgltells become committed to a secretory fate and
eventually stop dividing whilst the (Wnt+, Notch+) cells continue to divide without
differentiating. This generates daughters like themselves ttex@d with Notch and
diversify further. Due to short and long range special signals, some cells have to move
further up the crypt axis and lose Wnt activation which leads to their differentiation as
enterocytes if Notch was still activated in them attihee of their exit or as secretory

cells if Notch wasnactive
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Figure 1.12Wnt and Notch signalling cooperate to maintain stem cellBigure from

(86).

Interactions between Wnt and Hedgehog (Hh) signalling pathwaysgszar to play an
important role in regulating the intestinal stem cell niche. Indian hedgehog (lhh) is a
member of the mammalian hedgehog ligand family and is expressed by differentiated
enterocytes. Hedgehog signalling limits the expression of Wagetiato the base of the
crypt andvVan Den Brinket al. (105) demonstrated that inhibition of Hh signalling using
cyclopamine leads to aberrations in epithelial cell differentiatidhey also found that
transfection of Ihh ito colon cancer cells leads to a demagulation of both components

of the nuclear TCFb-catenin complex and abrogates endogenous Wnt signaillivigo.

Von Dop et al (106) found that constitutiveactivation of Hh signaling resulted in
accumulation of myofibroblasts amwlonic crypt hypoplasia. A reduction in the number

of epithelialprecursorcells was observed with premature development into the enterocyte
lineage and inhibition of Wnt sigHang. Activation of Hh sighdling also resulted in
induction of the expression bbne morphogenic proteins and increased BiigRdling in

the epithelium. Kosinski et al (107) demonstrated that deletion of Ihh disrupted the

intestinal mesenchymal ahitecture through the loss of the muscularis mucosae,
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deterioration of the extracellular matrix, and reduction of crypt myofibroblasts. The
epithelial compartment however, had increased Wnt signalling, disturbed crypt polarity
and architecture, defectiv enterocyte differentiation, and increased and ectopic
proliferation that was accompanied by increased numbers of intestinal stem cells. Their
mechanistic studies revealed that Hh inhibition deregulates BMP signalling, increases
matrix metalloproteinaseevVels, and disrupts extracellular matrix proteins, thereby

providing a proliferative environment for intestinal stem cells and progenitor cells.

In addition to Wnt and Notch signalling, BMP signalling has been shown to be important
in stem cell sefenaval and maturation ofgoblet, enteroendocrine and Paneth cells
BMPs are active at the top of the crypts whdierentiation occurs (Fig 1.)0and
although there is some activity at the crypt base, BMP inhibitors such as noggin and
gremlin regulate itdevels. He et al (8) have suggested that BMP signalling inhibits
intestinal stem cell selenewal through activation of PTEN, leading to suppression of
Wn t-Cakenin signalling. Overcoming this suppression with transigptession of
noggin | eads to Akt a c-Cateniaadactivioy thustptoractes ,emh anc e s
cell selfrenewal and proliferation. Auclair et al (108) have shownthat there was
increased cell proliferation and ake intestinal epithelial morphology BMPRIAmutant

mice as well as impaired terminal differentiation of cells from the secretory lineage but

BMP signalling isnotinvolved with cell fate determination.

TGFb signalling r egul abiolegy suohaas stemaeall poaversien of st
to progenitor/transitional celland migration of differentiated cells. At the villus tips,

TGFb signalling may , thus maintamiog theenamal soee, shappopt o s
and function of the polarised gut dptium (109). The linear migration, differentiation

and compartmentalisation along the crypt | | uUs axi s iis controll ed
gradient s, with TGFb <controlling cell pol a
expresion of EphB sorting receptor§. he presence of TGFb signall

Wnt signalling at the villus compartment results in rapid cell cycle arrest and
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differentiation with  SMAD 4 and TCF4being the dominant switch between the

proliferative pr@enitor and the differentiated epithelial cell. In colorectal cancer this
TGF

rever sed, because

switch is permanently

constitutively activated by mutations in the Wnt casqa@d8).

1.3.3 Migration
Differentiation in the intestinal crypt is a very ordered process. As new daughter cells are

produced by the stem cells at the base of the crypt they migrate along the crypt axis to the

top of the crypt and differentiate along the waphEphrin molecules are involved in

maintaining cellular boundaries and establishing migratory paths by segregating cells

along the crypt axi§110). Both Ephrins and Eph receptors are membrane bound proteins,
restricting their mteractions to sites of direct cekll contact. The Ephrin/Eph receptor

interaction allows bidirectional communication with the signal being conveyed in both the

receptorexpressingas well as in the ligangkxpressing cel(111). These Eptiphrin

molecules have been identified Wnt target genes and the EphB receptors and Ephrin

| i gands ar e ¢Catenin/TGRransdriptiori camplexh(leig 16).3
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Figure 1.13Migration within the intestinal crypt is regulated by the interaction of EphB
receptors and EphrirB ligands. A gradient of EphrinB1/B2 ligands exists along the crypt
axis with high levels being expressed at the top of the crypt and an opposing gradient of

EphB2 expression at the bottom of the cryigure from(112)

A gradient of EphB receptors and EphBnligands exists along the crypt axis which
mirrors the Wnt gradient. The level of EphBrligand and Wninduced EphB expression
determines cell location. EphB2 is not found on Paneth cells but is expressed on crypt
base columnar cells and decreases in expression toward the top of the crypt. EphB3
however, is expressed on both the crypt base columnar cells and Paneth cells:BEphrin
and EphrinB2 are expressed on differentiated cells at the top of the crypt anehdecr
toward the base of the crypt with Paneth cells having a complete absence ofHephrin
ligand expressiorf110). This differential expression specifies the position of the crypt
cells because of the repellent effects of Effgphrin-B interaction. Downward migration

is prevented due to decrease of EphB expression and increase of-Epigand
expression as cells move away further from the crypt base and the Wnt source. Also, since
Paneth cells do not express EpHBinligands and only EphB3 receptor, their upward

migration is prevente(L10).

Holmberget al (111) found by gain and lossof-function experiments that Ephsi
ligands and Eph receptors, independerdf their influence on cell positioning, also
promote proliferation in the crypts of the small intestine and colon and account for about
50% of the mitogenic activity. EphB2 and EphB3 kirdspendent signalling promoted

cell cycle reentry of intestinalprogenitor cells, thus establishing that Ephrins and Eph
receptors are key coordinators of migration and proliferation in the intestinal stem cell
niche. Batlle et al (113) show thatmost humancolorectalcancers lose expssion of

EphB at he adenomaarcinoma transition and th@sls of EphB expression strongly
correlates with degree of malignancy. Furthermore, reduction of Bptidty accelerates

tumorigenesis in the colon and rectum of Apc(Min/+) mice, and result® ifotmationof
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aggressive adenocarcinomas, demonstratiag loss of EphB expression represents a
critical step incolorectal canceprogression Cortinaet al (114) also show that EphB
receptor compartmentalise the expansif colorectal cancer cells through a mechanism
dependent of fadherinmediated adhesion. They demonstrate that EpbBiated
compartmentalisation restricts the spreading of Epkfressing cancer cells into Ephrin
B1 positive areas possibly througletkilencing of EphB expression by the cancer cells to
avoid repulsive interactionsBatlle et al (113) observed that th&phB2, EphB3and

EphB4genes were coordinately silenced in the majority of colorectal cancer samples.

1.3.4 Shedding

Homeostasis of cell renewal in the intestinal crypt is maintained by matching the number
of dividing cells with the number of cells shed at the top of the crypt. The epithelium of
the crypt acts as a barrier which needs to be maintained evercelfleare shed at the top.
When apoptosis is triggeredying cells are extruded from the epithelium in order to
preserve this functional barrier. Extrusion occurs by apoptotic cells signalling to the
surrounding epithelial cells to contract aftdm an actomyosin ring that squeezes the

dying cell outof the epitheliun{115).

EE EECEEEEEE EEE

Q Extruding cell
M Actin ring in neighbouring cells

BB Proliferating cell

Figure 1.14 Cell shedding at regions of high crowding during homeostasis and

development in A) human colonic epithelium, B) confluent MDCK monadtay. Cells
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destined to die signal to surrounding cells to contract an actomyosin ring that squeezes the
dying cell out. Arrows indicate direction of force from mitosis and migratiofigure

from (115).

The signal produced bylying cells to initiate this process is sphingosiAghosphate
(S1P)which triggers Rhanediated contraction to squeehe dying cell out Decreasing

S1P synthesis by inhibiting sphingosine kinase activity or by blocking extracellular S1P
access to itsreceptor prevents apoptotic cell extrusion. Extracellular S1P activates
extrusion by binding the S1P(2) receptor in the cells neighbouring a dying cell, as S1P(2)
knockdown in these cells disrupted cell extrugidh6). Guet al. (116) suggest that the
S1P pathway may also be important for driving delamination of stem cells during
differentiation or invasion of cancer cellEisenhofferet al. (115)show that overcnding

due to proliferation and migration induces extrusion of live cells to control epithelial cell
numbers. They simulated overcrowding of cells by growing MDCK cells to confluence on
a silicone membrane stretched to 28% of it original length and tHeaseal it from
stretch. By 6hrs after crowding the number of cells equilibrated toeprase levels,
showing that the MDCK epithelia eliminated cells to achieve homeostatic cell numbers.
To investigate signals that might regulate live cell extrusiter avercrowding they tested
carboxyterminal JUN kinase (JNK) and stretahbtivated channels which are both
activated by stress. They found that JNK inhibitor blocked apoptotic extrusion in response
to ultravioletC but not live cell extrusion after oweowding or homeostatic cell turnover.
Inhibiting stretchactivated ion channelsowever, significantly reduceithe percentage of
both apoptotic and neapoptotic extrusion events after overcrowding or during epithelial
homeostasis. Therefore they sudgdsat JNK controls apoptosisduced extrusion,
stretchactivated signalling controls live cell extrusion during homeostasis that is induced

by overcrowding, possibly upstream of S1P signalling.

Tight junctions known aszonula occludensnust be disturbeéh order for a cell to be

shed. Madaraet al. (117) propose that lamellipodia from neighbouring cells extend
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beneath the shedding cell and form a tight junction which then rises behind the shedding
cell. Tight junction elemnts proliferate between extruding cells and their neighbours and
appear to move down the lateral margin of the extruding cell as it extends into the lumen.
These observations suggest that newly formed junctional elements "zipper" the epithelium
closed a®xtrusion proceedhereforepreventing epithelial discontinuities from occurring

The tight junction is a complex and multifunctional structure consisting of integral
membrane molecules, occludin, claudins and junction adhesion molecule. Occludin and
the claudins are tetraspanin proteins with two extracellular loops and are considered to
form the variable permeability barrier between the luminal and interstitial spaces separated
by the epithelium. Tight junction plague proteins such as ZO1, 202, andidkOthe
integral proteins to the actin cytoskeleton. They also interact with a diverse group of
signalling molecules that connect tight junction function to paracellular permeability, cell

division, cell polarity and tumorigenegis18).

The control of cell death is an important regulator of cell number and susceptibility to
neoplastic @nsformation. Apoptosillowing the loss of cell anchorage (anoikis)a

form of programmed cell death that is central to homeostasieimtestinal epithelium.
Cellular inability to undergo apoptosis by damaged and mutated cells may prevent cells
from entering the apoptotic pathway and instead survive, divide and expand, increasing the
risk of colorectal cancer.An apoptotic cell haglistinct morphology during the death
process, starting with the cell cytoplasm shrinking and the cell detaching from its
neighbours. The nucleolus then disappears and the chromatin becomes condensed around
the nuclear membrane, with the cell membranentgki on @A bl ebbedd appear a
and its nucleus fragment into smaller membrboend vesicles which become
phagocytosed by neighbouring ce{lsl9). Apoptosis is initiated through activation of
intrinsic pathways in rgmnse to intracellular signals or by an extrinsic pathway
responsive to extracellular events. Intrinsic apoptosis occurs following DNA damage or

toxic stress, in which mitochondria release cytochronfieo@ their intramembrane space.
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Cytochrome C bindsot apoptotic proteasactivating factor (Apafl), promoting the
activation of cystein@activated proteases (caspases), which target several proteins essential
for cellular functions. Mitochondrial membrane permeability is controlled by both pro
apoptotic(bax, bad, Bcly bak, bid and antiapoptotic(Bcl-2, Bclx, mcll, bagl, bft1,

brag-1, Bckw) members of the B family of proteinsall of which contain at least one
conserved BeR domain (BH). Bax and Bad oligomerise with additional-gpoptotic
BH-3-motif-containing proteins to stimulate cytochrome C releasn the outer
mitochondrial membrane B& and Bclx can bind to these B3 motif-containing
proteins and inhibit apoptosis. The formation of stable-Bdtleterodimers prevents
apoptosis bylocking proteins release from the mitochondria. Apoptosis is also regulated
by inhibitors of apoptosis proteins through selective inhibition of specific caspases,
allowing the inhibition of both intrinsic and extrinsic pathways. Extrinsic apoptotic
sigralling occurs after activation of death receptors such as tumour necrosis factor receptor
-1 (TNFR1) and Fas. Stimulation of receptors signalling pathways triggers caspase

activation and subsequent steps in regulating mitochondrial permeéiiiity

Pottenet al (119) have found that spontaneous cell apoptosis also occurs in the lower
regions of the crypt. When measured on a positional basis, these cells appeared to be
restricted to the st cell region with 10% of these being apoptotic cells. They suggest
that this spontaneous apoptosis may be an inherent part of the regulatory mechanism
determining stem cell numbers in normal adult epithelium. The tight control of stem cell
number is fudamental in maintaining a stable crypt sizgnlike in the small intestine,
spontaneous apoptosis in the proliferative region of the colon is a rare event and rather than
just being restricted to the stem cell region, these apoptotic cells are scétetgghaout

the crypt. This difference in spontaneous apoptosis between the small intestine and colon
may explain the difference in colon and small intestinal cancer incidence. If the small

intestine is able to remove excess stem cells, whereas the eolwt, ithe increased
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number of (mutated) stem cells may result in hyperplastic crypts susceptible to

transformatior(119).
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1.3 Wnt signalling

1.3.1 Role in tissue renewal

Wnt signals play an important role in the developmerd anewal of the colonic
epithelium. The Wnt pathway is involved in several differgmbcessessuch as
maintaining stem/progenitor cells via cell cycle control and inhibition of differentiation,
controlling migration and localization of epithelial cediong the crypt axis and directing
early secretory lineage developmextd well as terminal differentiation of Paneth cells
(121) The term O6Wntd was introduced 20 years
orthologous gees:Wingless (Wg)aDrosophilasegment polarity gene amat-1, a mouse
protooncogen€l22) Wntligands are defined by amino acid sequence rather than by their
functional properties and as many as 19 mammalian Wnt hormesdogie expressed in
temporalspacial patterngl23). All Wnts include a signal sequence for secretion, several
highly charged amino acid residues and many glycosylation sites. Wnt ligands are
hydrophobic and are mostly fouradsociated with cell membranes and the extracellular
matrix (124). Wnt ligands are lipid modified by the attachment of a palmitate on the first
conserved cysteine residue and on a serine in the middle of the protein. Ratinitaf

Whnts by Porcupineis necessary for their glycdsyion which aids in Wnt transport
between cells, as glycosylation increases Wnt interaction with heparin sulphate
proteoglycans that are present on the surface of Wnt responding \délisligands are
secreted by the subepithelial myofibroblasts that are located adjacent to the stemdcells
genetic screens have identified the multipass transmembrane protein Wntless
(WIis)/Eveness interrupted (Evi) to be required in the secretory pathway to prémeot
release of Wnts from these ce(l25). Satoet al (34) have also showthat Paneth cells
areasource of Wnt&and restrict sterpells to the base of the crygind that dletion of the

Paneth cells decreasdkde number of stem cells in the crypt.
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dbcatenin is an essential cytoplasmic signal transducer of the can@mntasignalling

pathway (Fig 1.1p The | evel s odatenmare agnhabysoniroled by a

destruction complexhta t t &ategie for slegfadation in proteasomes. This complex is
assembled over the scaffold component axin or its homologue condumadicpntains the

tumour suppressaor adenomatous polyposis col
(GSK3blasama & iUnasCK1UW U) which ar ecatenhe bi ndi
(126) Upormai enin binding to the destruction cor
45 a the Nt e r mi naateninad thetsubsequent Ser/Thr phbspr y1 at i ons by G!
result in its wubiquiti na tTrcP,man Faax dontaginingE3e o s o ma l
ubiquitin ligase. Within the nucleus, lymphoid enhancer factor /T cell factor (LEF/TCF)
transcription factors remain bod to cerepressors siicas Groicho and suppress Wnt

pathway target genegll12) Wnts are glycoproteins whose secretion is controlled
specifically by the transmembrane protein Wntless/evenness interr(i?&) The

production of active Wnt requires also a functioning retrometer, a multiprotein complex
involvedin intracellular protein trafficking.Wnt ligands initiate Wnt signalthrough the

engagement ahe Wnt receptor complex composed dfrizzled receptorKz1-10) anda

low-density lipoproteirrelated protein coeceptor (LRP5 or LRP6) which results in the

i nact i v a tcatenim destifuctidn lcampléDisheveled, a protein that can bind the
cytoplasmictail of Fzreceptors and axifacilitates the rewitment of axin to the LRP eo
receptor, thereby removing tcétemin destractiodno | d an
complex. The interaction of Wnts with Frizzled receptaan be modulated by a number

of secreted factors that act as antagonists by bindirgjther Wnts or the eweceptor

LRP5/ 6. T h-eatenénttranslochtes goetlie nuicleus where it binds-TEF

transcription factors and displaces therepressor Groucho TFcateninlEF/TCF

complex then drives the transcription of Wnt targehes and is tightly regulated by

factors such as Bcl9, Pygopus, mixegage leukaemia histone methyltransferases, APC,
Chibby, i <cateni (iICATQ, Ctermihalbinding protein (CtBP) and components

of chromatinremodelling complexes(126)  Targets of Wnt/TCF/LEF regulated
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transcription include the protwncogene myc, cyclooxygenase 2 (COX2)
matrilysin/MMP7, Cyclin D1 and TCF1. Activation of the Wnt signalling pathway also

affects the expression of BMP6, amembler t he TGFb(12Xuper family

A- No canonical Wnt signal B- Canonical Wnt signal

LRP5/6 LRP5/6

10-0000000000000000
1353533033 1 1333333353333

Figure 1.15 Canonical Wnt signalling pathway.l n t he ab s e nc-eatenif Wnt
is phosphorylated and targeted for degradation by the degradation complex containing
Axin, APC, &5 K 8fion Wm digan€ binding to Frizzled and LRP
transmembrane receptqrihe cytoplasmic protein Dishelled is activated and blocks the

action of the degradation compleg:-catenin is then able to accumulate and translocate to

the nucleus, where it dg the transcription of Wnt target genes aided by TCF/LEF

transcription factors. Figure frori.28).

APC is a large protein (312kDa) known to interact with at least 10 protein partners

i ncl u-daienirg axib, EBL and DLG. APC has multiple diverse functions in cell
migration and adhesion, cell cycle regulation and chromosome stgbi®)y Although

APC is mutated in 85% of familial and sporadic colorectal cancers, it is not absolutely
necesary for t he pr ope@ateninfdegradation compledtgkanoufaett he b
al. (129)show that oveexpression of axin can compensate for the absence of functioning
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APC. I n addition to i t-cateis tlegradatiorucoraplex, ARClalso i n t h
captures and -aateninaa thescytaplasmic destructiom machingr$0).

I ncl usi on o fcateAiR Gegradation tcomplex Bikely results in an improved
present adai eomi noft ob GSK3b, l eading to mor e e

subsequent destructigh22).

The ubiquitious protein phophatase 1 (PP1) has been idertifiédio et al (131) as a
conserved poBive compoent i n  tchtenin SmallihgfpathwayPP1 controls Wnt
signdling through interaction antegulated dephosphorylation axkin. Inhibition of PP1
leads to enhanced phosphorylation of specific sites on ax@Kldy Axin phosphorylation
enhances the binding d6SK3b, leading to a more activie-catenindestructioncomplex
Whnt-regulated changes in axin phosphorylation, mediated by PP1, may therefore

determineb-catenintranscriptional activity{131).

The tumour sppressor Wilms Tumour gene on the X chromosome (WTX) has been
identified by Majoret al (132)as another C 0 fogtemin eeyradationf t he
compl ex. WTX is in theatempiiepawtetWibh axi n,
bi ndi ng dtaeeni-ar amp dwibi ¢ h t-datenin ulpquitihationtaeds b
degradation. Grohmannet al (133) have also identified WTX as an AH@eracting

protein. It recruits APC to the plasma membrane aft@y microtubules through the

binding of WTX to phosphatidylinositol (4, Hiphosphate (PIP2). Depletion of WTX via

siRNA reduces APC protein level in the cell and promotes APC distribution to microtubule

ends.

b-catenin is the mammalian orthologue oé tbrosophila Armadillo (Arm) protein and
was originally identified as a component of the adherens junctions, where it knks E
c a d h e r-gatenintaind th actin microfilament network of the cytoskel¢i@d) A
large part & t -bateninbprotein is taken up by 12 tandemly arranged imperfect residue

repeats called Arm repeats that mediate preteatein interactions with cadherins, APC,
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axinand TCH135) b-c at eni ndés Ar m sdalpng at the nudlearcenvélape at e

and nuclear accumulation of the prot¢84) (122). | n t h e -pateoid dwesgt b
bind DNA itself but is an essential cofactor of the TCF/LEF transcrifdotors. The
acetyltransferase CBP (CRHBi ndi ng pr ot ecaten)n whizlt nprgvésat e s
transctivation at the-Myc locus and allows better access to promoter sequeth&és

Fevret al. (137) generated a mouse model usintamoxifeninducible variant of the cre
recombinase (creERT2) expressed under the control of the intestinal villin prandter
found that Fcateninleadsvt@a a rapa noss off intebtinal epithelial celhal

crypt structures Irelandet al (138)found that deletion ob-cateninin the small intestine
caused crypt ablation, increased apoptosis, depleted numbers of goblet cells, and
detachment of villus absorptive cells frohetvillus core as intact sheetsctivation of
mutatiors i n-cafenin and inactivation of mutationsApc leads to intestinal hyperplasia

(139) Weteringet al (140)s how t hat dcatenin/TIGrdadtivtynin @RIC cebl

lines using dnTCF4nduces a rapid G1 arrest and blocks a genetic program that is
physiologically active in the proliferative compartment of colonic crypts and a
differentiation program is induced instead. The TCF4 taggee eMyc plays a central

role in this switch by direct repression of the P24 promoter. Following disruption

o f -cafenin/TCF4 activity, the decreased expression -Myc releases pZf*WAF
transcription, which then mediates G1 arrest and differentiation. Mwtan(141) have

found that deletin of the transcription factor-Myc resulted in rapid loss of crypts and

decreased cell numbers in crypts that remained.

Gregorieffet al (142)examined the expression patterns of all Wnts, Frizzleds, LRPs, Wnt
antagonistsrad TCFs in the mouse small intestine and ca@od adenomassingin situ
hybridisation. Figure 1.168hows a summary of their findingsOf the 19 Wnt genes
tested, 7 Wnts were readily detected in the intestittboughWnt2band Wnt3were not
found in e colon. In the small intestind/nt3was restricted to the very bottom of the

crypts where Paneth cells reside as Wa#9b (also termedWntl4h. Wnt9bwas also

43



detected in the epithelial progenitor cells above the Paneth cell compartment but in the
coon Wnt9b was localised throughout the colonic epitheliunWnt6 was expressed
throughout the crypts of both the small intestine and colon and strongly expressed in
adenomas. Several Wnts were also found in specific compartments of the mesenchyme,
with Writ5a found abundanin the villus tips and weaker towards the cryplus junction

of the small intestine and the colonWnt5aandWnt5bwere restricted to the mesenchyme
beneath the surface epitheliumWnt4 was uniformly expressed along the villus
mes@&chyme and in the colon was also restricted to the mesenchyme beneath the surface
epithelium. Wnt2bwas strongly expressed in the mesenchymal layer of the villi but in the

colonWnt2bseemed to mark endothelial or smooth muscle cells.

The expression of Fazled receptors 5 and 7 was found in the epithelial cells at the bottom
of the cryptswhilst Fz4was restricted to the differentiated epithelial cells of the viii6

was uniformly expressed throughout the epithelium of the small intestine and Gdien.
coreceptorsLRP5 and LRP6 were found to be expressed in the proliferative epithelial

cells of the crypts.

The functional counterparts tie Frizzled receptors are a family of secreted factors called
sFRPs. Both Fzs and sPRshare an equivalent Wimteracting cysteineich domain
which allows sFRPs to compete with Fzs and antagonise Wnt sign@li2y In the
small intestine and colon Gregoriedt al (142) found abundant levels &fFRP1 in the
mesenchymal cells immediately adjacent to the crypts. ExpresssfiRéf5was found in

cells located immediately above the Paneth cell compartment.

Another secreted factor that can inhibit Wnt signalling by binding directly to Wnts is WIF
(Wnt-interacting factor) which was only detected in adenomas by Gregetieff (142)
and Dkk2 which binds to the LRP emeceptors was also detected in adenoni2ik3was
weakly expressed in the villus mesenchyme andegplate in adenomas, whildDkk1

andDkk4were not detected at all in the intestine.
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The expression of TCF family members was also examined by Gregairadf{142) who

found thatTCF4 was abundant in differentiated cells of theface epithelium and the
expression diminished in the lower half of the crypt€CF1 expression was strongly up
regulated in adenomas and transcripts were found in infiltrating gut lymphocytes, gut
associated lymphoid tissue and Payer patches, suggestiolg of TCF1 in thymocyte
development. TCF3on the other hand was expressed in the proliferative compartment of
the colon only, whilsLEF (lymphoid enhancer factor) was detected in intestinal polyps

but absent in normal epithelium.
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Figure 1.16 Expression pattern of Wnt signalling components in mouse A) small

intestine and B) colon.Figure from(142).

Holcombeet al (127) also assessed the expression of Wnt ligands and Frizzled receptors

in the colonic mucosa, but in the humans not mouse. They found abundant expression of
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Wntl, Wnt4, Wnt5b, Wnt6, WntZzbhd Wnt10bin both normal and malignant tissue. As
also seen in mous&ynt2was absent in normal colonic crypts and villi but was expressed
in malignant tissue.Wnt5a as in the mouse was also detected in the normal colon with
slightly higher expression at the base of the crypts. The expresskni ahd Fz2 was

also assessed but none could be detected in normal colonic mucosa, in torttiast
cancer tissue, whertheir expression was readily detectable especially at the invasion
front. A few years laterHolcombeet al (143) also looked at the expression of Wnt
antagonists in human normal and malignanbuial tissue. They found thaWifl was
expressedn most normal and malignant tissue samples with higher expression at the base
of the crypts. Dkk2 and Dkk3 exhibited similar expression patters\&§1 and Dkk1 was

not expressed in either the normal odigraant tissue mirroring the results by Gregorigtff

al. Both of these studies by Gregorieffal (142)and Holcombeet al. (127)demonstrate

the localization of Wnts and their downstream effextand ihibitors and suggeghat

Whnt signalling has a wide role in gut development and homeostasis.

The extracellular antagonists of the Wnt signalling pathway can be divided into two broad
classes which prevent ligameceptor interaction. The BIPsandWIF primarily bind to

Wnt proteins whilst members of the Dkk famitynd to one unit of the Wnt receptor
complex(144). There are presently 8 known members of the sFRP family (sFRP 1
Sizzled,Sizzled2 and Crescent)he cysteingich domains of the sFRPs which lie in the
N-terminal half of the protein share-80% sequence similarity with those of Fz proteins
may be the mechanism by which by SFRPs antagonise Wnt signalling. Hypermethylation
of the SFRP (1,2,4,5) promters occurs at a high frequency in colorectal carcinomas
possibly due to the tumour cells shutting down the expression of sFRPs because these
proteins may promote apoptogiE4s) (144) Wifl wasfirst identified as an expressed
sequence tag from the human ret{hd6). Although Wifl does not share any similarities
with the cysteingich domains of Frizzled or sFRPs, Wifl bindsOimsophilaWingless

and Xenopus/nt8in the extracellular space and inhibit W82 interaction§146) He
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et al (147) and Taniguchiet al (148) have shown thaWifl is silenced bypromoter
hypermehylation in gastrointestinatances. The Dkk family comprises off members

(Dkk 1-4) and a unique Dkkgelated protein called Soggy (Sgy). DKk prevents activation

of the Wnt signalling pathway by binding to LRP5/6 rather than Wnt proteins. In addition
to LRP5/6, Dkk1 interacts with the singbass transmemrane proteins Kremen 1 (Krm1l)
and Kremen 2 (Krm2). Krm, Dkkl and LRP6 form a ternary complex that disrupts
Wnt/LRP6 signalling by promoting endocytosis and removal of the Wnt receptor from the
plasma mrambrane(149). Koch et al. (150) found that reduced expression of Dkkl
increased proliferation of epithelial cells and lengthened crypts in the colon and was
associated with increased transcoptia | a c t icatenin. y Cryptf extdmsion was
particularly striking when Dkkl was inhibited during acute colitis. This suggests that
depletion of Dkk1 induces a strong proliferative response that promotes wound repair after
colitis. Pintoet al (3) find that ransgenic expression of the Wnt inhibitor Dliebults in
greatly reduced epithelial proliferation and absence of secretory cell lineBjgsipted
intestinalhomeostasisvasr e f | ect ed by a n-caehns iehibition of e f nucl e
Myc expression, and subsequentragulation of p2%*VAF Adenoviral expression of

Dkk1l markedly inhibited proliferation in small intestine and colon, accompanied by

progressive architectural degeneration with the loss of cwifitsand glandular structure

Q).

As well as Wnt ligands, The Wnt signalling pathway can also be activated by-the R
Spondin family of secreted liganddNam et al. (151) demonstrated that-Bpordins are
novel ligands for the Frizzled 8 and LRP6 receptors. To gain insight into their biological
functions, the RNA expression pattern of the mousgpBndin family genes was analyzed
during mouse development and showed tha&pRndin gene transcriptseve widely
expressed with distinct patterns in mouse at different developmental stagest al. (5)
found that RSpondins are also the ligands for thgri_receptor as well as its homologues

Lgrd and lgr6. Each of the fouR-Spondins can bind todr4, Lgr5 and lgré. The
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removal of lgr4 did not affect Wnt3a signalling, but abrogated th§gondin 1 mediated
signal enhancement which can be rescued by tegpression of gr4, Lgr5 or Lgré. No

rescue was seen withgtl, Lgr7 and Lgr8. It also reduced the proliferation in intestinal
crypts and led to crypts being disconnected from the epithelium. The combined loss of
Lgrd and Lgr5 aggravated this phenotype, severely disrupting crypts and halting villus
repopulation, leadintp the eventual death of the moi($62). Carmonet al (6) have also
demonstrated thatdr4 andLgr5 bind the RSpondins with high affinity and mediate the
potentiation of Wnt signalling by eahcing Wniinduced LRP6 phosphorylatiofig

1.17) This could be through the-BpondiaLgr complex enhancing the internalt®n of

the frizzledWnt-LRP6 signalosome into multivesicular endosomes, leading to enhanced

LRP6 phosphorylatian
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Figure 1.17 RSpondinLGR interaction at the cell surface.LGR homologues interact
with Frizzled/LRP5/6 receptors and bind withSRondins to enhance Wnt signalling.

Figure from(152).
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Non Canonical Wnt signalling

Non canonical Wnt sigalling is involved in cell movement and tissue polasitich
overlaps with the planar cell polarity pathway describe®iasophila Non canonical

Whnt signals are transduced through the Frizzled family receptdrdo not involve -
catenin, LRP or TCF oilecules(153) (Fig 1.18) Instead itleads to the activation of the
small GTPases RHOA (RAS homologue gémmily member A) and RAC1, which
activate the stress kinase JNK (Juitekminal kinase) and ROCK (RH@ssociated cald-
coil-containing protein kinase 1) and leads to remodelling of the cytoskeleton and changes
in cell adhesion and matilitfCanonicalb-catenin signalling can kedso beinhibited by the

planar cell polaritypathway Wnt-C&* signalling is mediated thrgih G proteins and
phospholipasesvhich leads to transient increases in cytoplasmic free calcium that
subsequently activate the kinases PKC (protein kinase C) and CAMKIIl (calcium
calmodulin mediated kinase 1l) and the phosphatase calcineurin. The actohfC
(phospholipase C) by Dishevelled leads to the cleavage of Ptdins(45)P
(phosphatidylinosite#,5-bisphosphate) into IngP(inositol trisphosphate) and DAG
(diacylglycerol). DAG, together with calcium, activates PKC, whereas;lhsfling to
recepbrs on the membranes of intracellular calcium stores leads to a transient increase in

cytoplasmic free calcium, often also triggering an increase from extracellular gtb5d$

Whnt5a is one of the most investigated +w@monical Wnt ligands and its role in cancer
development is emerging. It is found to be dewegulated in colorectal cancer,
neuroblastoma, breast cancer and leukaemia. Since Wnt5a can inhibit the effects of
canonical Wnt signalling, its dowregulation wold be an advantage to cancers driven by
canonical Wnt signalling. However, Wnt5a owpression has also been identified

other cancers such as gastric, pancreatic and prostate suggesting that its role depends on

the stage of cancer progression anetgpcance(155)
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Figure 1.18 Nonrcanonical Wnt signalling pathwaysA) Non canonical Wnt signals are
transduced through the Frizzled famigceptors which leatb the activation of RHOA
and RAC1 which activate the strddsase JNK and ROCK and leads to remodelling of the
cytoskeleton and changes in cell adhesion and motBijyCa’* signalling is mediated
through G proteins and phospholipases and leads to transient increases in cytoplasmic
free calcium that subsequentctivate the PK@nd CAMKIland calcineurin. Activation
of PLC by DVL leads to the cleavage of Ptdins(4,H)® Insk; and DAG. InsP; binding
to receptors on the membranes of intracellular calcium stores leads to a transient increase
in cytoplasmicriee calciumwhich often also triggeran increase from extracellular stores

Figure from(154)

1.3.2 Wnt signalling and cancer
About 90% of all colorectal cancers will have an activating mutation of the canonical Wnt
signdling pathway, ultimately leadingtotltet abi | i sati on eatghiniaccumul a

the nucleus of the cell. These mutations lead to early premalignant lesions in the intestine,
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such as aberrant crypt foci and small pol¢4z2) Mutations of APC were first ightified

in patients with familial adenomatous polyposis (FAP). These patients develop hundreds

of polyps in the colon after inactivation of the remaining vijide allele. Although FAP

is quite rare, mutations of APC account for up to 85% of all spomalorectal cancers.

Mut ati ons i n t {catenig@TNNB) mostty @actount dor the remaining

10% of colorectal cancers. The majority of these mutations are due to insertions, deletions

and nonsense mutations that leadfraameshifts and/or pmature stop codons in the

resulting transcript of the ger{@22). Hypermethylation of the wildype APC allele is

also found in some sporadic colorectal cancers which may be an alternative mechanism for

APC gene inactivatiofl26). The secreted Wnt signalling antagonist WIF1 has also been

shown to be silenced by promoter hypermethylation and the -degutation of WIF1

expression is an early event in colorectal can®t8) Mutations in other Wnt signalling

components are uncommon, although mutations in axinfluctin have been found in
DNA-mismatchrepair deficient colon tumours with intact APC. The loss of axin/

conductin results in the nuclear accumulatiobofat eni n an d-catemnT@rat i on o0
complexes(156) TheTCF4gene contains an oligonucl eotide
of the gene that frequently undergoes slippage in microsaigfifi@ble colorectal cancers.

This change possibly creates a truncated, more active form of the transcription factor

(157)

Several mouse models have been generated to study the role of Wnt signalling in intestinal
cancer development. In most of thesedels, tumourigenesis occurs mostly in the small
intestine, whereas in humans, cancers develop mostly in the colon. The mouse model for
FAP carrying a nonsense mutation at codon 850 and stably expressing truncated APC was
produced by chemical mutagenesidice heterozygous for this mutation developed
multiple intestinalneoplasis (Min) and rarely livéonger than 3 month§158) Mice
homozygous for this mutation died in utero, 8 days postc@lit@®) Oshimaet al (160)

used homologous recombination to generate mice expressing APC truncated at residue
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716. Like the Min mice, the APC * Reterozygotes developed numerous adenomas
throughout the intestinal tract and genotyping the tumours revealed that all had lost their
wild-type APCallele. Shibatat al. (161)created a conditional APC model in whisRC

exon 14 is deleted upon Cre recombinas@ression in the colon, resulting in APC
truncated at codon 580. These mice developed adenomas within 4 weeks, implying that
inactivation ofAPCis sufficient to drive polyp formatio(i22). Transgenic mouse model
induciblye x pr es si ng c o naterintsufféer intestinalytumaucstsimilareto ttfe
Min mice (162). b-catenin knoclout mice also suffer severe gastrulatitefects and die 7

days postcoitug163). AngusHill et al (164) show thatTCF4 haploinsufficiency results

in colon tumour formation in aousetumour modelthat normally only develops small
intestinal tumours. Loss @fCF4 early in development and in adult oalalso results in

increased cell proliferation and leads to colon tumourigenesis.
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1.4 BMP Signalling Pathway

1.41 Roleintissue renewal

Besides regulating bone and cartilage formatimwne norphogenic proteinsBMPs) are

also involved in the delopment, morphogenesis, cell proliferation and apoptosis of a
variety of tissues and cells. Dysregulation of BMP signalling has been linked to prostate
cancer, breast cancer and colorectal can&VPs are part of the transforming growth
fact or dupeffamily Bftmorphogenic proteins. Members of this family bind to a
complex of transmembrane serine threonine kinase receptors type | and I, triggering t
phosphorylation and activaty of the type | receptor by the type Il receptor kinase.
Activation of this pathway by BMPs leads to the inhibition of intestinal stem cell
activation and promotion of intestinal differentiatioA. study by Kosinkiet al (74) has
characterised the gene expression profiles of the humam ¢yl comparing the gene
expression pattern between the top and basal crypt compartfegnis19. They found
differential expressiowmf multiple BMP components along the colon crypt axgMP1,
BMP2, BMP5, BMP7, SMADandBMPRII were highly expresseid colon tops, whereas
the BMP antagonist€HRDL1(chordinlike 1), GREM1(gremlin 1)andGREM2(gremlin

2) were expressed in basal colon crypts. This would suggest that BMP signalling is
activated in the upper crypt and its inhibit@dRDL1, GREMBndGREM2are located at

the bottom to antagonise BMP signalling in the intestinal epithelial stem cell nidtey.

also demonstrate that CHRDL1, GREM1 and GREM2 likely originate from
myofibroblasts and smooth muscle cells, which are both located at thébasgtlose to
the stem cell niche. Therefore by inhibiting BMP sitalling at the crypt base, the

antagonists maintain Wnt signalling and inhibit differentiation.
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Figure 1.19 Gene expression profile along the crypt axis showilgnt signalling

(active WNT signaling)

componens at the base of the crypt and BMP signalling components at the top of the

crypt Figure from(74).

He et al (8) also investigated the role of BMP signalling in regulating intestinal
developmentand determined the expression paeof BMP4, its antagonist Noggin,
BMPRIA and phosphorylated SMAD 1&(pSMAD 1,5,8) They found that BMP4 was
expressed in the intravillus and intercrypt mesenchymal cells, including those adjacent to
intestinal stencells. BMPRIA had a gradient distribution in epithelial cells along the
cryptvillus axis and was highly expressed in intestinal stem cells but not in the cells in the
proliferation zone. Noggin was expressed in the submucosal region adjacent tqthe cry
base and in only some cells in the intestinal stem cell position or the surrounding cells.
pSMAD 1,58, the sign of active BMP signalling was found in both villi and intestinal
stem cells. However, the transient expression of Noggin is required torideethe BMP
signal a n d-cateninanhilvitierl by ATEN to activate stem cells. This balancing
role between BMP and Wnt signalling inhibits aberrant proliferation of stem cells, thereby

preventing crypt fission and increase in crypt numhbssmbardoet al (165) alsofound
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that in colorectal cancer colonic crypts, BMP4 was expressed along the whole crypt axis

apart from a few cells at the very base of the colonic crypt where stem cells are located.

This was confirred by the lack of BMP4 in CD13%ell populations, whereas it was

expressed in the CD138ell populationssuggesting functional divergence between the

cancer stem cells (CD133and the differentiated CD138ells. They also found the

receptors BMPRIA, BIPRIB and BMPRII in these stem cell fractions and that exogenous
activation of BMP signalling with BMP4 led to a rapid and massive differentiation of the

cancer stem cellsBMP treatment also increased PTEN levels and consequently inhibited

the PISBK/IAKTmt hway in the cancer st em-cateaimthas whi ch

would otherwise activate stem cell sedhewal.

Farrall et al (166) generatedspheroids from APE"mi ce whi ch upon acti v
cateninbyls s of APC or tr ans g@tenindnitiated theicortvérsion of mu
of untrasformed intestinal cells to tumour cells. They found that the spheroid cells
producedWnt and Notch ligands as well &VIP4 which was also found in adenomas
HighBMP4e x pr essi on and pSMAD1, 5, 8catenintlevelsint y over
the adenoma but there was relatively low expression of the stem cell marker CD133.
Spheroids were cultured in noggin to inhibit differentiation, and when this is removed the

levels of pPSMAD1,5,8 were increased, suggesting autocrine BMP signalling. Addition of
recombinant BMP4 | ed to the spheroids displ
attenuated growth rates. Cells from rBMP4-peated spheroids had also lost theitigbi

to selfrenew in clonoginecity assays demonstrating that BMP signals modulaBSthe
like/progenitor characteristic$ spheroid cells and beyond a threshold, induce irreversible

differentiation.

BMP signals are mediated by type | and type |l settinednne kinase receptors, see Fig
1.20 There are two subclasses of type | receptors, BMPRIA and BMPRIB. Upon ligand
binding, the type Il receptor forms a heterodimer with the type | receptor that results in the

phosphorylation of dwnstream SMAD protas. pSMAD1,5,8 associaavith SMAD4
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and the heterodimeric complex translocates to the nucleus to activate or inhibit
transcription (167). BMPs can also bind to activin type Il (ACVR2) and type I|IB
(ACVR2B) receptors. BMP preferentially binds to ACVRIlI and ACVRI but also has
affinity for BMPRII, BMPRIA, and BMPRIB, whereas BMP2 and BMP4 appear to bind to
BMPRIA and BMPRII preferentiallf(168). In the nucleus, th&&eMAD1,5,8/SMADA4
complex carbind to DNA sequences directly or interact with transcription factors such as
Runx2, Menin, Yin Yang 1 (YY1) oHoxc8(169). SMAD transcriptional activity can be
also regulated by the association with transcriptionahatwators/repressors such as
p300/CREB binding protein (CBP) and the histone acetyltransferase GCN5 or thedgnomol

of the transforming protein of the avian Sld&ettering retrovirus (¢Ski) and the Ski

o)

related novel protein (SnoN169), (167).
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Figure 1.20 The BMP signalling pathway. BMP ligands bind to the BMP receptors
BMPRI and BMPRII leading to BMPRII phosphorylating and activating BMPRI.
Phosphorylated BMPRIubsequently phosphorylates 8BiL,5,8 which associates with
SMAD4, enters the nucleus and activates gene expression. The BMP signal can be
blocked by extracellular antagonists such as noggin, which bind BMP ligands and prevent

their assocision with the BMP receptorsFigure from(170).
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BMP activity is controlled by intracellular and extracellular factors that modulate BMP
action. BMP effects can be regulated by inhibition of BBMAP receptor interaction by
extracellular BMP binding proteins, presence adminant negative nesignalling
membrane pseudoreceptors, blocking of BMP signalling by inhibitory SMADs, blocking
of BMP signalling by intracellular SMAD binding proteins and ubiquitination and
proteosomal degradation of BMP signalling effec{d@®&7). The protein sequence of BMP
antagonists is characterised by conservedeitystich domains that form cysne knot
structures. Knots are functional motifs that determine the folding of the peptide and
exposure of specificylurophobic residues, facilitating diverse protpiiotein interactions
(167). There are three main BMP antagonists, Noggin, Gremlin and Chibiattimaintain

Whnt signalling and inhibit differentiation at the crypt base.

Noggin encoded by thBIOG gene,is secreted as a glycosylated protein, covalently linked
homodimer of 64 kilodaltons (kDa). The primary structure of noggin consists of an acidic
aminoterminal region and a CR carboxyterminal region containing a cystine knot. A
central, highly basic heparlninding segment retains noggin at the cell surface. Noggin
binds with various degrees of affinity to BMP2, 4, 5, 6, 7, GDF5, 6 and vegetally localised
protein 1 (Vg 1), but not ot her(lé6MeByber s
di ffusing through extracellul ar matrices
superfamily, noggin has a principal role dreatingmorphaenic gradients by inhikiing

the BMP signalling pathwafi 71).

Gremlin, also known as Drnis part of the Dan (Differential screenisglected gene
aberrative in Neuroblastom&mily and is a cysteine knsecreted proteinThe gremlin

gene was first cloned from a Xenopus ovarian library for its axial patterning activities and
encodes for a glycosylated homodimeric peptid@@f-kDa. Gremlin binds BMP2, 4,

and 7 with high affinity, but does not interact with other membero f t $uperfami®F b

(172)
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Chordin was initially identified in the Spemann Organizer for its ability to antagonise BMP
signalling and is th&Xenopushomologue for Short Gastrulation (Sog)Dnosophila It is

secreteds a glycosylated homodimer of 120kDa and is characterised bg€Rdomains

which are the sites of interaction with BMPs. Chorblinds specifically to BMP 2, and

7 and does not Dbind other members of the TC
interaction with other secreted proteins of the extracellular matrix. The cHaktih

complex is a substrate for the zinc metalloprotease BMP1/tolloid which cleaves ¢hordin
inactivating its biological activity thus releasing BMPs into the extracellularesji®7)

(173)

BMP signalling is also regulated by inhibitory SMAD 6 and -BMADs) which bind to

type | BMP receptors, thereby interfering with SMAD 1,5,8 phosphorylatiod a
heterodimerisatiorwith SMAD4. SMAD6 can inhibit BMP effects by ndifying the

interaction of SMAD1,5,8 with coepressors. SMADinduces transcription by dislodging
transcriptional repressors suchHmxc8 and SMAD 6 prevents this dislodging from DNA

binding sites by biding itself to Hoxc8 so that the repression persigtsr4). The

pseudorecetor BMP and activin bound protein (BAMBI) is a transmembrane glycoprotein

with an extracellular domain similar to that
associates to type IA and IB BMP receptors and inhibits the effects of the edttivat

receptors without direct (16vVferaction with ei

BMP signalling can also be regulated by intracellular binding proteins through the low

affinity binding to the GCCG, CAGA or GC rich DNA sequence motifshi@ promoter

regions ofBMP responsive genes andrdbgh interactionwith transcription factors or
transcriptional ceactivators/repressors such as p300/CBBkic SnoN and Tob.Ski, a

nuclear oncoprotein homologous to the transforming proteskivof the avian Sloan

kettering retrovirus, inteat s wi t h t he TGFb specd4thereby SMAD2, .
interfering with the formation of functional SMAD complex@&5) The transducer of

Erb B-2 (Tob) gene is a member of the PC3/BTG/Tob family of genes which arevedol
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in cell replication and differentiation. Tob decread®8IP signalling by binding

SMAD1,5,8 and by interacting with BMP type | recept87).

Finally, BMP signalling is also regulated ke ubiquitinmediated proteosorhaystem

which is important in cell cycle progression, gene transcription and signal transduction.
The formation of ubiquitirprotein complexes requires three enzymes that are involved in a
cascade of ubiquitin transfer reactions: ubiqudtotivating engme (E1), ubiquiting
conjugating enzyme (E2) and ubiquiting ligases (E3). The specificity of protein
ubiquitination is determined by E3 which defines the substrate specificity and subsequent
protein degradation by the 26S proteosome. SM#ijuitination regulatory factor
(Smurf) 1 and 2 are SMAD specific E3 ubiquitin ligases which interact with SMAD 1, 5,

6, and 7. Smurfl binds to ubiquitin through a conserved cysteine located at the carboxy
terminus of the molecule and binds to SMADs through a WW dam@murfl is located

in the nucleus and is exported to the cell membrane amglagm where it induces the
proteo s 0 ma | degradation of type | TGFDb, BMP rec
enhances the interaction 66EMADs with type | receptors to gfify the repression of

BMP signalling(167)(176).

1.4.2 BMP signalling and cancer

Patients with juvenile polyposis, a rare autosomal dominant hamartomatous polyposis
syndrome have an increasesk for the deelopment of colorectal cancer. The polyps are
mostly found in the colorectum and sometimes in the proximal gastrointestinal tract. It
was found in patients with this syndrome that there were mutations in BMPRI and
SMAD4, accounting for gmoximately half of all juvenile polyposis cases, which
suggested a role for the BMP pathway in the initiation of colorectal neopl&sdachet

al. (177) have shown thathere was reduced expression of BMPRs and SMAD 4 in

colorectal cancers but not adenomasd that the expression of pSMALL,8 was
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inactivated in 80% of colorectal cancers but was/adn the adenomaselective loss of
pSMADL1,5,8 in areas of highrade dysplasia/carcinoma within adenormaticatesthat

loss of BMP signalling is associated with the progression of adenomas to carcinomas.

Inhibition of BMP signalling in mice via transgenic expression of noggin in the intestinal
epithelium leads to formation of ectopic crypts and a phenotype similar to huwegnie
polyposis in both small intestine and the co{@h Conditional inactivation of BMPRIA

in mice also disturbs the homeostasis of intestinal epithelial regeneration with an
expansion of the stem and progenitor calpylations, eventually leading to intestinal
polyposis similar to human juvenile polypog®). Beppuet al (178) have shown that
inactivation of BMPRII in the stromal cells of the colonic mucdésads to overgrowth of

the epithelium and the development of hamartomatous polkfieough epithelial
hyperplasia was observed along the entire colorectum, polyp formation was limited to a
small portion of the epithelial surface, which suggests thasttioenal BMPRII mutation

alone may not be sufficient to initiate polyposis. It is possible that secretion of growth
factors such as hepatocyte growth factor
(TGFb1) may act 0 to leadhte epithgdli hypbrpldsia arl BMRR# | | s
deletion may act indirectly by increasing myofibroblast proliferation, which in turn

promotes epithelial cell proliferation.

The role of the BMP pathway in sporadic colorectal cancers has been difficult to identify
due tothe usubscreening methods such as loss of heterozygosity, point mutations and
promoter methylation not identifying any specific members of the BMP pathway that may

be involved. Altlough SMADI was frequently deleted in colorectal cancers, it has been
attributedt o t he |1 oss of TGFb si gné@T70)l Recentlyraat her
number of studies have tried to investigate a possible role for the BMP pathway in sporadic
colorectal cancer. Hardwiokt al (179) found thatBMP2 inhibits colonic epithelial cell

growth in vitro, promoting apoptosis and differentiation and inhibiting proliferation and

that BMP2 expression is lost in the microadenomas of familial adenomatous polyposis
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patients suggesty that BMP2 acts as a tummosuppressor.Loh et al. (180) have found
BMP3 to be growth suppressive and its expression is frequently lost through promoter
methylation, again suggesting a tumour suppressor role for BMPsdrectll cancers.
However, BMP4 expression has been shown to beragulated in the transition from
primary colorectal adenomas to adenocarcino(h8%) Denget al (181) demonstrated

that overexpession of BMP4 can protect colon cancer cells from apoptotic death under
stress environment and drive these cancer cells to a more migratory and invasive
phenotype through induction of uPA activity. This suggests that BMP4 promotes invasive
behaviour ofcolon cancer cellsBMP7 has also been found to increase with progression
through the adenoarcinoma sequenandto correlate with worse prognogi$82) By
examining pSMALL,5,8 expression levels, Kodaehal (177)found that loss of BMP
signalling occurs during the transition from late adenoma to early carcinoma suggesting
that BMP signalling is involved in tumour progression rather than as an initiator of

carcinogenesis.
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1.5 T G F/Activin Signalling Pathway

1.5.1 Rolein tissue renewal

TGFb (Transforming growth factor b) signal |

functi ons, including cel | gr owt h, cel | di f {

growth and development duringarly embryogenesis and in some adult mesenchymal
cells, whilst in mature tissues, cells respond with cytostasis and apdp@®jsThere are

5 i sof or sl Gd-spvihicishelong to dargesuperfamily that includes tgins,

i nhibins, BMPs and myostatin. Each of the
which act through the same receptor signalling cascade.e T GF b Istorgddammds ar e
the extracellular matri x, attachhisgpreveris | at ent
the binding of the molecule to its recept@83) TGFbH | i gands bind to ty
TGFbRI1T whi ch iactivated rymp eatlt rraecctiasphephary@tiGr- b R |
SMAD2 and SMAD3 arethen phosghorylated at the carboxyérminal serines by the
activated TGFDbRI receptor and form heteron

SMADZ2/3/4 complex traslocates to the nucleus and binds to specific regylaites on
target genes (Fid.21). SMAD4 can only traslocate to the nucleus when it is in a
complex with RSMADs, whereas SMAD2 and SMAD@&an translocate in a SMAD4
independent manneiThe activity of the SMADs$s modulated by inhibitory SMAB and
SMAD?7 as well as adaptors such as SABBMAD-anchor for reeptor activation)for
SMAD2 and ELF for SMAD3 and SMADA4.Once in the nucleus, the SMAD2/3/4
complex induces target genes involved in tumour promotion and tumour suppression as
well as a cyclirdependent kinase (CDK) inhibitor p21 which leads to cell cgctest.
(183) P21 is the product oivaf/cipl gene which is an inhibitor of CDK as well as
inhibitor of propagation of cell cycle at G1 and G2 activated upon DNA damage. P21
interacts with complexes of CDK2 and cyclin E aimtibiting CDK2 activity, thus

preventing progression of the cell cy€134)
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TGFD al so activates non SMAD pathways t hat
pathways: Erk, dun Nterminal kinase (JNK) and p38 MAP kinase pathways. JNK and

p38 MAP kinase phosphorylateJan and ATF2 respectively. &un is a component of

the AR transcription factor, whereas ATE acts as a homodimer and heterodimer with ¢

Jun. SMADZ3 interacts with phosphorylatedun and ATR2. SMAD3 and SMADA4 then

act together with-dun and ATR2 in transcriptional activation of target ger{é85) (186)

(187).

Ligands TGH; Activin

Receptors The: ;:*:::B

iR-! ACIR-18

(smad \ ( — @D

e =

Co-Smad
Figure 1.21TGFb and activin sliGgrballliigiagn dp abtihnwasy st «
receptor TGFbRI I whi ch associates wi t h typ

phosphorylation and activation. This in turn recruits SMAD2 and SMAD3 which complex
with SMAD4 and translocat® the nucleus. In a similar fashion, activin ligands bind to
type 1l receptor ACTRII which associates with type | receptor ACTRI. This binding causes
its phosphorylation and recruitment of SMAD2 and SMAD3 which in turn complex with

SMAD4 and translocatto the nucleus. Figure fro(h88)

As wel | as t,the 3 atti@irligands iagivenrmdastivin B and activin AB are

al so part of t hlei kTeGFIbGFsbu pleirgfaanmdisl,y .acti vi ns b
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ACTRIIA or ACTRIIB which subsequently associates with the type | recep@FRIB
(Fig 1.2). This association causes the phosphorylation of the type | receptor which in turn
recruits the regulatory SMAD2 and SMAD3. SMAD4 then complexes with SMAD2/3 and

translocateto the nucleus.

TGFb signalling i s rDs¢§8MABS) which ibtgractiwithhtypdli t or y S
receptors that have been activated by the type Il receptors causing the dissociation of the
R-SMADs2and3.-EMAD expression is wupregulated by T
i nhibitor of bot RlingiSEMADZA Mae expedsionvoi IMAB7iisg n

induced by direct effects of the SMAD3 and SMAD4 onSihAD7promoter(189).

Several transcriptional eoe pr essor s i nteract with SMADs 1t c
TGIF, a homeodmain of the TALE class was the first transcriptionalrepressor shown

to interact with SMADK190). C-Ski and its related protein SnoN (Skiated novel gene)

are also SMADRbinding transcriptional coepressors with -8ki binding to SMAL2,

SMAD3 and SMAD4(175). TGIF and eSki compete with P300/CBP for interaction with

T G Fdpecific RSMADs and they repress the transcription of target genes induced by
TGFb. B o t hSki Te@lithistena deacetylates (HDACs) to SMAD complexes

which lead to the transcriptial repression of target gen@s85). SnoN is a more effective

repressor of transcription induced by SMAD2 than of that induced by SMAD3. In the

absence of ligand stimulation, SnoN represses the spontaneous activation fwf TGF

responsi ve genes. Upon TGFDb stimulation anda
rapidly degraded by cellular proteasomes. ,
expression, which terminates TGFb g¢1Bynal |l i ng
(191)

The linear migration, differentiation and compartmentalisation along the-ditlyst axis
is controlled by sever al gradients including

shown to be localised in both the differentiated cells of crypt villi as well as the
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undifferentiated crypt cells at the base of the cryp82) (193) and SMAD4 and ELF

expression is observed at botle top and base of the cryi94) The presence o
signalling and the absence of Wnt signalling in the villus compartment results in rapid cell

cycle arrest and differentiation. Therefore, SMAD4 and TCF4 constitute a dominant

switch between the proliferative progenitor and difféegad epithelial cell(109). In
colorect al cancers t his switch i s per manen
inactivated and TCF4 is constitutively activated by mutations in the Wnt cascade.
Letamendieet al (195)s how t hat there is interaction and
Whnt signalling pathways. They show that SMADs physically interact with LEF1/TCF
transcription f-dependant activationdof LERLA CF targétFgbnas c

occur i nde pcatenit.durahaskiet ab fL96)thave also shown that axin has a

role in SMAD3 mediated signalling by associating with SMAD3 in the cytoplasm and
facilitating phosphor ycLiangiwbhen pSMHKD3 assdeibtés! / | | ,
with SMAD4. Furukawaet al (197) have found that SMADS mice had an increased

number of proliferating cells with activation of the Wnt pathway as well as loss of EphB

receptor expression. Ehsuggests that SMAD3 in the normal colon negatively regulates
proliferation and plays a role in determining their location along the crypt axis.
Satterwhiteet al (198)f ound t hat TGFbB rapi dl yincreaskdced AP
b-catenin MRNA and protein levels as well as its nuclear accumulation. Retrovirus

medi at ed overcexprndssieonnhamfced the ability of
arrest. This demonstrates that bchtem@andmi mi cs
its accumulation along with the reduction of APC have cooperative effects on mechanisms

t hat me d-indutee cellfcicke farrestEdlundet al (199) also show that SMAD7

i nt er accateninandtBEFL/BTCFn a TGFbHb dependent manner .
SMAD7 was suppressed with miadidtad p38T &HD i nd u
phosphoryl ated on Ser 473, GSK3b phosphoryl at
TGFRibnduced as s occatantniamm EF1 @R wduads al §199)propose

a mechanism by which TGFb signalling, depel
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ki nase, which in turn activates AKdtenh.o i nhi b
drcatenin tha buildsup in the cytoplasm and translocates to the nucleus where it partners

with LEF1 and SMAD?7 to promote apopto§i®9) (Fig 1.22).

Cell membrane

R1

B-catenin

B-catenin
3-catenin
v

Survival Apoptosis

Figure 1.22 TGFb/ SMADT7T GsHddADAE dighallimygpathwvayt h wa y .
results in the actiationofp 38 MAP ki nase which in turn acti
thus al |l owi ng -catenio.bitatehim thein builds opfin tie cytoplasm and
translocates to the nucleus where it partners with LEF1 and SMADs to promote apoptosis.

Figure from (199).

The TGFb signalling pathway has also been s
to mesenchymal transition (EMT). In this process thescklse their epithelial
characteristics including polarity and eeHll contacts and acquire a migratory behaviour,

allowing them to move away from their epithelial cell community and integrate into
surrounding tissug200) T GFb was first EMTiowmmorttliped i nduce

mammary epitheliaNMuMG cells. This differentiation from epithelial to fibroblastic



phenotype was observed within 16 hours after
a decreased expression of the epithelial markeradBerin, ZGL, and desmoplakin | and

II, an increaed expression of mesenchymal fibronectin markers and by a reorganization of

actin stress fiber§201) The EMT ef f ect can be fully rever
restored the epithelial phenotype within two day3he reversidii ty of - the TG
dependent EMT was also demonstrated dedifferentiated mouse colon carcinoma cells

by the overexpression of a dominankegative TGFb R which induced mesenchymal to

epithelial transition(MET) and inhibited in vitro invasivenesgormation along with the

abolishment of metastasis formation in these ¢202).

152 TGFb signalling and cancer
The TGFb signalling pathway iis a double ed
suppression as well as tumour progressionGF b1 swi tches from an i nl

cell growth to a stimulator of growth and invasion during human colon carcinoma
progressior(183). Schroyet al (203) show thatmetastatic colon caraima cells respond
to TGFb by prolifer at i-differentiated primara site colord er at e

carcinomas were growth inhibited by TGFb.

InactivatingT GF b R | mut at i on s all actoeaal cancersna accur3ird % o f
most human colon and sfaic carcinomas with microsatellite instabili(t83). The

T GF b gehdis a tumour suppressor as demonstrated by @{ad204) who show that
restoration of T GdibRpressian xfgumeusigeniyo NMackKages ul t e

al. (205)show ¢t hat transfection of colon <cancer
inhibition and reduction of malignant properties, demonstrating again that@&e [méné

is a tumour sppressor. Trobridgeet al (206) have demonstrated that a combination of

i nactivation of the TGFb signalling pathway

formation of I nvasi ve icatenmiadepemlent pathwaygnd a s ms |
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that these adenocarcinomas have the capacity to metastadiieos et al. (207) also

found that the | oss of TGFbRII i n intestins
malignant transformation ofumours initiated by APC mutation suggesting that Wnt
signalling deregulation and TGFb signalling

and progression, respectively, of intestinal canitevivo.

Pascheetal. (208lhave described aTGFbRI pol ymor phic
deletion of three alanines from a niakanine stretch and observed a higher than expected
number of TGFbRI (6A) homo zwnguo DNAdromapatientsgy t u mo u
with a diagnosis of & ncer . They concl ude t hat TGFDBHR
susceptibility allele that may contribute to the development of cancer, especially colon

cancer, by me a namdiatedgrawth chhibitiend T GF b

SMAD4 and SMAD2 mutations are also involved in depenent of cancer by disrupting

the TGFDb signalling pathway. SMAD4 wundergo
colorectal cancers and SMAD?2 is also a target of inactivating mutations in a small
proportion of colorectal cancef209)(210). SMAD4 mutations have also been associated

with juvenile polyposis syndrome, an autosomal dominant disorder characterised by
hamartomatous intestinal polyps and an increased risk of gastrointestinal ddfgers
Zhanget al. (211)s how t hat i n SMAD4 nul | cel |l l'ines,
tumourigenicity and potentiality for- metast
receptor kinase inhibitor reversed these effects, suggesting that loss of SMAD4 may
underlie the funt i on al shift of TGFb from a tumour
Yanget al (212) show that although mice with homozygous loss of SMAD2 and SMAD4

die in utero, their heterozygous counterparts are viable and Tetkato213) also show

that SMAD4 heterozygously null mice develop gastric polyps that can develop into
tumours at a late age.When mice mutated with one APC allele are crossed with
heterozygous null SMAD4 mice, the mice developgéar polyps that progress into

malignant adenocarcinomas with loss of the remaining copies of both APC and SMAD4
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(214). Freemaret al (9) have found that decreased expression of SMAD4 in human colo
cancer i's associat ed wdatenm mRMAC rTaesesvensl alse X pr e s s
increased expression ofMyc and Axin2 mRNA in lesions where SMAD4 expression is

lostt I n HEK293T <cell s, t her e-caterinmRAA levelgaftdr f i cant
treat ment wit h B MP Zatemin chRNA fevels afterrNeggis teeatrnent, b

thus suggesting that SMAD4 restoration/expression enables canonical BMP signalling to

d e c r ecatenm expression amdhibit Wnt signalling.
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1.6 Notch Signalling Pathway

1.6.1 Role in tissue renewal

The Notch signalling pathway, in combination with Wnt signalling is important in
regulating proliferation as well as lineage specification. In the intestine, Notch activity
determines lineage decisions between enterocytes and osgcoll differentiation.
Inhibition of the Notch pathway results in an increase in goblet cells whereas its activation

results in goblet cell depletiqdl).

The four different receptors are Notchl, Notch2, Notch3 andhNétevith the ligands

being Jaggedl, JaggedBeltalike) DII1, DII3 and DIll4. Schroderet al. (215)determined
expression of Notch pathway components in mouse intestine and found transcripts of
Notch receptors-B in both epghelium and mesenchyme whilst Notch 4 was only in the
mesenchyme. Low amowf DII1 andDII4 were found in some celis the epithelium
andDII1 was also expressed in the mesenchyme underlying the gut epithd@ildnand

Dll4 were restricted to a fewells in the mesenchymeJagl and Jag2 were also
expressed at low levels in the mesenchymi€osinki et al (74) also carried gene
expression patterns of human colon tops and basal crypts and found that the receptors
Notch 1, Notch 2, Notch 3, RBPSUH and TLE2 were highly expressed at the basal crypt

and the Notch ligand Jagged 1 was expressed at the top of the crypt.

The Notch pathway is activated when Notch ligands bind to Notch receptors on an
adjacent cell whichactivate two proteolytic events cdised by a disintegrin and
melllopr ot eas e ( -AdorAtdée prateasegs whickeave the transmembrane
Notch receptor liberating the constitutively active Notch intracellular domain (N(EQ)

1.23. NICD then translocatesto the nucleus, forms a complex with one of three
transcriptional regulators CSL, MAML or p300/CBP and induces the expression of

downstream transcriptional factors such as-Hézairy-enhanceof-split-1) and MAML-1
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(Mastermindlike-1) (26). Hes1 and MAML-1 in turn activatdargdg gene expression that

regulateproliferation and differentiation.

(1 Enterocyts
Deltajagged [ Goblst call
3 (] Progenitor call
i -li E +4 call
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Figure 1.23Notch signalling pathway.Jagged and Delta ligands bind to Notch receptors
on the surface of a neighbouring celhicht h e n  a c t -secratdse @otein hoeplex
and releases NICD. NICD translocates to the nucleus and drives the transcription of
Notch gene targetaided by mediators such ascombining binding protein suppressor of

hairless (R) and mastermisike protein 1 (M) Figure from(11).

To determine whether Notch signalling has a direct effect on intestinal development and
adult intestinal cell turnover, Stanget al (87) used a ga#wof-function approach to
activate Notch. They found that ectopic Notch signalling in adult intestinal progenitor
cells leads to a bias against secretory fabesist ectopic activation of dtch in the
embryonic foregut results in reversible defects in villus mogghesis and loss of the
proliferative progenitor compartment.  Therefore Notch regulates adult intestinal
development by controlling the balance between secretory and absorptive cell types. By
affecting stem or progenitor cells Notch activation may pkrtmorphogenesis in the
embryo. Fre et al (12) generated transgenic mice that allowed them to assess the
expression and activity of Notch receptors in intestinal stem cells. They found that both
Notch 1 and Notch 2 receptaase specifically expressed in crypt stem cells and that Notch

signalling is also active in these stem cells and well as in absorptive progenitors. However
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cells destined to adopt a secretory fate and in terminally differentiated cells, Notch activity
wasundetectable Kwon et al. (216) suggest thallotchand Whntsignallingoften intersect

in stem and progenitor cells and regulate each other transcriptionally. They show that
membraneéboundNotch physically associates withunpp s p hor y | a{atedinift act i v e)
stem and colorcancercells and negatively regulates ptistnslational accumulation of

a c t i-catenin protein.Notchd e pendent r-aatgninlpetein didnot cefuirebd
liganddependent membrane cleavageNuftch o r GSlkeppe ndent activity
catenin destruction complex. However, it required the endocytic adaptor protein Numb

and lysosomal activity. This suggests a functioofchi n negati vely titrat

catenin protein levels in stem and geaitor cells

1.6.2 Notch signalling and cancer

Aberrantly activated Notch signalling has been observed during the carcinogenesis of
human cancers such as colon, pancreatic, breast, prostate, liver and lung and over
expression HNotch signalling isasociaied with poor prognosis in brgatumours and
prostate cancer§l4d). Pr ecancerous <conditions such as C|
have been found to have -tggulated transcription factors that function downstream of
Notch sgnalling, such as KLF4 and Hés which may be responsible for the altered goblet
cell differentiation and mucin formation in these patigit3) (14). Rodilla et al (217)
identified a group of genes downstreamVht/ Bcatenin that are directly regulated by
Notchwhich arerepressed byg-secretase inhibitors and pgulated by active Notch in

the alsence of betaatenin signallingTheydemonstrate thdtiotchis downstream o#Wnt

in colorectal cancer cells throughb-cateninmediated transcriptional activation of the
Notch ligand Jaggedl andexpression of activated Notdhpartially reverts the effects of
blocking Wnt/b-catenin pathway in tunups implanted s.c. in nudmice. Qiou et al (14)

found that theNotch ligand Jagged 1lis expressed at a significantly higher level in CRC

tissues than in their matched normal colonic mucosa. They also observed that higher level
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of Jaggedl, Jagged2, DLL1, DLL3, DLL4, Notateptors 14 and some denstream
targets ofNotchsignalling Hes1, DeltexandNICD) are present in >75% of CRC tissues
compared with normal colonic tissuesGalebet al (218)f ound t -Bearetaset h e
inhibitor dibenzazepine reduced the rate of proliferation in colon cancer cells and levels of
KLF were increased. Conversely, ospression oNotch in these colon cancer cells
reduced KLF4 levels, suppressed KLF4 promoteriagt and increased proliferation rate.
Treatment of Apc(Min/+) mice with dibenzazepine also resulted in a 50% reduction in the
number ofintestinaladenomas compared with the vehitkeated group. This suggests
that Notch signalling suppresses KLFdxpressionin intestinal tumours and colorectal
cancer cells and inhibition ddotch signalling increases KLFéxpressiorand goblet cell

differentiation and reduces proliferation andhourformation.
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1.7 Colonic aypt culture models

During the course of reaech for this thesis, the first loigrm culture system that
maintained basic intestinal crypillus physiology was established by Sabal (67).
Growth requirements of the intestingpitheliumincludedR-Spondin 1,EGF (Epidermal
Growth Factor) and Noggin which are associated with crypt proliferatdouse small
intestinal cryptswere isolatedand placed intca matrigetbased culturecontaining the
growth factors, leading to sealing of the cryftee lumenthen filled with gpoptotic cells
and he crypt region underwent continuous budding events whiekv into structures
termed O6organoi dso. Mahneetisae 8 montlgsawittorio doss ofc ul t ur
characterists and expression analysis revealed they were siarijar to freshly isolated
crypts. Culturing crypts fromLgr5-EGFires-CreERT2mice revealed that the bases of the
crypts contained LgiSstem cells (Fig 1.24 Theselgr5-GFP cellswere sortegdand with
the addition of the Rho kinase inhibitor27632to inhibit anoikis,the Lgr5" stem cells

grew into organoids that were indistinguishable from whole crypt derived organoids.

Figure 1.24Small intestinal organoid culture.Sorted LgrsGFP* stem cells (green) were
cultured in media containing-Bpordin 1, EGF, Noggin and-27632. These single cells
grew into organoids that could be passaged and replated to form new organoids. Figure

from (67).

Using the same culture conditions, Grastzal. (71) found that isolated cells from a

SoX°™ mouse sorted foBoX® " cells grew into organoids over a period of one week
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without a mesenchymal niche. These organoids contained all the differentiated small

intestine cell types, expanded in culture andld be passaged numerous times

These organoid cultures were formadvitro without the need of mesenchymal niche, but
substitution of growth factors normally secreted by the niche was required. ©btni

(219) develoed a long term small and large intestinal epithelial culture system that still
contaired the mesenchymal niche. Using neonatal mouse tissue that was minced into
small pieces, Ootargt al embedded the tissue a 3D collagen gel and cultured with
mouse RSpondin 1. The tissue cultures grew into spheres that lasted for more than 350
daysin vitro and consisted of a polarised epithelial monolayer that was in close proximity
with myofibroblasts and collagenatnix (Fig 1.29. Tissue fragments that did nloave

close proximity with myofibroblasts did not form spheres and eventually died,

demonstrating their essential need in maintaining cells in the stem cell niche.

Day 3 Day 11

Figure 1.5 Intestinal epithelial culture within a Wridependent stem cell niche.
Growth d myofibroblasts is essential for growth of spheres (white arrows). Tissue
fragments without myofibroblasts in close proximity do no form spheres and eventually die

(black arrows). Figure fron219).

Most recently, Satat al (20) expanded on their small intestinal organoid culture and
adapted the growth conditions for both mouse and human colonic organoid culture. They
found that with mouse colon, the EGF, Noggin an8gondin 1 growth factorsaeve not
enough to maintain organoids longer term. Unlike small intestinal crypts, colonic crypts
do not contain Paneth cells that have been shown to produce Wnt ligands which are

essential for maintenance of stem c€B4). In the colonic organoid culture, it was found
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that addition of recombinant Wnt3a was required to overcome this lack of Wnt ligand
insufficiency. Removal at a later stage of Wnt3a caused differentiation of all epithelial
lineages. This new culture conditi was applied to human isolated colonic crypts and
although initially survived, most disintergrated within 7 days. ®atal (20) found that
addition of gastrin, nicotinamide, A83 (Alk4/5/7 inhibitor) and SB202190 (p3®itain)
significantly improved plating efficiency and longevity of organdiEigy 1.26. Addition

of these factors maintained the organoid cells in an undifferentiated state which only with
their removal could cdl differentiate togoblet, enteroendocrinend enterocytes fates.
Satoet al (20) also cultured human colorectal cancer samples and found that since the
Whnt pathway is constitutively active in colorectal cancers, no WAspé&hdin 1 or Noggin

was required in colon caer organoids.

R ——

Fig 1.26 Human colonic organoid culture.Addition of Wnt3a, gastrin, nicotinamide, A83

and SB202190 improved organoid plating efficiency and longevity. Figure(2@m

Junget al (220)also modified the original small intestinal organoid cultamel adapted it
for human colonic organoid culture. Like Satal, Junget al. confirmed the requirement
of Wnt3a, RSpondin 1, EGF, Noggin, gastrin, nicotinamicsB202190 and s the need
for Prostaglandin £(PGE). Under their conditions though, the isolated crypts ditl n
form organoids but spheroidsJung et al (220) also sorted isolated EPHE®? vs
EPHBZ2™™and EPHB®" cells to differeriate between stem cells and differentiated cells

cells in their spheroid culture condition¥he highesEPHB2 surface levels correspond to
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colonic epithelial cells with the longest telomeres and elevated expression of intestinal
stem cell marker genesuh could be used to as a substitute for Lgsem cells.
EPHBZ2"" cells grew into spheroids afterl9 days and could be passaged and cultured for
more than 4months(Fig 1.279. Again, this culture condition allows the maintenance of an

undifferentiatel and multipotent intestinal stem cell like phenotipeitro.
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Figure 1.27 Human colonic spheroid culture. Isolated EPHB?®" stem cells grew into
spheroids which could be passaged and cultured for more thaonrnths. Figure from

(220)

These tissue culture conditions that favour activation of the Wnt pathway and inhibition of
TGFb/ BMP pathways have | ed to the expansi on
ex vivothat are composegredominantly of immature stegells that can be induced to
differentiate by withdrawl of Wnt stimulation or therapeutic transplantat68).

However, the processes and signalling pathways involved in-cndriven tissue

renewal in the human colonic epitheliveme yet to be determined and are required to

understand the risk and pathogenesis of coloreatader and inflammatory diseases
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1.8 Intestinal Metaplasia: Devel opment of Barrettds o

model
181 Signalling pathways in Barrettds oesophag
Barret t 6s oesophagus is a precursor of oesoph.

the presence of columnar epithelium in the lower oesophagus which has replaced the
normal squamous cell epithelium as a result of metap(&ipl.28. The histological

hal | mar k of Barrettos oesophagus i s t he pr
oesophagug0). It has been suggested that Barrett
the harsh intranesophageal environment of chron@sgoesophageal reflux disease and

acquires functions that participate in mucosal defence susdrestion of bicarbonate and

mucous, expression of claudin 18 tight junctions, overexpression of defence and repair

genes and resistance to prolonged andatsul acid exposu(@21).

T, [

Mormal Lining  Barrelt's Esophagus  with low-grade dysplasia  wilh high-grade dysplasia  Invasive carcinoma

Figure 1.28Bar rett 6 s o0esophag uNermahsquampus epdheliamis e g u e n ¢
replaced by columnar epithelium as a response to acid and bile acid injury. This
metaplasia predisposes thesophageal tissue to adenocarcinoma though a sequence of

low-to high grade dysplasia. Figure frof222).
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The events in the pathogenesis of Barrettds
signalling pathwayssuch as Wnt BMP and Hedgehognay be involved in the

devel opment of B aArbrneotrtnfas  caecsatepitdast fgumdbio be f b
common during neoplastic progression of Barr
with development of neoplas{d5). However , m catenin, iaxanrasd APQGareb

rard y detected i n B2 22]) tClementeteals (824)hhergfores

investigated winer activation of Wnt and Frizzled proteins and/or silencing of APC and
downregulation of Wnt antagonists through promoter methylation is responsible for the
activation of the Wnt pathway in the developmentoesophageal adenocarcinoma in
Barrettos dhey topnd dahgtdRC. and SFRP1 silencing by promoter
hypermethydtion occurred frequently and th&nt2 gene was upegulated when low

grade dysplastic Barrettoés oeBlaygshtalg(lés pr ogr ¢
also wanted to determine whether increased Wnt signalling in thehagaes contributes

to the devel opment of Barrettés oesophagus a
marker of proliferation, was increased with progression from metaplasia to high grade
dysplasia and cancer.b-cateninin normal squamous epithelium was predominantly
membranousvithn o def i nite nuclear accumul ati on. I
| ocali s-abteni of was al so obser vedateamwhs an i nc
seen in low grade dysplaswith nuclear accumulation in both low grade and high grade

dysplasia. This suggests that Wnt signalling is markedly activated in high grade dysplasia
compared to earlier stages of disease, metaplasia and low grade dysplasia.etvidyes

(16) also analysed the expression of the three Wnt target genes cyclin D1, Sox9 and ¢

Myc. There was an increase afl three target genexpressioa from normal squamous
epithelium to Barrettds met arnglthatadivateddavmd hi gh
signalling could be a contributing factor to
The expression of-My ¢ i n patients with Barrettédés oeso

also analysed by Schmidtt al (225) who found a linear correlation ofMyc over

79



expression along the metapladigsplasisadenocarcinoma sequence and a significant

increase in expression compared to the control group.

Recent studies suggest a possible role for BMP signallidgsapecially increasing BMP4
expression in the squamous to codhaumimlar met a|
(226) show that eid and bile salt increase the expressionBdMP4. In addition,

recombinant humaBMP4 inducel villin expression in human oesophagus epithelial cells,

as did chronic acid exposure, whichncbe effectively inhibited byaggin. BMP4 also

induced activation of SMAD1 and promoted protein expression of IDZ&XP. BMP4

MRNA andCDX2 mRNA levels wereshown by Castilleet al (227) to be significantly

greater innonspecialized columnar type of metaplasidSCM) than in squamous
epitheliumsuggesting thaBMP4 activation in NSCM and early expression@DX2 are

involved inthe columnar epithelial differentiation &farrett'soesophagus Milano et al

(17) found that in both human and rat tissue the BMP pathway was activated in
cesophagitis and Barrettés o0es dputaes with. Upon
BMP4, the cytokeratin expression pattern showed a shift that was consistent with columnar
epithelium. There was wagulation of pSMAD1,5,8 hat was effectively blocked by

noggin. Comparison of the gene expression profiles of squamolss B&MP4treated
sguamous cell s, and Barrettédés oesophagus cel
the BMP4t r eat ed squamous <cells toward that of t
thus suggesting that the BMP pathway could play a roledrtrmsformation of normal

oesophageal squamous cells into columnar ceWldang et al (18) have also recently

shown that epithelial Hedgehog ligand expression may contribute to the initiation of

Barr et t 0 sthraughsh@uptibnaofstrosnal BMP4 which triggers reprogramming of
oesophageal epithelium in favour of a columnar phenotype. They foun8Hk&{Sonic

Hedgehog) antHH (Indian Hedgehog) expression wasnegulated markedly in response

to acid. Sox9 which isdownstreamof the Hedgehog pathway during columnar epithelial

phase of oesophageal devel opment, was increas:
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to squamous tise. Knowing that stromal Hedgehog target genes signal back to
epithelium during gut developent, Wanget al (18) show that BMP4 can induce
expression of Sox9 in oesophageal epithelial cells. DMBT1 (Deleted in Malignant Brain
Tumours 1), the human Hensin homologue expressed in intestinal crypt cells was increased
inBarrett 6s owasfoupdta lpegslatedoy ox9and induces a columnar

like phenotyp&Fig 1.29.

Columnar cell program

5 eoss—)

1
Acid Bile

Figure 1.29Molecular model of metaplasia proposed by Wang et Atid and bile acids
injure oesophageal squamous epithelium which secrete SHH I&lH causing
mesenchymal secretion of BMP4. BMP4 signals to epithelium activating Sox9 which in
turn activates a columnar cell transcriptional program including DMBT1. Figure from

(18).

TGFb signalling also plays a part.TGR 1Barrett
overexpression is found to be associated with advanced stage of oesophageal
adenocarcinoma and has a negative impact on surf@28) SMAD4 mRNA had been

found to be progressively reduced in the metapldgsplasiaadenocarcinoma sequence

along with SMAD4 promoter met hwihenas220n0 i n maj
Mendelsoret al (19) also observed losfo SMAD4 and TGFbRI I in Barr
and adenocarcinoma tissues. They also demonstrated that Blé$otch signalling target

and mediator,isup egul at ed i n Bralatadadetoéasinoma. sSetpah a g u s
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(200 have shown t hat N o t-sedretase ninhibitbri conveotthe wi t h é

proliferative Barrettdés epithelial cells int

Since Barrettos 0 e s 0 p h ehgonics gasttaesoghhgeah sefluxa s a r
irritation of the squamous epithelium leads to the accumulatianflafnmatory cytokines

in the epithelium. Some of the cytokines implicated in inflammatory and malignant
processes are Tumour Necrosis Fattor ( JUNF and | bt gdLeluk)iTiNE$
beenfound in malignant and/or stromal cells in colorectal, ovarian, breast, prostate and

bladder cancers and its production seems to correlate with tumour progression or
worsening prognosis in prostate and haematogenous maligné28s Tselepiset al

(230) have shown elevated levels of TNF i n Barrett s metaplastic
to normal squamous epithelium and that TMF e x pr essi on persi sted an
the progression of Barrettdés oesophafus t o e
TNF-U al ong t hdysplasiaatieacudrcmaria asequence suggests a relatively

early role for it in the formation of the adenocarcinoma. They also demonstrated that the

TNFR1 cytokine receptor was also increased in abundance during the progadsisie

disease, suggesting that the TNF s i gn a | may bd @mmlniafliléd.g oc
though several intracellular pathways including Nuclear Fa2ofNFe B) act i vat i on
1.30)and initiation of the Mitogen activated protein kinase (MAPK) adscthat includes

Extracellular signal regulatedridse (ERK) and p38 activation

NFeB is a protein complex that acts as a transcription factor and plays a key role in

regulating the i mmune response to infection.
linked to cancer, inflammatory and autoimmune diseases. TheUTNF nduced NFaB
activity involves five -RegNFaaBlli anp SNF pB/0OBe I, N\
(p52/p100), RelA(p50/p65), RelB. In the absence of INF st i mul ati on, N F
associated Wit t he i nhi bitor l aBndoceéebtheactyit optl ac m.
largely relies on phosphorylation dependant ubiquitinnylation and degradation of inhibitor

of 8B (| o)) This owdurs primarily via activatiorf @ kinase called the @ B
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kinase(IKK). IKK is composed of a heterodimer of the catalytic IKK alpha and IKK beta

subunits and a master regulatory protein cdl&fMO( NFa B essent i al modul a
gammaWhen activatedt he | aB ki nase phosphoryl ates two
|l @B regul atory domai n, thus ubiquitihemyl ati nc

proteosomg231) Wi t h t he degradation of the | 8B inhi
the nucleus and induces expression of certain genes. The activation of these genes leads to

an inflammatory or immune response, cglirvival response or cellular proliferation.

NFaB also turns on the expressi eynthesifed i t s ow

| @B t-hmmi biet s t he NfeedBacklmopusi ng an auto

THF-ot —__ Surface membrane receptors
rn (2. TNF-oreceptor)

Upstream |
activation ‘r Cell surface

NEM’D.'

IKKY
IKK complex ( O
IKE.
/ | k'Y
~Pi |KBﬂI N
/\rp. (oo pes | .cau I..p|
|I pi0o E&a@
/ @mpi
S UnUbUE
(5 )

A
I

—.

| 265 proteasome .|

-
-

\!—b Transcription of
P85 )| ATG Cylokines
R RN Cytokine receptors

Chemaokines
Cell adhasion melecules

NF-xB, IxB, etc. . .
Figure 1.30NFaB activation by TNFU. NFa B s (pbO(p6b) aresseqirestéredl
in the cytoplasm to the inhibitoeld, nohleeclud R
ki nase complex of | KK U+b+2 (NEMO) is activ

its ubiquitinylation and degradation by the proteosome.sThir el eases NFaB whi

translocates to the nucleus to initiate transcription of taggrtesFigure from (232).
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Leedhamet al. (233)pr opose that the cellul ahmatstemi gi n o
cells within the submucosal gland ducts regenerate the damaged oesophageal mucosa.
Leedhamet al (233) investigated whether the oesophageal gland duct was the source of

both Barrett 6s -squanouws fjahds $yi deterraiming tumogirosuppressor

gene loss of heterozygosity patterns and p16 and p53 point mutations on-@-crypt

basis. They identified a pl16 point mutation arising in the squamous epithelium of the
oesophageal gland duct which was alscs@né in the adjoining metaplastic crypt. The

presence of an identical mutatiin the two different epithelim types suggests that the
origin of the Barrettds metaplastic tissue
duct. Nicholsoret al. (234) used mtDNA mutations as markers of clonal expansion to
investigate the stem cell architecture of the normal oesophagus and the glands (crypts) in
Barrettds met apl adsficient areasTnhgandulal tissue adlva€ BeO

squamous epithelium suggesting that the glandular tissue and squamous epithelium were
derived from the same precursor cell. They
contained clonal populations of C@feficient cells which contained ali¢ differentiated

cell lineages indicating that the crypt contained a multipotent stem cell. They also
identified partially CCGdeficient crypts indicating the presence of multiple stem cells in

each crypt. Nicholsoet al (234) propose that these partially mutated crypts are in the

process of clonal conversion where the G@icient clone is in the process of ron

mutated cells, as found in colonic crygg35). They al so sipiseant hat B
form | arge cl onal patches of sever al crypts,

divide by fission, as seen in the colonic epithel(236).

No robustmar ker s of stem cel |l s i mdentfiadc Heveverd s o0es o
sinceBarrettds oesophagus i s istestingl gieen call markemt est i r
Lgt5 coul d be used to identi f \Becketeeah(¥7el | s i n
examined the pattemf immurostainingof Lgp i n Barrett 6s log'sophagus

cells at the base of crypts although not all cells at the very base were poEiieelater
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found that tlere was variable staining of Lgrranging from predominantly low intensity
innondyspl astic Bar r e tinterisiyy inays@asigp Na bgeespression hi gh
was seen in namal squamous tissue and high hgexpression in adenocarcinoma was

associated with worse survivalThey suggest that the high I5jrstem cells seen with

dysplasia may represent stem cells prone to becoming cancer steif22®)Isincreased
expressionof Lgf i n Barrettds oesophagus compared tc
von Rahderet al. (239) and high expression of Lglin oesophageal adenocarcinoma also

had an association with poorer survivalegaet al (240) found that ther was a fivefold

increase inLgg mMRNA human Barrettods eale@maptissaggus com
Immunohistochemical analysis also reveaedncrease in expressionof bgr i n Barr et t &
oesophagutissue compared to normal. They also found that two other stem cell markers
DCAMKL-1 and Msil were also yp egul at ed i phagBsacomparedtté s o0 e s

normal squamous tissue.

182 Cul ture models of Barrettds oesophagus
Surgical manipulation of the upper Gl tract in animal models is frequently instw
development of therapeutic8uttar et al (241) have sbwn using a rat model of gastro
oesophageal reflux, where a surgical oesopijgigonostomy predisposes animals to
Barrettdés and oesophageal a d € imloibitasrredicado ma t h
the risk of oesophageal adenocarcinoma, suggestingk &détween COX2 activity and
progression from Bare t t 0 s (242). Incvigronncodets have been used to understand

the molecular basis of carcinogenesis from which data such as viability, apoptosis, tracking
signalling madecules and identifying transcripts and proteins can be ident{fd@)
However, this model 6s drawback is the | ack
would be subjected to in their natural environment. Also,tdube lack of an identifiable
gatekeeper mutation such A®C and KRAS and oesophagesdecific promoters, no

suitable transgenimousemodels have been engineered so far. Another model used in
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research is thex vivoculture approach that allows oesoghal cells to be studied in their

original environment. Thesex vivocultured cells can be exposed to agents such as acids

and bile acids. So far the main obstacle to this approach is the fact thaviheaitures

can only be kept alive for up tofaw hours, thus allowing only certain questions to be
addressedHowever, since Barrettds oesophagus 1is
squamous epithelium of the oesophagus with a metaplastic glandular epithelium, this
glandular epithelium forsinvaginations that resemble those of crypts found irsme|

intestine andcolon. Recently, Satcet al (20) have used their human colon organoid

culture model to try angé st abl i sh a Barrettods etethophagus
similarity of these crypt structures i sol ated Barrettds crypts st
structures that were very similar to the colon organoitkwever, addition of FGF10 to

the culture medium was r e ghagus @ganoitdsoto femabl e t

budding structures and prolong the culture duration for ninare 8 months (Fig 1.31

Day10

Day6

Figure 1.31Barrett és oesophaglusoloartgeadn oB a@r rceutlttéusr ec
budding structures that expand, passage and culture for thare3 months. Figure from

(20).

As with the <colonic organoi ds, these Barre
stem/progenitor cells that can be induced to differentiate with treatment of Notch inhibitor

DBZ. The proceses and signalling pathways involved in the development andcstém
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driven tissue renewafBar r et t s oesophagus are yet to be
understand the risk and pathogenesis Bfar r et t 60 s met apl asi a an
adenocarcinomaTherefore a culture model of nemrat i ve human B#&rrett s

required that demonstrates stegll driven tissue renewak vivo
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1.9 Hypothesis

Renewal of t he human colonic epithelium ar

maintained i crosstalkbetween Wnt and BMP/GFb si gnal l i ng pat hways.
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Figure 1.31 Hypothesis. Crosst al k bet ween Wnt and BMP/ TGFb

maintainscrypt renewal.

1.10 Aims
i Deter mi ne Wnt , BMP and T GFhamarscolgnica | | i ng
epithelium.

1 Investigate consequences of Wnt iaation and inhibition on colonic crypt
morphology, proliferation, Wnt target gene expression and stem cell number.

1 Investigate consequences of Notch signalling inhibition on stem cell number.

1 Investigate consequences of BMP signalling activation andiiigmbon colonic
crypt morphology, proliferation, pSMAD1,5,8, expression, Wnt target gene
expression and stem cell number.

T I'nvestigate consequences of TGFb signall |
crypts morphology, proliferation, pSMAD2,3 expression, Wnt target gene
expression and stem cell number.

1 Develop3Dexvivoc ul t ur e model for Barrettds oesof
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Chapter 2 Materials and Methods

2.1 Cell culture

2.1.1 Cryptisolatiof r om col oni c and Barrettodos epithel i
For isolation of colonic crypts,ifpsy size issue samples were obtained frma sigmoid

colon of paients undergoing a colonoscopy (3 biopsies pmetient) or from
macroscopically normal regions of the sigmoid colon of patients undergoing surgery for
cancer(75 patients, 2B5yrsold) Bar r et t 6s epithelium biopsy se
either from patients undergoing a gastroscopy or an oesegioagy for oesophageal

cancer(15 patients, 580 years old) This is with the approval of the Norwich District

Ethics Committee, Norfolk and Norwich Universtpspitaland informed consent in each

case Human col oni ¢ waenisolat®ia a simitart ndethod dortlyap t s
previously described (243). Samples were washed in HEPES-ZMydroxyethyl

piperazinei N-2-ethanesulphonic acidjuffered saline (HBS) pH=7.4 (mMNaCI 140,

KCI 5, HEPES 10D-Glucose 5.5, NadPQ, 1, MgCl, 0.5, CaC} 1, placed in HBS devoid

of both C&" and Md* and supplemented with EDTA (Diaminoethaneteaigetic acid

disodium salt) ImMand DTT (Dithiothreitol) ImMfor 1 hr at room temperature(All

reagents were fronfisher Scientifit. Crypts were liberated by vigorous shaking,

embedded in matrigelgfowth factor reduced, phenol free: BD Bioscienaall seeded

onto nonfluorescent glass coverslipSigma)in a 12well plate (Sigma) The matrigel

was polymerized for 10 mins at 37 a humidifed 95% air, 5% COi ncubat or . 20
of culture medium (Advanced DMEM/F12: Invitrogen) supplemented with
penicillin/streptomyn (100 Uml) (Invitrogen, L-Glutamine (2mM) (Invitrogen), N2

(Invitrogen), B27 (Invitrogen) andmM N-acetylcysteine (Sigma) waplaced on the

crypts containing growth factor combinations required for the experimental groups.
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2.1.2Crypt long term culture

Crypts for experimentation were kept in culture for 3 days then fixed for
immunocytochemistryor for 1-2 weels for longer termexperiments. Thergpt culture
media was replaced every 2 days awdntained the following growth factorand
agonists/antagonistdhat were used in different combinatios depending on the
experimental groupFor short term experiment&F, Noggin and RSpondin 1 were used

as the control media with Wnt3a, Dkk1l and IWP2 used to stimulate/inhibit the Wnt
signalling pathway and BMP4, TGFb and Acti
signalling pathways.Longer term experiments contained IGF, Noggir$Spondnl and

Wnt3a in the media.

Growth factor Concentration used Supplier
Recomiinant human Activin 50ng/ml Peprotech
Recanbinant human BMP4 100ng/mi Peprotech
Recombinant human Dkk1 800ng/ml R&D Systems
Recombinant human EGF 50ng/ml R&D Systems
Recombinant human IGF1 50ng/ml Sigma
Recombinant human Noggin 100ng/ml Peprotech
Recombinant human-Bpondin 1 500ng/mi Sino Biological
Recombi nant humanm0ng/@FDb1 R&D Systems
Recombinant human Wnt3a 100ng/mli R&D Systems
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Agonist/Artagonist Concentration used Supplier

A83-01 0% M TocrisBioscience
DBZ 10mM Calbiochem

IWP2 5egM Stemgent
antTGF b1, 2, 3 ant i bloOdéwl R&D Systems
COX2 antibody 10eg/ ml Cayman Chemicals

Table 2.1 Agonists and antagonists used during experiments

2.2 Crypt renewal experiments

2.2.1 Crypt morphology

The morphology ofcolonic crypts maintained in culture under different experimental
conditions was visualised with ldikon Ti-E SuperResearch Inverted Motorised Time
Lapse Systemmicroscope fitted with a humidified chamberxa0 objective. DIC images

of crypts were taken eveB4 hrs for a period of - weeks or until the crypts died. Length
measurements for each day were taken usingNien NIS Viewer software and
normalised today 1 measurements. Statistical differences between groups were

determined using orway ANOVA ard T u k e yh@csnalgscs.s t

2.2.2 Cell proliferation

2.2.2.1 BrdU incorporation

Cultured hman col onic crypts were incubated with

day 2 in media with growth factors required for each experimental group at 598370
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for 24 hrs. Crypts were then fixed and processed for immunocytochemistry (as described

in section 2.4).

2.2.2.2 Reatime digital timelapse microscopy

Crypt mitotic eventgFig 2.1 were visualised with a NikorE SuperResearch Inverted
Motorised TimelLapse System microscopefitted with a humidified chamber at x20
objective. DIC images of selected crypts were taken at an interval of 5mins over a period
of 24 hrsand thenumber of mitoses waranually counted over the 24 period using the
Nikon NIS Viewer software. The number of mitoses per hour was then subsequently
calculated and on@ay ANOVA wi t h-hocl anélysiy vas pgiforreed to

determine any differences between groups.

Figure 2.1 Timelapse image of mitosisNumber of mitoses over a perioti24 hrs were

counted and analysed.
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2.2.3 Cell migration

Cell migration within a crypt was determined using tilaese microscopy on the Nikek
SuperResearch Inverted Motorised Tibapse Systenmicroscope. Over a period of
24hrs, at an interval of ew 5mins, images were taken of crypts within défer
experimental groups. The rate of migratjmer hourwas then determined by following a
selected cell in the upper region of the crypt and tracking its migration over the 24hr
period. 3 cells per cpt were tracked and the distanoégratedwas measured using the

Nikon NIS Viewer sftware.

T=24 hrs

Figure 2.2 Timelapse image of cell migration.A distinctive cell was tracked over a

period of 24hrs and the distance migrated was measured.

2.2.4 Cell viabiliy
Cell viability was determined by loading crypts with CalceiAM ( 5 ¢ Mnd PI
(Propidium lodide) 1 e g @ndwispalising using Zeiss 510 Meta confocal fluorescence

microscopeat x20 objective.
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2.3 Crypt transduction

2.3.1Lentivirus TOP-GFP transducton

Freshly isolatedhuman colonic crypts were transduced willfOP-GFP lentivirus (an
inducible TCF/LEFresponsive firefly luciferase reporter) (Qiagen) placed into matrigel,
andseeded onto 1®ell plates and left to polymerise for 10mins at 37°C in a difrad

95% air, 5% CQi ncubator . 200¢ | of cul ture Jmedium (
supplemented with penicilliatreptomycin 100 Uml), L-Glutamine (2mM), N2, B27 and
1mM N-acetylcysteine was placed on the crypts containing recombinant human IGF,
recombinant human Nogg recombinant human -Bpondin 1 and recombinant human
Whnt3a (concentrations in section 2.1.2). Crypts wers léfe in culture for 3 daysfixed

and processed for immunocytochemistry (as described in section 24}rCMV-GFP

was used as the posiicontroltransduction that was carried out in parallel (Fig.2.Bhe
multiplicity of infection (MOI) for both the LertTOP-GFP and it positive control Lenti

CMV-GFP was calculated:
[08x10TU/ ml / 200¢el] / [200 crypts x 1000 cel |l

MOI= 0.2 TU / crypt cell
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Figure 2.3The Cignal Reporter Assays (GFP) kit includesfamrenulated, transfection

ready reporter, negative control, and positive control. The transcription factor reporter

and negé#ve control are transfected and subjected to experimental treatments, in parallel.
GFP expression is quantified using a fluorescent microscope. Change in the activity of the
Whnt signaling pathway is determined by comparing the GFP fluorescence in tveeded
untreated transfectants. The positive control serves as a control for transfection efficiency,
by monitoring GFP expression from the constitutively expressing-GM reporter.

Figure from(244).

2.3.2Adenovirus dnTCF4 tansduction

Trangluction of Ad-TCF4 (dn) (Readyise human Adenovirus Type5 (dEL1/E3)) (Vector
Biolabs) was carried out in the same manner as that described forGRPPlentivirus
AdencCMV-GFP (Readyuse human Adenovirus Type5 (dE1/E3)) was used as avposi
control.  The multiplicity of infection (MOI) for both the AGCF4 (dn) and it positive

control AD-CMV-GFP was calculated:

[1x10°TU/ ml / 200el] / [200 crypts x 1000 cel

MOI= 250 TU / crypt cell
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2.41mmunocytochemistry

2.4.1Native human colonicryptsa n d B aepitheliant 0 s

Biopsy size human tissue samples were immediately fixed in 4% paraformaldeiye
(Sigma)following removal from the patient either undergoing a cosmopygastroscopy
or surgery andmicrodissected into single crypts. Following embedding in matrigel,
microdissecteghative crypts were fixed with 4% PFfor 1 hr and permeabilized with
either 1% SDS or Twion-X (0.5% w/v PBS) for 30 mindNon-specific binding sites were
blocked withblocking serum composed of 108bat (Abcam) or donkey serum i¢na)
and 1% bovine serum albumin (Sigma) for 2hiige protein of interest was labelled by
incubating the crypt®vernightwith one or more of the antibodies listed in Table 2
Secondary antibodies, listed in Tabl¢aB from Molecular Probes)were added for 2 hrs
followed by a PBS wash before mounting giassslides (BDH) in vectashield mounting

media (Vectdabs) with DAPI or Pl (Propidium lodide) stain.

2.4.2 Near-native cultured humancolonic r y pt s and Barrettdés epithi
Following live experimentation, cultured human colonic crypts Bar r eweteds cr yp
fixed in 4% paraformaldehyde for 1&and permabilized with either SDS (1%) or TriteX

(0.5% wi/v). For BrdU epitope retrieval, crypts were denatured in 1M HCI for 10mins.
Non-specific binding sites were blocked with blocking serum composed of 10% goat or

donkey serum and 1% bovine serum albumir2fms. Crypts with primary antibody were

incubated overnight and secondary antibodies added for lficre mounting orglass

slides in vectashield mounting media with DAPI or PI stairimary and secondary
antibodiegMolecular Probesised to detectrptein of interest are listed in Tali?? and

2.3 respectively. Nospecific labelling ofsecondary antibodies was determined by

omitting the primary antibody
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2.4.3 Antibodies

Primary antibodytarget Species origin Concentration Supplier
Axin Il Rabbit polyclonal 1:200 Abcam

Ac t i-@atenirb Mouse monoclonal 1:200 Millipore
Active Caspas& Rabbit polyclonal 1:200 Cell Signalling
BrdU Rat polylonal 1:200 Abcam

C-Myc Mouse mowclonal 1:200 Abcam
ChromagraninA Rabbit pdyclonal 1:400 Abcam
E-Cadherin Goat polyclonal 1:200 R&D Systems
GFP Goat polyclonal 1:200 Abcam

Ki67 Mouse monocloal 1:200 Dako

LGR5 Mouse monoclonal 1:200 Origine

Mucin2 Rabbit polyclonal 1:200 Santa Cuz
NFaB p65 Rabbit monoclonal 1:200 Cell Signalling
OLFM4 Mouse monoclonal 1:200 Yasui Lab, Japan
OLFM4 Rabbit pdyclonal 1:200 Abcam

pSMAD 1,5,8 Rabbit plyclonal 1:100 Cell Signalling
pSMAD 2,3 Rabbit polyclonal 1:100 Cell Signalling
TGFb 1, 2, 3 Mouse monoclonal 1:200 R&D Systems
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Table 22 Antibodiesused during experiments

Secondary antibodies

AlexaFluor568m goat anti rabbit IgG (H+L) 2mg/ml

AlexaFluor488nm goat anti mouse IgG (H+L) 2mg/mli

AlexaFluor 488nm goat anti rat 1I9G (H+L) 2mg/ml

AlexaFluor 568m donkey anti mouse 1gG (H+L) 2mg/mli

AlexaFluor 647nm donkey anti rabbit IgG (H+L) 2mg/ml

Table 23 Secondary antibodiegsed during experiments

2.4.4 Visualisationand semiquantitative analysis

Col oni ¢ o ryptsBnaounte@ ont sides were visualised with a Zeiss 510 Meta
confocal fluorescence microscope armmgptoptical
at x63 objectiveAnalysis was performed using ImageJ software and fluorescence intensity
levels of protan were taken by placing ROIs on the cell nuclei or cell basal mem{fane

2.4). For each cryptlO representative cells from eaygion of the crypt (Fig 2)4wvere
analysedand the mean readings for each region for each crypt was calculated and
normalsed against the mean intensity level of the base of the control gréap.
proliferation experiments, the number of BrdU positive cells were manually counted for
each region of thergpt: base, mid and top (FiB.4) and their percentage of the total
numbe of cells was calculated. Statistical differences between groups were determined
usingonevay ANOVA and-hot aralysysN=snumber ot crypts analysed

with at least 3 crypts in each group from each patient.
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Figure 24 Crypt analysis. A) Redon of interest ROI) placed around the nucleus to
measure fluorescence intensity levels. B) ROI placed around basal cell membrane to
measure fluorescence intensity levels. C) BrdU positive cells (green) in the 3 regions of

the crypt used for analysis.
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Chapter 3 Results

3.1 Wnt signalling regulated tissue renewal

3.11 Introduction

The colonic epithelium undergoes constant homeostatic reméthal 0 billion cells being

shed and replaced by intestinal stem cell progamyy day The seHrenewing unitof the

tissue is exquisitely organised into invaginations known as crypts. This perpetual tissue
renewal is thought to minimise the accumulation of (epi)genetic changes that would
otherwise occur in a more stable population of intestinal epithelial CE#sue renewal of

the crypt involves the asymmetric or symmetric division of stem cells at the base of the
crypt, with the transit amplifyingrogeny migrating up the crypixis and differentiating

into one of four cell lineages: absorptive enterochscmucous secreting goblet cells,
hormone secreting enteroendocrine cells, prostanoid secreting tuft cells, and in the small
intestine Paneth cells which are involved in innate immune response and stem cell niche
maintenance.On reachinghe top of thecrypt, these cells are shed into the gut lumen and

undergo apoptosis.

One of the majorregulatorsinvolved in the establishment of crypt renewal and
homeostasis is the canonical Wnt signalling pathwaye canonicalWnt pathway is
involved in processesuch asthe maintenance aftem/progenitor cells via cell cycle
control and inhibition of differentiationregulation of migration and localization of
epithelial cells along the crygxis and directing early secretory lineage developméhée
importanceof the Wnt signalling pathway in maintaining crypt homeostasis was shown by
Kuhnertet al (2) who demonstrated that adenoviral expression of Dkk1, a Wnt antagonist
resulted in inhibition of proliferation and loss of cryptstlie colon and small intestine.
Loss of TCF4 edy in development and in adult colon also results in increased cell

proliferation and leads to colon tumourigen€&ig4)
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3.12Wnt signalling status in native colonic crygt

To investigate Wnt signalling status mative human colonic cryptshiopsy size tissue
samples were obtained from the sigmoid colon of patients undergoing a colonoscopy or
from the macroscopically normal regions of the sigmoid colon of patients undergoing
surgery for cancer Fixed biopsies werghen microdissected into individual crypts and
immundabelling forb-cateninwas performed on the tisste determine thén vivo status

of Wnt signallingpathway(Fig 3.1). Nucleammmundluorescence intensity was measured
using Image J software and the measurements were normaliteditomunofluorscence
intensity atthe base of the cryptNu c | ecateninfiredominated at the crypt base and

exhibited an immunofluorescence intensity gradient that diminished along thexig/pt
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Figure 3.1Wnt signalling status innative colonic crypts A) Nu c | ecatenin s he
hallmark of activated Wnt signallingScalebar on figurer e p r e s e nBj Analysi9of m.
n u c | eaenin dong the crypt axidNuclear fluorescence intensity measurements from
each region of the crypt were normalised to thgpt base. The fluorescence intensity of

n u c | -eatenin pbedominates at the cryphise and diminishes progressively towards the

top of the crypt. (*p=0.0, *p=0.012, N=123 crypts from 4 patient3.
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The in vivo status of Wnt target genes axin Il and/igc was also deteet in colonic
crypts using immunocytochemistryAxin Il is a negative regulator of the Wnt signalling
pat hway and dcoantne nrieng ublya tfeasc ibl i t at i n(245).i t s
Increased levels of axin Il mRNAewe found in human colon tumour samples and cell
lines, indicating that axinl could be used as a marker aétivation of Wntsignalling
pathway(246). The oncogene-Myc hasalsobeen identified by Het al (247)as a Wnt
signalling target gene. Rochlitzt al (248) have shown that-Myc is amplified in
metastatic progression of colorectal cancd¥ig 3.2 shows that axin Il expression is
nuclear with higher expreiss at the cryptbaseand diminishes towards the top of the
crypt andFig 3.3shows that @Myc expression is also nuclear with higher expression at the

crypt base.
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Figure 3.2Expression of Wnt target gene axin Ih native crypts A) Nuclearaxin Il is a
marker of activated Wnt signallingScaleb ar r e p r e sB@ Aalysis d axe mh.
expressioralong the crypt axis.Nuclear fluorescence intensity measurements from each
region of the crypt were normalised to the badehe crypt (*p=0.016, **p=0.001,

N=31 crypts from9 patients).
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Figure 3.3Expression of Wnt target gene-Myc in native crypts A) c-Myc is a Wnt

target gene demonstrating activated Wnt signalling Scal e bar Breprese!|
Analysis of eMyc expressionalong the crypt axis. Nuclear fluorescence intensity
measuements from each region of the crypt were normalised to the diaes crypt

Higher expression of-Myc can be sen at the base of the crypt. (*p=0.016, **p=0.0,

N=41 crypts from 13 patients).
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3.13 Functional role of Wnt signallingin human colonic e¢ypt renewal

In order to investigate the functional influence of the Wnt signalling pathway on renewal
of the human colonic epithelium we refined a native human colonic culture modeig

the signalling pathway profiles described in this chapter (\&n¢) the following chapter
(BMP/ TGFb), and the conditions dé¢&0)&p0yped
the optimisation for the culture conditiongas based on generating Wnt signals and
suppressi ng B MPYiVh &Gd determinegthe dalcters required to maintain
nearnative crypt length, topology, morphology and polarity, a range of growth factors in

various combinations were tested (Fig 3.4).
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Figure 3.4 A combination of Wnt pat hway activators and BMP/

inhibitors is required for maintenance of native human colonic crypts ex vivo

A) Overview of human colonic crypts cultured within a matrigel droplet under optimised
conditions. B) Enlargement view of cultured dsypepresenting a typical field of view (x4
objective lens). Eample of cryptbase and shedding domains are denoted by open and
closed arrowheads respectively, * denotes dead crypt fragments. Scale bar represents
0.5mm. C) Quantification of crypt leigat day 4 or 7 following culture in the presence

of the indicated combination of recombinant human growth factors, recombinant human
BMP binding protein and/or small molecule ALK 4/5/7 inhibitor: KEF(50ng/ml),
Gremlin1(200ng/ml), Noggin (100ng/ml), t@a (100ng/ml), FSpondinl (500ng/ml),

A830 1 ( O .(N=£30Cyyptsfrom 3 patienths
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Canonical Wnt pathway activation by Wnt3a and/eSpbondin 1 was insufficient to
maintain human colonic crypt length or viability beyond 4 days. However, in condinati
with the BMP antagonist Gremkih or Noggin, the intestinotrophic factor IdFand an
ALK 4/5/7 inhibitor A8301, crypts maintained their length and morphology for at least 7
days in culture, when the matrigel became unstable. Replacinf i@fh EGFpromoted
re-modelling of human colonic crypt morphology followed by multiple budding events

characteristic of intestinal organoid grow#) (Fig 3.5).

Figure 3.5 Effects of EGF on human colonic crypt morphologyReplacemenof IGF-1
with EGF in the colonic crypt culture media inducedmedelling of human colonic crypt
morphology into typical budding organoid structurBsy 6 magnified imagef new crypt

buds.Scal e bar represents 50¢&m.
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To determineactivationof the Wnt signalling pathwayandits role in maintaining crypt
homeostasissingle crypts were liberated from biopsies removed from patients undergoing
colonoscopy or surgery, placed into culture arehted with Wnt3a in the presence or
absence of the Wnt antagst) Dkk1l. Dkk1l forms a ternary complex with LRP5/6 and
Kremenwhich causesre&locytosis of this complex and removal of LRP5/6 from the cell
surface. The culturedcrypts werethenfixed and processed by immunocytochemistry for

a c t i-catenin(de-phospho)(Fig 3.6). N u cdteaim is thebhallmark of activated
Wn t signalling and -dateninseeninithe coatrollgoup, whiehv e |
demonstrates endogenous levelsbafateninex vivoafter 3 days in culture, stimulation
with exogenous recombinant Wnt8acreasedt h e | e watdnia Tleefantagonist
Dkk1 preventedWnt stimulated nuclear translocationf -cafenin Analysis was carried

out by measuring the nucleérl uor e s ¢ e n c ecatenim &nd the mdasurentehts b

were normalised tthecryptbase of the control group (Fig 3.6B).
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Figure 3.6 Dkk1 inhibits Wnt signalling A) Crypts were cultured in the presence of

Whnt3a ligandandbr the Wnt antagonist D& for 3 days. Wnt3atimulatesde-phospho

n u c | eatenin Ibvels which are inhibited by Wnt inhibitor Dkk1. ABplysiso f- D

catenin in the different experimental groupgsuclear fluorescence intensity measurements

from each region of the crypt wer@rmalisedto the crypt base of the control graup
(*p0O0.02 in all regions of <crypt, **p=0.001

crypt, N=46Crypts from 3 patienjs Scal e bar r eQontrelsnedmtIGF15 0 & m.
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(50ng/ml), Noggin (100ng/mIR-Spondin 1 (500ng/ml); Wnt3a (100ng/ml) and Dkkl

(800ng/ml) where indicated.

Another method of assessing Wnt signallisigtus in crypt cells is by using a Lenti
TCFLEF reporter which is greparation of readio-transduce lentiviral particleshich
montor the activity of Wnt signiding in cells The Lenti TCF/LEF reporter is a
preparation of replication incompetent, V&\pseudotyped lentivirus particles expressing
the GFP gene under the control of a minimal (m)CMV promoter and tandem repeats of the
TCF/LEF transar pt i on all response element (TRE) which
catenin(244) To determine the status of Wnt signalling in cultucegpt, isolated crypts

were transduced withLenti TCF/LEF (TORPGFP) reporte cultured for 3 days in the
different experimentatonditions Wnt signalling was stimulated by recombinant Wnt3a
ligand and inhibited with IWP2. IWP2 prevents pglaylation of Wnt proteins by
Porcupine, a mmbrane bound @cyltransferase, and stocks Wnt secretion and activity.

In parallel, some crypts were alfansducedvith Lenti-CMV-GFP whichwasused as a
positive control for the TOISFP reporter. The cultured crypts were fixed after 3 days and
processed by immunocytochemistry for GFP sd tha signal could be amplified and
visualised easier. Analysis was carried out by measuring fluorescence intensity and
normalised to the basd the control group. There is a slight gradient along the crypt axis
whi ch r ef | e c-tatenin Withehiglet levelsuastheydt bage andliminishing
towards the top IWP2 inhibitedendogenous Wnt signallingvhich could be rescued by

addition of Wnt3a ligangFig 3.7).
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Figure 3.7 IWP2 inhibits endogenousWnt signalling. A) Cultured crypts were
transducedwith Lentt TOP-GFP andculturedin the presence of Wnt3a ligaaddbr the
Whnt antagonistWP2for 3 days. IWP2 inhibits endogenous levels of Wnt signalling which

can be rescued by addingxogenousWnt3a ligand Scal e bar represents
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Analysis of TOP-GFP signal in the different experimentatonditions Fluorescence

intensity measurements from each region of the crypt were normalised to thevahesan

at the baseof the control group.(*p<0.05 between contl and wnt3a in all regions of

crypt, **p<0.05 between control and IWP2 in all regions of crypt, ***p<0.05 between

wnt3a and IWP2 in all regions of crypt**p<0.05 between wnt3a and IWP2+Wnt3a in

base and mid regions of crypN=21 crypts from 2 patients Control media: IGF1

(50ng/ml), Noggin (100ng/ml),-Bpondin 1 (500ng/ml); Wnt3a (100ng/ml) | WP 2 ( 5& M)
where indicatedC) In parallel, crypts weréransducedvith LentrCMV-GFP as a positive

control. All cells within the crypt took up the lentivirus, demonstrating that the-TL&Ri

GFP only labels cells that are active in Wnt Signalling.

The effect of Wnt signalling inhibition with IWP2 was also determined on the Wnt target
gene axin Il. Isolated crypivere cultured for 3 days in medi@antainingWnt3a and/or
IWP2. Crypts were then fixed and processed by immutmxyemistry for axin 1l (Fg

3.8). Analysis was carried out by measuring nuclear fluorescence intensity of axin Il and
measurements were normalised to iiieanof the base of the crypt in theontrol group.
IWP2 inhibited axin Il expression which could be rescued by additioexofienous

Wnt3a.
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Figure 3.8IWP2 inhibits Wnt target gene axin Il expressionA) Crypts were cultureth

the presence of Wnt3adbr the Wnt antagonist IWP2 for 3 days. Scale bar represents

5 0 ¢ m Analgsis ofaxin Il expressiornin the different egerimentalconditions Nuclear
fluorescence intensity measurements from each regidreafrypt were normalised to the

mean value of thebase of the crypt of theontrol group. f{p=0.037, **p=0.042,
***n00.026, N=21* cryptss Gom0 B Batients Control media: IGF1

(50ng/ml), Noggin (100ng/ml),-Bpondin 1 (500ng/ml); Wnt3a (100ng/ml) | WP 2 ( 5& M)

where indicated.
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Another approach to blocking Wnt signalling is by tidusngwith a dominant negative
TCF4 construct Culturedcrypts weretransdued with human dATCF4 adenovirus and
placed into culture for 3 days. In parallel, crypts were abwsducedvith adeneCMV -

GFP as the positive control for the experiment. The adenovirus intake into the cells of the
crypt was on average 65%The effecs of drRTCF4 adenoviral inhibition on the Wnt
target gene axin Il expression was determined using immunocytochemitry. Axin Il

expression was significantly reduced up@mnsuctionwith dn-TCF4 (Fig 3.9.
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Figure 3.9 dnTCF4 inhibits Wnt target gene xan Il expression. A) Crypts were
transducedwith adenoviral dnTCF4 or CMMGFP (as a positive contrdbr adenoviral
transduction and placed into culture for 3 days. dnTCF4 significantly inhibited axin Il
expression. Sc al e Ababgis ofradmplirexpeessionNgcledsaXis In . B)
immundluorescence intensity measurements from each region of the crypt were
normalised to theerypt basef the control group. fp=0.006, **p=0.011, N=10 crypts

from 2 patients Control media: IGF1 (50ng/ml), Noggin (100ng/ml), fSpondin 1

(500ng/ml), Wnt3a (100ng/ml).
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Crypt renewal is maintained by the proliferation of cells at the base afypts, be they

stem orprogenitor cells which then migrate up the crypt agifferentiateand shed at the

top of the crypt. The influence of Wnt signalling on crypt cell proliferation was studied by
by the incorporatiorof BrdU, a thymidine analoguelsolated crypts whicthad been
cultured for two days in the different experimental groups had their media changed with
that which contained BrdU for the next 24 hrs. Crypts were then fixed and processed by
immunocytochemistry for BrdU (Fig 3.30 The number of BrdU positive cells was then
manually counted on the equatorial plane of each crypt and the percentage of BrdU
positive cells of the total number of cells was then calculatethlysis shows that
proliferation isincreased by Wnt3and Dkk1prevents the rescue by exogenous Wnt3a
ligand (Fig 3.10). R-Spondin 1 and Wnt3a however rescue the inhibitory effects of IWP2

(Fig 3.11).
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Figure 3.10 Wnt3a stimulatesproliferation. A) Crypts were culturedn Wnt3a ligand
andbr the Wnt antagonist Dkk1 for 3 days. On day 2 of the experiBeti, a marker of
proliferation, was added to the medig/nt3a stimulatescrypt goliferation which is

inhibited by Dkkl. There is a prolifation gradient along the crypaxis which is

maintained by Wnt signalling. Scale bar représen 5 0 ¢ m. B) P-ercent a:
positive cells in the crypts of the different experimentahditons * p O0. 022 i n al
regions of crypt **p0O0.021 in al/l regions o
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N=23crypts from 2 patienjs Control media: IGF1 (50ng/ml), Noggin (100ng/ml),-R

Spondin 1 (500ng/ml); Wnt3a (100ng/ml) and Dkk1 (800ng/ml) whdiesated.
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Figure 3.111WP2 inhibits proliferation. A) Crypts were culturedn R-Spondin1Wnt3a
andor IWP2 for 3 days. On day 2 of the experiménijU was added to the media.

Exogenous Wnt3a and-$pondin 1 rescue the inhibitory effects of IWP&cale bar
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represents 50¢&gm. B) Percentage of Brdu

po.

experimental conditons (* p O0. 018, * * p =0 N=B& 8rypts from*2 00 . 01

patienty. Control media: IGF1 (50ng/ml), Noggin (Ihg/ml); RSpondin 1 (500ng/ml

Wnt3a (100ng/mia n d | WP @here hdickted.

As mentioned previously, another method of inhibiting Wnt signalling isrdoysducing
cells within the crypt with dnTCF4 adenovirugLultured crypts weretransducedwith
dnTCF4 adenovirus, whilst iparllel the control group wagansducedvith CMV-GFP
adenovirus. Tis parallel transductiowas the positive control to denstratevhether the
adenovirus particlemfectedthe cells. After culturing for 3 days, crypts were fixed and
processed by immungtochemitry for Ki67, a proliferation marker, and GRB ampify

the signal (Fig 3.12 Percentage of proliferative cells wasedetned by counting the
number of Ki67 positive cells against the total numbecedls within the crypt. dnTCF4

significanty reduced proliferation at the base of the crypts.
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Figure 312 dnTCF4 inhibits proliferation. A) Cultured crypts weretransducedwith
adenoviral dnTCF4 and placed into culture for 3 days. In parallel, the control crypts were
infected with CMV-GFP adenovirus dnTCF4 inhibits proliferation, as determined by
counting the percentage of Ki6 positive cells. Scale bar represes 50¢ m.
Percentage of Kiépositive cells in controand dnTCF4 crypts.dnTCF4 significantly
inhibited proliferation at the base of the crypt3d=0.009, N=15 crypts fron®? patient3.
Control media: IGF1 (50ng/ml), Noggin (100ng/ml),-8oondin 1 500ng/ml), Wnt3a

(200ng/ml).
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3.14Wnt signallingmaintains stem/progenitor cells in human colonic crypts

Renewal of intestinal epithelium is driven by stem cells that reside at the base of the
colonic crypts. The progeny of these stem cells défgiate intoone of four lineages,
enteroendocrine, goblet, enterocyte and tuft cells. This renewal is maintained by several
signalling pathways, including Wnt, BMP, TGF
role in proliferation of stem cells and in determinitig tfate of pogeny of these stem
cells. Lgr5 a Wnt target gene, has been identified by Bagkeil (4) as an intestinal stem

cell marker. Van der Flieret al (48) later identified that theskegr5* stem cells were also
enriched for Olfactomedid (OLFM4) and could be used to identify thgri-type crypt

base columnar cells. Therefore, it would be informative to determine the status of these
Lgr5" and OLFM4 stem cells within thédumannativemicrodissected crypts and whether
Whnt signalling is involved in maintaininipe stem cell populatioex vivo To demonstrate

that both Igr5 and OLFM4 labelled the same population of cells, colonic tissue biopsies
were fixed, microdissected into singleygts and processed by immunocytochemistry for
Lgr5 and OLFM4 (Fig 3.18 As can be seen, thegts5" and OLFM4 cells label the same
population of cells at the base of the crypt. These cells are slamti@imaost triangular
shapedasindicated by the aows. Ecadherin was used to label the cell membranes to
make visualisation of these slender single cells easlagt5 is a G-protein coupled
receptor,and is expressed on thimsal membrane of the cellsOLFM4 is a secreted
moleculeunder the controlfoNotch signallingand is located in the apical cytoplasm and
crypt lumen. There ia gradienof stem cells along the crypiis with about 30% of cells
being Lgr5/OLFM4" at the base of the crypt, about 20% in the mid regishrne aithe

top of the eypt (Fig 3.1B). Otherdifferentiatedcell typesare found mostly in the mid

and top regions of the crypiith morphologicallyidentified goblet cells distributed fairly
evenly across the three regions of the cryidt3D reconstructed movie of the baskthe

crypt can be seen in appendiroviel.
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Figure 3.13 Status of Lgr5/OLFM4 stem cells in native colonic cryptsA) Biopsies
removed from patients undergoing colonoscopy or surgery were fixed and microdisscted

into individual crypts. The statusf Lgr5 and OLFM4 stem cells was determined by
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immunocytochemistry. -Badherin was used to label cell membranes to clearly indicate
single cells within the crypt. Lgr5and OLFM4 cells labelled the same population of
stem cells and resided mostly a thase of the crypt. In the mid region of the crypts there
seemed to be a coff point where stem cells were no longer found. Arrows indicate cells
that are positive for both Lgr5 and OLFM4 and label slender triangular shaped crypt base
columnar cells ¢ircled), * denotes goblet cell8) Analysis of percentage of cell types in
the colonic crypt.(*p=0.0, **p=0.002, ***p=0.005, **p=0.011, N=4 crypts from 2

patientg.

To validatethe Lgr5 antibodyin situ hybridisation(ISH) for Lgr5 mRNA was carried ut

by a fellowlaboratorymember(Alyson Parri$. Native microdissected colonic crypts were
processed bySH for Lgr5 mRNA and on the same crypts immunocytochemistry was
performed for OLFM4 proteinFig 3.14shows that Lgr5 mRNA is observed in a few gell
that are restricted to the base of the crypt and these cells dsbetovith OLFM4. This
demonstrates thaboth Lgr5 antibody and probing fobgr5 mRNA revealsa similar
population of crypt base columnar cells that are restricted to the base ofghard ce
localise with OLFM4. Therefore OLFM4 is used for most of the experiments within this

project since it identifies the same population of intestinal stemaellgrs
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Figure 3.14 Status of OLFM4/Lgr5 mRNA stem cells in native colonic crypts.A)
Biopsies removed from patients undergoing colonoscopy or surgery were fixed and
microdisscted into individual crypts. In situ hybridisation was performed to probe for
Lgr5 mRNA and immunocytochemistry was used to label for OLFeMs. Ecadherin

was used to label cell membranes to clearly indicatgls cells within the crypt.Lgr5®

and OLFM4 cells labelled the same population of stem cells and resided mostly at the
base of the crypt. Arrows indicatellsethat are positive for botlbgr5 mRNAand
OLFM4 and label slender triangular shaped crigatse columnar cells (circled), * denotes

goblet cells.
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To demonstrate that these OLFMdtem cells did not label other differentiated cells,
native microdissected crypts were processed by immunocytistmgnfior markers of
differentiated cells in combination with OLFM4. Muc2 was used to stain for goblet cells,
CroA for enteroendocrin cells, COX1for Tuft cels and FABP to label enterocytells

(Fig 3.15. The protein encoded by the Muc2 gene is gedrento mucosal surfaces and

is prominent in the gut where it is secreted from goblet cells and provides an insoluble
mucous layer that protects the epitheliu@o-labelling of Muc2 and OLFM4 reveals that
OLFM4 is not a maker of goblet cells. Two distipopulations of cells are labelled with
the OLFM4 cells interspaced with goblet cells and mostly residing at the base of the crypt.
Chromggranin A is a member of the granin family of neuroendocrine secretory proteins
and is located in secretory vesilef enteroendocrine celldouble labelling of OLFM4

with Chromagranin A (CroA) shows thabtnly a few cells within the crypts are CroA
positive and these do not label the same cells as OLFM#t cells secrete opiods and
produce enzymes that synthegmwestaglandinstherefore COX1 was used to label these
cells. Immunocytochemistry revealeddistinct population aiuft cells dispersed along the
crypt axisthat do notco-label with OLFM4 The fatty acidbinding protein (FABP) is
involved in lipid trdficking and metabolism and is highly expressed in enterocyte cells.
Labelling of FABP with OLFM shows that these cell types do not label the same
population of cells. FABPcells are seen along the whole crypt axis whilst OLFbtédls

are restricted tohe base of the cryptGreen arrows in Fig 3.1fdicate an example of a
single OLFM4 cell, which red arrows indicate an example of the differentiated cells:

goblet, enteroendocrine, tuft and enterocyte.
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Figure 3.150LFM4 does not label differentiatedells A) Immunostaining for goblet cell

B) Immunostaining for

marker Muc2 (red arrow) and OLFM4 (green arrow)
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enteroendocrine cell marker CroAred arrow) and OLFM4 (green arrow) C)
Immunostaining for tuft cell marker COXfied arrow) and OLFM4(green arrow). D)

Immunostining for enterocyte cell maker FABRed arrow)and OLFM4(green arrow)

Immunostaining for OLFM4evealed thastem cells are restricted to tlwsver thirdof the
crypt. To determine whether these cells are proliferating, natigceodissected crypts
were processed by immunocytochemistry for OLFM4 and thifgmation marker Ki67
(Fig 3.16. Analysis showed that OLFM4cells are restricted to the base of the crypt,
about 30%, and only half of these cells are proliferati@mly 1% of OLFM4 cells are

proliferative in the mid region, and none at the top of the crypt.
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Figure 3.16Proliferative status of OLFM4 stem cells. A) Native microdissected crypts

were processed by immnocytochemistry for OLFM4 and Ki67. OLFRMHds were
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restricted to the base of the crypt. B) Analysis shows that 30% of cells at the base of the
crypt are OLFM4, with half of these undergoing proliferation at any givéme.

(*p=0.002,** p=0.0, N=18 crypts from 3 paties].

Having determined the locati of Lgr5/OLFM4 stem cells in native colonic crypts and
their proliferative statusyhether these stem cells are maintained in cukxreivowas
demonstrated by labelling for Lgr5 and OLFM4 in csypultured for 3 days. Fig 3.17
shows that Lgr5/OLFM4abels cells restricted to the base of the crypt and are maintained

in culture.

Figure 3.17Lgr5/0OLFM4" stem cellsare maintained in culture A) Culturedcrypts were
processed by immnocytochemistry for OLFM4 dmit5. Lgr5/OLFM4" cells were
restricted to the base of the cryand labelled the same population of crypt base columnar

cells

The functional effect of Wnt signalling on the stem cells was determined by culturing
crypts in the presence of Wnt3a or the inhibitor IWP2 for 3 days. The amgresthen
fixed and processed by immunocytochemistry for Ligraletermine the consequences of
Wnt stimulation and inhibitin on stem cell status (Fig 3)18A gradient of Lgr stem
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cells was maintained in culture conditions reflecting the status dfenaticrodissected

crypts. IWP2 suppressedgrs™ stem cells, whilst exogenous Wnt3a rescued the effects

Control R-Spondinl R-Spondinl +
Wnt3a

IWP2 + IWP2 +
RSpondinl R-Spondinl +
Wnt3a
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+Wnt3a +IWP2 +Wnt3a +
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Figure 3.18 Wnt signals maintain Lgr5" stem cells. A) Crypt bases showing Lgr5
labelling. IWP2 suppressed Lgr5 buwtas rescued by exogenoud/nt3a. Scale bar
repr es e n B)sPeréeftagenof Lgibcells was calculated for the different culture
conditions * p=0.011, *p=0.0, *** p=0.001, **** p=0.002, (N=30 crypts from 3
patienty. Control media: IGF1 (50ng/ml), Noggin (100ng/ml);-Bpordin 1 (500ng/ml),

Wnt3a (100ng/m)) WP 2  (whegeNhplicated.
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To determine whether OLFM4stem cells are still proliferating in culture after 3 days,
crypts were cultured in Wnt3a or the Wnt inhibitor DkKIhe crypts weré¢henfixed and
processed by imunocytochemistry for OLFM4 and proliferation marker Brdhe
percentage of OLFM4stem cells was calculated from the total number of cells for the
three regions of the crypt, and the percentage of those stem cells that were also
proliferating was also alculated. As can be seen in Fig 3.19Wnt3a increases

proliferation of stem cells whilst Dkk1 abolishes stem cells as well as Wnt3a stimulated

stem cell proliferation.
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Figure 3.19 Dkk1l abolishes Wnt3a stimulated intestinal stem cell proliferatiord)
Crypts were cultured in Wnt3a or inhibited Bkk1and processed by immnocytochemistry

for OLFM4. The proliferative status oOLFM4" cells was stimulatedby Wnt3a and
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inhibited by Dkk1l. Addition of Wnt3a toDkklgroup does not rescue the proliferative
status of OLFMA stem cells Scal e bar r e ByResantage ®f ObFMd m.
cells and their proliferative statusvas calculated for allculture condition groups.
(*p=0.012, **p=0.001, N=18 crypts from Datienty. Control media: IGF1 (50ng/ml),
Noggin (100ng/ml), FSpondin 1(500ng/ml); Wnt3a (100ng/ml) and Dkk1l (800ng/ml)

where indicated.

The maintenance of OLFM4tem cells can also be regulated by Notch signalligtch
signalling is involved in lineage sprecification, with its activation resulting in goblet cell
depletion and Notch inhibition resulting in increase of goblet ogllg 1.11) OLFM4 has

also been shown to be under the control of Notch signalling. The effects of Notch
inhibition on the number of both OLFM4tem cells and goblet cells was determined by
culturing crypts either in Wnt3a or DBZ, an inhibitor of Notch signallirgfter 3 days,
crypts were fixed, processed by immunocytochemistry and labelled for OLFM4 and Muc2,
a marker of goblet cells. The percentages of both OLFM4+ cells and goblet cetflewas
calculated from the total numbef cells and plotted in Fig 3.2B and C. Inhibition of
Notch signalling with DBZ caused a significant increase in the number of goblet cells
within the colonic crypts after 3 days in cultur€oncurrently DBZ caugd a dramatic

loss of OLFM4 stem cells, possibly due to the conversion of those stem cells to goblet

cells.
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Wnt3a + DBZ
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Figure 3.20 Notch inhibition promotes conversion to goblet cells and loss of OLFM4
stem cells. A) Crypts were cultured in Wnt3a oDBZ and pocessed by
immnocytochemistry for OLFMdnd Muc2 Thepercentage of goblet cells significantly
increased withinhibition of Notch signalling whilst percentage GLFM4" cells was
siginificantly lost Scal e bar ((*p0.014 & @30.009, N51Q erypts
from 3 patienty. C) (*p=0.0, **p=0.005 between N crypts from 2 patiengsControl
media: IGF1 (50ng/ml), Noggin (100ng/ml),-8pondin 1 (500ng/ml), Wnt3a (100ng/ml;

DBZ (L0OmM) whee indicated
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3.1.5Wnt signallingmaintains colonic crypt renewal

Crypt renewal is maintained by a fine balance betwstam cell proliferation, cell
migration and differentiation, and cell shedding at the top of the colonic crypt. Wnt
signalling, alongvi t h BMP/ TGFb signalling areTha i ght
influence of Wnt signals on crypt length and morphology was investigated by culturing
crypts in Wnt3a or the Wnt inhibitor Dkk1 for 3 days (Fig 3.21). The contributior+ of R

Spondin 1 ad Wnt3a to the maintanance of crypt length is suppressed by Dkk1.

Control Dkk1 Wnt3a+ R- Wnt3a+ R-

Spondinl Spondin1
+ Dkk1

P_\
I .

*%

* *kk
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12

1
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0.6
0.4
0.2
0 , , — B

Normalised cryptlength | @
=

Control Dkk1 R-Spondin + Dkkl+R-
Wnt3a Spondin +
Wnt3a

Figure 3.21 Inhibition of Wnt signals compromises human colonic crypt morphology
A) Crypts were cultured either in the presence of WrdBd RSpondin 1 or the Wnt
inhibitor Dkk1. B Dkk1 suppressed the contribution of Wnt3a an8pendinl to the

maintenance of crypt length(*p=0.049, **p=0.009, ***p=0.043, N=50 crypts from 2
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patientg. Control media: IGF1 (50ng/ml), Noggin (100ng/ml);-Bpondin 1 (500ng/ml),

Wnt3a (100ng/ml), DKk (800ng/ml) where indicated.

To explore the link between crypt cell proliferation and migration and the contribution of
Wnt signals, crypts were cultured under conditions that imposed different levels of
proliferation and were observed under tilapse mtroscope.Crypt length and crypt cell
proliferation wereincreasedy Wnt3a, but crypt cell migration rate stayed constant even

under culture conditions with less proliferative potential (Fig 3.22).
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Fig 3.22 Wnt signalling maintains crypt cell renewalA) Wnt3aincreasesrypt length in
culture compared to control*p=0.0. B) Wnt3astimulatescell mitosis *p=0.0. C) No
significant difference in cell migration between the control and Wnt3a grdlgmstrol
media: IGF1 (50ng/ml), Noggin (100ng/ml),-&oondin 1 (500ng/ml), Wnt3a (100ng/ml)

where indicated.
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Crypt cel | shedding was observed by | abelli
fluorophores CalceWAM and Propidium lodide and immunolabelling fixed crypts for

activated caspase (Fig 3.23) Cell shedding was observed in the upper region of the

crypt. Crypt cell proliferation in the lower half of the crypt is required to maintain a

steadystate cell population by replenishinglsethed from the upper surface.

E-Cad DNA

Fig 3.23 Crypt cell sheddip localised to the upper crypt region A) Hierarchy of
CalceirAM | abel |l ed 01 i v-pdsitive deddlicalls ((ed).r B) €ell3 atthend P I

crypt opening are positive for activated casp8se
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3.16 Discussion

The processes by which the intasti epithelium renews itself has been well described in
the mouse, but the molecular and cellular mechanisms that govern tissue renewal in the
human colonic epithelium are less well understobd.gain a more detailed understanding

of the processes of §ise renewal in health and diseasegarvivohuman tissue culture
model is required that is amenable to-lmmging and functional genomic approaches.
Recently there has been the development of intestinal organoid culture systems that are
predominantly omposed of immature stem/progenitor cells that can be induced to
differentiate by withdrawl ofWnt stimulation (20) (220). Complementary to these
organoid culture systems, we have developed a eultoodel of neanative human
colonic crypts that maintains its cellular hierarchy and morphogenic gradiemigo. We

found that addition of EGF to the culture meldid to remodelling of human colonic crypt
morphology with the development of multipledaiing eventshat are characteristic of
intestinal organoid growth (Fig 3.5). Testing various combinations of growth factors in
our culture media, with the aim of maintaining crypt length and morphology, we found that
Wnt pathway activation with Wnt3a drR-Spondin 1, as well as BMP antagonist Noggin,

the intestinotrophic factor IGE and an ALK 4/5/7 inhibitor A8®1 was required to

maintain crypt length and morphology for at least 7 days in culture (Fig 3.4).

Therole of Wnt signalling iregulating theenewal of humaolonic epithelium waslso

explored. The status of Wnt signalling components was investigated in native

mi crodi ssected crypt catemnmatielled the hasalsandf latarah d t h a
membranegFig 3.1) similar to that found byAndersonet al. (249), as well as in the

nucleus,the hallmark of activated Wnt signalling N u -catemrirgpredorbinated at the

base of the crypts and its expression was reduced along the crypt axis with significantly

lower levels at the top of the cryptThe two target genes axlhand cMyc were also

found to label in the nucleus ahdve higher expression at the base of the crypt and lower

further up the crypt axi@-ig 3.2 and Fig 3.3)This means that activation of Wsignalling
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| eads t o accumidteainh whitinthen activatas oricagenes suchMgoc

which are involved in cell proliferation. Stem cells have been found to reside at the base
of the crypt, therefore activation of Wnt signalling means thedd stem cells are activated

to selfrenew and maintain proggriurther up the crypt axisGregorriefet al (142) and
Holcombeet al (127) who found that Wntigands such as Wnt3, Wnt9b and \Bat
predominated at the base of @rypt along with the LRP5/6 coreceptor®revious work

in our laboratory has shown that human colonic crypts Nem&l, Wnt2, Wnt2b, Wnt3,
Wnt3a, Wnt4, Wnt5a, Wnt5b, Wnt6, Wnarid Wnt11mRNA (21). Farinet al (25) have
recently demonstrated that deletion of Paneth cell derived Wnt3 imadliseintestinal
epithelium showed no effedh vivo but was required for growth and sustainability in
organoidin vitro culture. Caoculturing of mesenchymal derived Wnt2b ligand restored the
growth of organoids, thus demonstrating a compensatory mechanism in the stem cell niche

that safeguards against stem cell dysfunction.

The important role of the Wnt signalling pathwaymaintaining crypt homeostasis was
shown by Kuhneret al (2) who demonstrated that adenoviral expression of Dkk1, a Wnt
antagonist, resulted in inhibition of proliferation and loss of crypts imbesecolon and
small intestine. [kk1 inhibition of Wnt signalling and proliferation was also observed in
this study. Dkkl was found to inhibit expressiorf -cafenin even in the presenof
Wnt3a ligand which othersie st i reaténia (Fig 8.5 Bkkl also prevents rescue

of proliferation with exogenous Wnt3a ligafiig 3.10. Pintoet al (3) have also found

that transgnic expression of Dkk1 results in greatly reduced epithelial proliferation and an
absence odatenmas Web asrinhilfition ofMyc expression. To corroborate
these findings Koctet al (150) also found that redudeexpression of Dkk1l increased

proliferation of epithelial cedténis. and increa

Chenet al (250) have found that IWP2, a small molecule that inhibits the activity of
Porcupine a membrarndound acyltransferase that is essential in the production of Wnt

proteins, bl ocked the phosphoryl atcatenim of t he
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accumulation. In this study, IWP2 was found to inhibit actiiof Wnt sigralling and
proliferation d cells. The Lent#TCF/LEF GFP reporter is a preparation of re&my
transduce lentiviral particles which monitor the activity of Wnt signalling in cells through
t he bi n-datenigto a {mCMV promoter and tandem repeats of the TCF/LEF
transcriptiorl response element. It was found that IWP2 inhibited endogenous levels of
Whnt signalling but this could be rescued by addition of Wnt3a ligaitd3.7). The effect

of IWP2 on the Wnt target gene axin Il was also investigated. It was found that IWP2
significantly inhibited expression of axin Il, even in theegence of Wnt3a ligand (Fig
3.9). Coveyet al (251)have found that knockdown of Porcupine with IWP2 also inhibits
proliferation and growth of a humber of epithekaincer cell lines. In our human colonic
crypts, IWP2 was found tsignificantly inhibit proliferation of cells ttough the inhibition

of Wnt protein production. Exogenous addition of Wnt3a ligand overcame this inhibition

and significantly maintained thevel of proliferation in cultured crypts.

Di sruption of t he Wncatenian/TQF activity ihas dpeerpshawh twa y
induce a rapid G1 arrest and blockage of a genetic programme that is physiologically
active in the proliferative compartment of colonic crypts anduce an intestinal
differentiation programménstead(140). Korinek et al (252) have also shown that mice
deficient for the TCF4 transcription factor completely lack proliferative cells in the fetal
small intestinale pi t hel i um s waenie/BCOF4 sigpalling hsadassenfal for
maintaining the proliferative/undifferentiated state of intestinal epithelial cells. In isolated
crypts it i s p o s-satehin sgnaliing byi trartsfectioh efraedormmi t h
negative version of TCF4In this studywe disrupted-catenin/TCF4 activity by use of
dnTCF4 adenovirus oisolatedcolonic crypts. Proliferation of cells was significgntl
inhibited with dnTCF4 (Fig 3.1)2as well as th&Vnt target gene axin 1IKg3.9. In their

study of the expression pattern of Wnt signalling components, Gregetree{142) found
unexpectedlyhat TCF4 was abundant in differentiated cellglmnsurface epithelium and

thatexpression dimisheich the lower half of the cryptsBarkeret al (47) also found high
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expression of TCF4 at the top of the crypangusHill et al. (164)suggest that TCF4 acts

as a tumour suppressor by modulatiwaliferation. Theyshow that loss of TCF4 early in
development and in adult colon results in increased cell proliferation and leads to colon
tumourigenesis.Their model suggests that low levels of TCF4 favor normal intestinal cell

proliferation whilst ligh levels of TCF4 protein epithelial cell differentiation.

It has recently been demonstrated that the Wnt signalling pathway can also be activated by
the RSpondin family of secreted ligandd’he CR domain of the 88pondin proteins is
primarily responsile for activation of Wnt signalling. Deletion of one or two fulike
motifs of the CR domain of 8pondin abolishes its activity to activate canonical Wnt
signalling(253) (254). Namet al (151), Binnertset al (255)and Weiet al (256) have all
demonstrated the requirement of LRP5/6 receptors to trans8joRdin activation of the
canonical Wnt signallingpathway. R-Spondin 1 renders the cells more sensitive to low
levels of Wnt ligand by modulating the LRP6 receptor by interacting with Kremen 1 and
antagonising Dkk1. This interaction interferes with LRP6 internalisation which results in
increased LRP6 lels at the cell surface. In this study IWP2 was used to inhibit Wnt
signalling and lead to significantly neded cell proliferation (Fig 3.31and addition of R
Spondin 1 to the culture media led to an increase in proliferation, possiblpdsyrirey the

cells more sensitive to any Wnt ligands that wereimlgibited by IWP2. This result is
similar to that obtained by Kinet el (257) who found that RSpondin 1 induced a
dramatic increase in proliferation of intestinal crgpithelial cells. R-Spondin 1 has also
been shown to have strong mitogenic activity @msl cells of the intestinal crypt67)

and hair follicleg(258) by supporting survival and proliferation vitro through activation

of Wnt signalling. Our investigations revealed thd&-Spondin 1, especially in
combination with Wnt3a, significantly maintainedk” stem cells in culture and rescued
the inhbitory effects of IWP2 (Fig 3.)8 Several studiehave also shown that&pondin
proteins are also the ligands fogrd, 5 and 6 receptors. Carmehal (6) demonstrate

that Lgr4 and Lgr5 bind to RSpondins with high affinity and mediate the potentiation of
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Whnt signallingby enhancing Wninduced LRP6 phosphorylationMore recently they
report that following costimulation with the ligandssBondinl and Wnt3a,dt5 interacts

and forms a supercomplex with the Wnt coreceptors LRP6 and Fzd5 which is rapidly
internalized and hen degraded through a dynamiand clathrindependent pathway.
Deletion of the Germinal tail of Lgr5 maintained its ability to interact with LRP6, yet this
Lgr5 mutant exhibits increased signaling activity and a decreased rate of endocytosis in
respons¢o R-spondinl compared to the witgdpe receptor. Their study therefore provides
direct evidence thatdr5 becomes part of the Wnt signaling complex at the membrane
level to enhance Wnt signalling259). Ruffner et al (260) also identified Igr4 as a
cognate receptor of-Bpondin. They found that depletion ajid completely abolished-R
Spondininduced b-catenin signalling and that loss o4 could be compensated by
overexpression of dr5, suggesting thatdrd and lgr5 arefunctional homologs. They
further demonstrated that-Bpondin binds to the extracellular domain @frd-and lgr5,

and that overexpression o4 strongly sensitizes cells to$pondira c t i v-aaterend b

signalling.

Lineage tracing (4), propagation of selfenewing intestinal organoidg67) and
transplantation assay68) have defined Lgr5 as a marker of proliferative intestinal stem
cells. Barkeret al (65) also identifed Lgr5 stem cells at the base of pyloric glands of the
stomach which lineage tracing experiments revealed gave rise to all differentiated stomach
epithelial cells. Wnt signalling is also involved in hair follicle stem cell biology, and since
Lgr5 is aWnt target gene, it is no surprise that Jakal (258)found Lgr5 expressiorin

the hair follicle at sites where hair growth is initiated. Again, lineage tracing showed that
Lgr5" stem cells generated all hair follicle lages. All the tissues where Lgr5 has been
identified as a stem cell marker share the characteristics of rapidly proliferating epithelia
and the stem cell niche allows unidirectional displacement if daughter(t®Hy These
studies were carried out on mice, which although informative, do not reveal the status of

Lgr5 in human tissue. In our study, the expression of Lgr5 was investigated on native
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humanmicrodissected cryptand on isolated crypts that were kept in cultwe viva
Immunocytochemistry on native microdissected crypts revealed Lgr5 expression on
slender crypt base columnar cellsthé base of the crypt (Fig 3)13 Analysis of the
percentage of Lgiells versus other differentiated cell types revealedaimatind 30% of

Lgr5" stem cells reside at the base of the ceypd decreasing along the crypt axis, with
none found at the top of the crypt. Conversly, the other cell lineages although also found
to be about 30% at the base of the crypt, increase alamgcrypt axis. In situ
hybridisationfor Lgr5 mRNA also revealed these L§rstem cells to reside at the base of
the crypt withnone found at the top (Fig 3)14In the mousesmall intestine, LgrSstem

cells are found intspersed between Paneth cells i have been shown to provide stem
cell niche factors such as Wnt@#). The colon lacks Paneth cells, so we found the 1L.gr5
cells to be intespersd between goblet cellsSome of these goblet cells could secrete
niche facbrs that still support the LgiStem cells. Rothenbews al (35) have recently
found goblet cells that contained a distinct cKit/CD1t#ypt base subpopulation that
expressed DII1, DIl4 and EGF which are also found ireBagells that are also marked by
cKit. They found that these cKitjoblet cells were interdigitated with LdrStem cells.
Along with the detection of LgiSstem cells in native microdissected crypts, we found that
isolated cultured colonic crypts alsmintained Lgr5stem cell expression when cultured

in Wnt3a and RSpondin 1.

Differential gene expression profile for Lgr5 stem cells and their daughter cells revealed
that OLFM4 was also enriched in the Lgells (48). Usingin situ hybridisation Van

Der Flieret al (48) foundOLFM4 expression in the small intestine and colon in crypt base
columnar cells that were also positive for Lgr5. OLFM4 has also been found to be highly
expressed i subset otells in colorectal carcinomas with its expression much higher in
these tumour cells than in witgpe crypt base columnar cellsin our study we
investigated whether OLFM4 does indeed label the same population of cells as Lgr5.

Immunocytochmistry performed on native microdissected crypts showed that indeed
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OLFM4 and Lgr5 mark the same population of crypt base columnar(E@js3.13 and

3.14). Colabelling with Ecadherin to visualise single cells easier edse that these
OLFM4/Lgr5" cels are slender, almost triangular shaped and reside at the crypt base.
OLFM4 is a secreted molecule so as well as intracellular OLFM4 being observed, there
was some OLFM4 protein at the apical pole of the cells and some in the lumen that was
flushed out 6the crypt as the cell makenore protein. OLFM4 has been shownbt®
upregulated in inflammatory bowel disease mucosa and secreted into the mucous as a
protective role by binding defensins in the mucéis). We also showhiat OLFM4, just

like Lgr5 is maintained in isolated cultured crypts (Fig73.4nd the doublabelling of
OLFM4 and Lgr5 in the same population of cells confirms the results seen in native human
crypts. To demonstrate that these OLFMdtem cells are noin fact a lineage of
differentiated cell of the colonic crypt, native microdissected crypts were processed by
immunocytochemistry andouble labelled with a known marker of the four differentiated
cell types (Fig 3.1p Double labelling of OLFM4 with Mu2, CroA, Cox1 and FABP
revealed that the OLFM4ells are a distict population of cells that only label Cgnfypt

base columnar cells. OLFM4 has also been shown to be under the control of Notch
signalling(261). Notch sigrlling is involved in lineage specification, with its activation
resulting in goblet cell depletion and inhibition resulting in increase of goblet cells. We
found that inhibiting Notch signalling with DBZ resulted in a significant increase in the
number ofgoblet cells and a dramatic loss of OLF\M#em cells (Fig 3.20 This result

was also found by VanDussest al (261) who showed that Notch inhibition led to
differentiation of epithelial progenitors into secretory cell g/p@ad induced a rapid crypt
base columnar cell loss (OLFNM)with reduced proliferation, apoptotzell death and

reduced efficiency of organoid initiation.

Crypt base columnar stem cells have been shown to be-awgidg with Lgr5 cells
having an avege cycling time of one dafd). Since OLFM4 labels the same population

of cells as Lgr5, we found that colabelling of OLFM4 with the proliferation marker Ki67
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showed that approximately half abtal OLFM4 cells were udergoirg proliferation (Fig
3.16. In cultured crypts this proliferative status of OLFivBtem cells wasncreasedy

Wnt signalling but inhibited wittDkk1l (Fig 3.19. Takashimaet al. (262) show that
activation of Wnt signalling #th R-Spondin 1 increased the number of OLFMtem cells
in crypts as well as an increased number of Kiéycling cells. RSpondin 1 also
enhanced repopulation of OLFM4tem cells after mucosal injury withone marrow

transplantation

The role of Wntsignallingon cell renewal was investigated bylturing crypts in Wnt
pathway activators (Wnt3a and$pondinl) and measuring crypt lengdfiter several days
in culture (Fig 3.21) omonitoringthe cultured crypts for 24 hrs by retine timelapse
microscopy(Fig 3.22. Crypt lengthwas maintainedby Wnt signalsand this was due to
maintainance of cell proliferation, as measuby counting number of cell mitosqser
hour. Although Wnt3a may havmaintainedproliferation compared to control, no
difference was made to the rate of migration of cells within the cry@typt cell shedding
was oObserved by | abel |l i n-gMand Prapitiunviedide aodu | t ur e d
immunolabelling fixed crypts for activated casp&sé-ig 3.23). We observed @t cell
sheddingoccurredin the upper region of the crypt.This suggests thatrgpt cell
proliferation in the lower half of the crypt is required to maintain a stetatg cell
population by replenishing cells shed from the upper surface, but doegpeatr 40 drive

crypt cell migration.

In this chapter, the role of Wnt signalling in regulating intestinal stem cell status and tissue
renewal was demonstrated. Exogenous Wnt ligand was required for humaic cojpt
culture and the maintance of Wnt gjnalling gradient sustained the hierarchy of tissue
renewal for at least 7 days. Cultured crypts exhibited basal levels of Wnt signal activation,
stem cell marker expression and cell proliferation, all of which were abolished by IWP2,

an inhibitor of Wntligand secretion. A number of Lgr5/OLFM4" stem cells were
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identified at he crypt base that were inteesped between gobléke cells and were

maintained in culture by Wnt signdBig 3.24)

) Wnt3a

RSpondinl

Myofibroblast Lgr5/OLFM4 stem cell
Other B Bl Gobletcell

Fig 3.24Wnt signals maintain intestinal sterell driventissue renewal Wnt signalling
predominates at the crypt base. Wnt signals maintain stem cells and cell proliferation.
Whnt signalling inhibitors IWP2 and Dkk1 supress expression of Wnt target genes, stem cell

status and cell proliferation.
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3.2BMP/TGFb signalling regulated tissue r

3.2.1 Introduction

Along with the Wnt signalling pathway, BMP afddGF b si gnal |l i ng pat hwa)
implicated in regulating the hierarchy of intestinal tissue renewal.analaysis of gene

expression patterns of moal human colonic crypt bases and tops has revealed expression

of signalling pathway activators and inhibitors that are predicted to establish morphogenic
gradients along the human colonic colonic ciggis (74). In mice, ithas been shown that

BMP/ TGFb signals predominate at the top of t
crypt cell positioning, differentiation and apoptosis. The reciprocal inhibition of Wnt and

BMP/ TGFb pat hways appeartisduorensvel alongdhie arypt he hi
axis. Migration, differentiation and compartmentalisation along the -ayipthas been

shown to be controll ed by TGFb and Wnt gr

polarisation proteins and Wnt controlling the expressidBphB sorting receptord09).

Patients with matations in the BMRignalling pathwaydevelopjuvenile polyposis which

increases the risk of developingncer anddss of SMAD4 and pSMAD,5,8 is also

associated with progressi to adenocarcinomas.oss of TGFb receptors i
has been shown to promote the invasion and malignant transformation of tumours that

were initiated by APC mutatiof207). Thus Wnt signalling deregulation aBMP/T GF b

signalling inativation cooperate to drive the initiation andogression of intestinal

cancers.

A detailed knowledge of the rol e dafvenBMP/ TGF
tissue renewal in the human colonic epithelium is still lacking. Therefore, usingaer n
nati ve human colonic cul ture model , t he r ol

expression, stem cell maintaince and cell proliferation will be investigated in this chapter.
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3.2.2Functional role of BMP signalling in human colonic crypts

To investigatehe BMP signalling status in human colonic crypts, colonic biopsies were
fixed andmicrodissected into individual cryptdmmunocyochemstry was performed on

the microdissected crypts label for pSMAD1,5,8 a marker for then vivo signalling
status ® BMP signalling. Nucleaimmundluorescence intensity was measured and
normalised to the base of the cryjfig 3.25. Analysis revaled that there is low-p
SMADL1,5,8 activation at the base of the crypbut increases along the crygtis with

higher levels in theupperregion of the crypt.
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Figure 3.25BMP signalling status in vivo.A) Nuclear pSMADL,5,8 is the hallmark of

activated BMP signalling. Biopsies were fixed,cmodissected into single crypts,
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processed by immunocytashistry and labédd for pSMADL,5,8. Scale bar represents
5 0 ¢ m. Analyds)of nucleap-SMADL,5,8along the crypt axis.Nuclear fluorescence
intensity measurements from each region of the crypt were normalised to thef blase

crypt (*p=0.027, N=3 crypts fron? patients).

In the mouse,tihas been suggested by eteal (8) thatBMP signalling inhibits intestinal

stem cell selfenewal though activation of PTEN which leads to the suppression of Wnt
signalling. It is only by overcoming this suppliesswith transient expression of noggin, a

BMP antagonist, which | eads toatenkladtivitygaodk i vat i o
promoting stem cell selienewal and proliferationTherefore the effect of noggin on BMP

signalling was determined by ltwring crypts withnoggin and/or BMP4 for 3 days. These

crypts were then fixed and processey immnocytochemistry for pSMADS5,8 and

nuclear fluorescence intensity pSMAD1,5,8 measured and normalised to the crype bas

of the control group (Fig 3.2 BMP4 significantly increased levels of nuclear
pSMAD1,5,8 which was suppressed by noggin. Noggin also suppressed endogenous

levels of BMAD1,5,8 suggesting there is a low level of BMP signallingultured crypts
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Noggin + BMP4
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Figure 3.26 Noggin suppresse8MP signalling. A) Crypts were cultured in BMP4

andbr the BMP antagonist noggin for 3 days. Crypts were processed by
immunogtochemistry and labelled for pSMAD 5, 8. Scal e bar repre
Analysis of nucleapSMADL,5,8 along the crypt axis. Nuclear fluorescence intensity
measurements from each region of the crypt were normalised torytpt base of the

control group BMP4 increased levels oSMADL,5,8 which was suppressed by addition

of noggin (*p<0.05 in all regions of crypt, **p<0.05 irall regions of cryptN=25 crypts
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from 2 patients Control media: IGF1 (50ng/ml), RSpondin 1 (500ng/ml), Wnt3a

(200ng/ml) Noggin (100ng/ml) and BMP4 (100ng/ml) where indicated.

Since BMP signalling is involved in cell differentiation and suppressibistem cell
proliferation,it has the reciprocal function of Wnt signalling. Therefore, to determine the
effect of BMP signalling and its inhibition on Wnt target genes, crypts were cultured in
BMP4 or the BMPantagoist noggin for 3 daysprocessed bymimunocytochemistry and
labelledf o rkcatemin (Fig 3.27) or axin Il (Fig 3.28 Noggin significantly increased

| e v e |l-catenmgrobdblyby inhibiting levels of endogenous BMP signaBMP4 also
inhibited the Wnt target gene axinwihich was rescued by addition of noggin. Noggin

increased levels of axin plrobablyby inhibiting the endogenous levels of BMP signals.
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Figure 3.27 Noggin inhibits BMP signalling. A) Crypts were cultured in BMP4nd/r

the BMP antagonist noggin for 3 days. Crypts were processed by immunounytiche
and labelled forb-catenin Scal e bar rAagysied ruddafscaténtihe m.
along the crypt axisNuclear fluorescence intensity measurements from each region of the
crypt were normalised to therypt baseof the control group Noggin increased levels of
b-cateninprobably by suppressing lele of endogenous BMP signalg*p=0.049, N=8
crypts from 2patien)s Control media: IGF1 (50ng/ml), RSpondin 1 (500ng/ml), Wnt3a

(200ng/ml); Noggin (100ng/ml) and BMP4 (100ng/ml) where indicated.
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Figure 3.28 BMP4 inhibits Wnt signalling. A) Crypts were cultured in BMPdndbr the

BMP antagonist noggin for 3 days. Crypts were processed by immunocytochemistry and

| abell ed for axin |1 . AnaSssaf naecledasdrrilalongte esent s
crypt axis. Nuclear fluorescence intensity measurements from each refitre crypt

were normalised to therypt baseof the control group BMP4 inhibited axin Il whilst

noggin increased levels of axin probably by suppressing levels of endogenous BMP

signals. The inhibitory effects of exogenous BMP4 were rescued Hipmdufi noggin.

(*p=0.002, **p=0.017, **p=0.042, N=18 crypts from 2 patientsControl media: IGF1

(50ng/ml), RSpondin 1 (500ng/ml), Wnt3a (100ng/ml); Noggin (100ng/ml) and BMP4

(200ng/ml) where indicated.
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3.2.3 Role of BMP signalling in crypt renewal

The levels of pPSMADR,5,8 were found to be low at the base of the crypt and high in the
top region in a recipr ocal-cateranrandeaxin llitTlois t h a't
suggests that BMP pathway activation may favour cell cycle withdBMP sigrals are

kept low at the base of the crypt by BMP antagonists such as noggin. To investigate the
effects of BMP signalling on stem cellerypts were cultured either in BMPandbr

noggin for 3 days. Crypts were then processed by immunocytogtheamd hbelled for

the stem cell marker OLFM4 (Fig 3.29 Nogginincreasedhe number of OLFM4stem

cells that were otherwise inhibited by endogenous levels of BMP signals (control).
Addition of exogenous BMP4 completely abolished the stem cells in the coyptthis

effect was rescued by the addition of noggin.
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Figure 3.20 BMP4 inhibits OLFM4" stem cells.A) Crypts were cultured in BMPand/br

the BMP antagonist noggin for 3 days. Crypts were processed by immunocytochemistry
and labelled for OLFM4. Scale bar represents 0 ¢ m. NoggiBijcreasesnumber of
OLFM4" stem cells which otherwise diminish after 3 days in culppmesibly due to
endogenous BMP signals. BMP4 completely abolishes OLFdEIm cells but this
inhibitory effect is rescued by noggiffp=0.039, **p=0. 0, *** p=0.041, **** p=0.001,

N=17 crypts from 2 patientsControl media: IGF1 (50ng/ml), RSpondin 1 (500ng/ml),

Wnt3a (100ng/ml); Noggin (100ng/ml) and BMP4 (100ng/ml) where indicated.
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To determine the effects of BMP signalling on crypt cell proliferaiinlated crypts were
cultured either in BMP4 or noggin for 3 days. On d&y the proliferation marker BrdU
was added to the media for 24 hrs. Crypts weren thiged, processed by
immunocytochemistnand kbelled for BrdU (Fig 3.30 Noggin significantly increased
crypt proliferationcompared to control, whilst BMP4 completely abolished proliferation
after 3 days in culture. The low proliferation rate in the control crypt could be due to the
endogenous levels of BMP signals that accumulate afteradedays in culture, which
inhibit Wnt signalling and therefore proliferation. The inhibitory effects of BMP4

however were rescued by the addition of noggin.
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Figure 3.30BMP4 inhibits proliferation. A) Crypts were cultured in BMPandbr the

BMP artagonist noggin for 3 days. Crypts were processed by immunocytochemistry and
labelled forBrdU. Scal e bar rNoggniacseasegprdifer&tiOnsohcells B)
which otherwise diminish after 3 days in cultpa@ssiblydue to endogenous BMP signals
BMP4 completely abolishgsroliferaion but this inhibitory effect is rescued by noggin.
(*p=0.000,**p=0.003, N=17 crypts fron? patients)Control media: IGF1 (50ng/ml), R
Spondin 1 (500ng/ml), Wnt3a (100ng/ml); Noggin (100ng/ml) and BMP4 (100ng/ml)

where indicated.
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This increaseof proliferation as well as number of stem cellgh nogginsuggestdhat
renewal of the colonic crypt is maintained in culture over several days. The effect of
inhibited proliferation due to BMP4 or thiacreaseof proliferation and number of stem

cells can be determined by looking at the morphology and length of crypts after those 3
days in culture. Fig 3.31 shows the morphology of crypts in the different culture
conditions after 3 days. BMP4 inhibits proliferatimndtherefore the overall length on the
crypt is shortened compared to contglpts Addition of noggin means that BMP signals

are inhibited and Wnt signalling can be transactivated and lead to activation of stem cell
selfrenewal and promotion of proliferah. Crypt length and morphology is therefore
maintained. The crypts are longer compared to control crypts due to endogenous levels of
BMP signals that accumulate when noggin is not present leading to crypt shortening over
time due to reduced proliferati and selfenewal and stem cells. Noggin is a potent
inhibitor of BMP signalling, so as can be seen it rescues the effects caused by BMP4 when

both are added to the culture media.
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Figure 3.31Noggin maintains crypt morphology and lengthAd) Crypts were culturedh

BMP4andor the BMP antagonist noggin for 3 days. Crypt length was measured on day 3

of the experiment andormalised against the control crypt§ c al e bar represent
B) Nogginincrease<rypt length and morphology, whilst BMReads to crypt shortening
Nogginalsorescues the detrimental effects of BMR#p=0.041, **p=0.001, ***p=0.0,

**+p=0.016, *****p=0.004, N=14 crypts from2 patienty. Control media: IGF1

(50ng/ml), RSpondin 1 (500ng/ml), Wnt3a (100ng/ml); Noggi®Qidg/ml) and BMP4

(200ng/ml) where indicated.
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3.2.4 Funct i olictvinsignalihgein hanian dolariicferypts

TGFb signalling i s i nvol ved bymaintamihg a di f f er
reciprocal gradient with Wnt signalling to ensure cells within the crypt are kept in the

correct compartment for proliferation, migration and then shedding at the topthdn

mousesmall intestine, the presenceGF b s andjtheaabsence of Wnt signalling in

the villus compartment results in rapid cell cycle areast differentiation, with SMAB

and TCF4 being the dominant switch between the proliferative progenitor and the
differentiated epithelial cedl(109). To det er mi ne t he status of TG
colonic crypts biopsies were removed from patients ugdeng colonoscopies and
immediately fixed. Biopsies were then microdissected into single crypts, processed by
immnocytochemistry andabelled for pPSMAD2,3 (Fig 3.32 Although no gradient can be

seenalong the crpt axis, there is a slightly higher ldvef pPSMAD2,3 at the top of the

crypt compared to the base.
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To investigate the consequences of TGFb sig
crypts,isolatedcrypswer e cul t ur ed e iAK heeeptor 4/57 inhiGterb or t |
A83-01 for 3 days A83-01 has been found to inhibit SMD signalling and epitheliaio-
mesenchymal t r 263 iFigB3Bes hows TGRAt TGFDH activatl
signalling pghway by increasing levels of pSMALB within the cells. The control crypts

seem to have a badalel of pSMALR,3 which could account for the reason that over time

the crypts shorten in length and have decreased proliferation and stem cell number (data
shown lagr in chapter). Addition of A81reducedhe level of pSMAL2,3 activationand

thisisma nt ai ned even when TGFb is present.
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Figure 3.33A8 3 i n hi IBSMADssignalida§. bA) Crypts were cultured n T GF b

andbr A8301 for 3 days. Crypts were then processed by immytochemistry adh

labelled for pPSMAR , 3 . Scal e b ar)Anlgss ofengckeapSMARBO0 € m. B
along the crypt axisNuclear fluorescence intensity measurements from each region of the

crypt were normalised to therypt base of the control group TGFb signi fi can
increasedevels ofpSMA2,3. (*p=0.0, **p=0.0, N=22 crypts from Zoatiens). Control

media: IGF1 (50ng/ml), RSpondin 1 (500ng/ml), Wnt3a (100ng/ml), Noggin (100ng/ml);

TGFb (20ng/0ml )( Oa.nsde M8 3wher e i ndicated.
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As with BMP signalling, TGFb signallding has
stem cel |l activation to that of Wnt signall.|
signalling can be determined by looking at expression of the Wnt target gene axin IlI.

|l sol ated crypts were <cul t urteedAlkd/bitidhibitor i n t he
A83-01, processed by immunocytochemiséind labelled for axin 1l (Fig 3.34 Analysis
reveal ed that TGFDb significant |-0lindeased eased
axin 11 expression presumably & yA830hako bi ti ng
rescued the inhibit oraxnkdxfressiont® that 6f thGdemr6l by r e

group.
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Figure 33 TGFb inhibits Wnt AtCaypgpées wene axibuft éd
andor A8301 for 3 days. Crypts were then presed by immunocytochemistrydan

| abell ed for axin |1 . AnaSssaf naecledasdrrilalongte esent s
crypt axis. Nuclear fluorescence intensity measurements from each region of the crypt

were normalised to therypt baseof the contol group. T GF b ntlg redgaed akin Ik a
expression. (=0.039,*pO0. 031 i n al | N=Bergptsdransl patitht cr ypt s
Control media: IGF1 (50ng/ml), RSpondin 1 (500ng/ml), Wnt3a (100ng/ml), Noggin

(100ng/ ml),; TGFBRO1(O2OMYy/ wmheér anidndiB8at ed.
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