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Abstract

Colorectal cancer is the 2 most common cause of death by cancer in the UK, htitis
treatable if diagnosed early. In order to increase the likelihood of early diagnosis, more
must be understood about the early stages of colorectal tumourigenesit. is known
that intestinal stem cells (ISCs) are the cells of origin of colorectal tumagenesis, and
that an expansion of undifferentiated cell types, akin to ISCs, is one of the earliest events
in mouse models of tumourigenesisThis indicates the importance of the relationship

between the ISC compartment and tumourigenesis.

In order to understand how changes in the ISC compartment may le®ntributing to
tumourigenesis, the ability to accurately quantify this compartment is essential.
Currently, analysis of the ISC compartment relies on the analysis of gene expression
levels of ISC markersHowever, there is a great deal of controversy surrounding the
majority of these markers and there is no evidence that alterations in expression levels

of these markers results in a functional change in the ISC compartment.

Here | present a novel method foassessing the ISC compartment based on a functional
capacity of ISCsthe ability to form intestinal organoids in culture. This new method
uses organoid formation efficiency as a readout of changes in the ISC compartment, and
can be used in conjunction wth traditional methods of ISC marker expression to
understand the relationship between expression of ISC markers and ISC functionality.
have used this method to further analyse the intestinal phenotype of a range of mouse
models of colorectal cancer basd on gene deletion ofApc Citedl, Apc2 Ptenand Pml.
These experiments have shown that organoid formation efficiency can be a useful
method for assessing the ISC compartment, although changes within this compartment

may not be accurately predictive of imourigenesis.



1 General Introduction

1.1 Intestinal anatomy and function

The intestine is a tube which runs from the stomach to the anusvhich ingested food
passes through forthe absorption of nutrients and water. The small intestine can be
divided into three parts; the duodenum, the jejunum and the ileum. The luminal surface
of the small intestine consists of a sheet of epithelial cells which are organized into
invaginations called the crypts of Lieberkuhn and figer-like projections called villi (see
Figure 1.1) which maximize surface areafor increased absorption efficiency. These
epithelial cells are polarized, with microvilli on the luminal side which further increase
surface area. Beneath the singleell epithelial sheet are stromal fibroblasts which
surround the crypts and extend into the villi (the stromal component of which is
referred to as the lamina piopria) encasing a blood supply to these cells. Beneath both
the epithelial and stromal compartments is the smooth muscle layer, which is
responsible for the peristaltic action essential for the movement of food along the

intestine.

1.1.1 Intestinal histology

Structurally, the intestinal epithelium isa highly regulated tissue, with up to nine crypts
feeding cells into each villus. The proliferative zone of the intestinal epithelium is
located within the crypt. Transitamplifying cells within the crypt divide 4-5 times, with
each cycle taking about 12 hoursvhilst migrating up the crypt-villus axis towards the
crypt-villus junction where they terminally differentiate (Marshman et al.2002). There
are four main types of differentated cells found within the intestine; te absorptive
enterocytes andthe secretory lineages of goblet cells, enteroendocrine cells afhneth
cells,Figure 1.1. Differentiated cells (apart from Panethcells) continue to migrate up the
villus eventually beingsloughed offinto the lumen at the villus apexand replaced bythe
continual stream ofnew cells migrating upwardsfrom the crypt. This rapid turnover of
cells is maintained by an intestinal stem cell (ISC) population at the base of the crypt,
the daughter cells of which are capable of becoming any of the epithelial lineages within

the intestine.



The majority of differentiated cells found in the villi are enterocytes,which are the
absorptive cells responsible for nutrient uptake. Cells from this differentiated cell
lineage are tightly packed together,with close cell-to-cell adhesions formng an
epithelial barrier which helps to prevent microbes from entering the bloodstream.

Enterocytes can be identified by their expression of the enzyme alkaline phosphatase.

Goblet cells are responsible for the secretion of mucins which aid the lubrication of the
epithelium and protect it from the high level of mechanical stress which occurs as a
result of food movement through the intestine Goblet cells also secretefoil proteins
which facilitate tissue repair (Mashimo et al. 1996). Goblet cells are found throughout
the villus, often at the cryptvillus junction. The mucins secreted by the goblet cells can
be stained using Alcian Blue, and this staining technique is used to identify thember

and position of intestinal goblet cells.

Enteroendocrine cells are scare in comparison to the other differentiated cell types but
are found throughout the whole of the cryptvillus axis. These function to secrete
hormones which control many gut fungions such asregulating glucose levels and
signalling to empty food from the stomach. They can be identified by their ability to
reduce silver ions, marking them with black deposits when stained witlGrimelius silver

stain.

Finally, Panethcells are longlived cells (6-8 weeks),found exclusively at the base of the
intestinal crypt. In contrast to the other cell types, they migratdback down the crypt
villus axis as they differentiate (Bjerknes and Cheng 1981, 2006) The Paneth cells
secrete a variety of antimicrobials and as such they are responsible for immunity and
protection within the intestinal crypt. The Paneth cells also secrete a range of other
factors which have a less well understood role in tissue maintenance, suels TGF/,
Wnt3 and the Notch ligand DIl4(Bevins and Salzman 2011; Satet al. 2010). These
factors are thought to be important in maintaining thelSCpopulation by regulating the

ISC niche, see section 1.3.3.
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1.2 Signalling pathways involved in intestinal homeostasis

The delicate balance of cell proliferation, migration and apoptosis within the intestine
must be carefully regulated in order to maintain intestinal structure and function. This
is achieved by controling gene expression through a number of important signalling

pathways, the most important of which are discussed here.

1.2.1 Canonical Wnt signalling Pathway

Canonical Wnt signalling is a signalling pathway which is essential during embryonic
development due toits role in establishing the basic body pattern. This signalling
pathway relies on the binding of a secreted ligand to a receptor, and the Wnt signalling

molecules are highly conserved throughout the animal kingdom.

In the absence of a Wnt signal, the irdcellular proteins adenomatous polyposis coli
(APC) and axin are phosphorylated by glycogen synthase kina88 (GSK3) which
increases their ability to bind to (3catenin. When [3catenin binds to these proteins it is
also phosphorylated by GSK3, a processhich results in the breakdown of 3catenin,

Figure 1.2.

When a Wnt ligand binds toa Wnt receptor (a Frizzled (Fz)/low density lipoprotein
(LDL) receptor-related protein (LRP) complex), a signal is transduced to the
intracellular proteins stimulating interaction between Dishevelled (Dsh) and Axin,
making it unavailable for binding to [3catenin and initiating its breakdown (Logan and
Nusse 2004) This results in an accumulation of f£atenin in the cytoplasm and the
nucleus, where it interacts with any member of thdymphoid enhancer-binding factor 1
or T cell-spedfic transcription factor (LEF/TCF) to enhance transcription of a number of

Whnt target genes(Behrenset al.1996; Clevers and Van de Wetering 1997)

Many Wnt target genes are associated with cell proliferation, migration and adhesion,
processes which are all essential for the maintenance of the intestinéndeed, the
appropriate regulation of Wnt signalling is vital for themaintenance of the intestinal
stem cell (ISC) population. The ISC population is found at the base of the intestinal
crypt, and throughout the cryptvillus axis there is a gradient of Wnt agonists, with

higher levels faund near the ISC populatior{Gregorieff et al.2005).



The importance of Wnt signding within intestinal homeostasis has been demonstrated
using a range of experimental formats. Irelandet al. showed that conditional
ET T TUUCT OO AcAténik @ Ehe moude ABsufted in catastrophic disruption of
normal intestinal homeostasis, with crypt ablation, reduced numbers of goblet cells,
increased apoptosis and detachment of sheets of enterocytdieland et al. 2004).
Likewise, transgenic ectopic expression of the Wnt inhibitoDickkopfl (Dkk1) resulted
in reduced numbers of secretary cells, reduakproliferation and loss of crypts(Pinto et
al. 2003), while deletion of the important Wnttarget geneGmycwas lethd to intestinal

cells, resulting in a complete loss of alb-myc’- crypts (Muncan et al.2006).

1.2.2 Notch Signalling pathway

Notch signalling is a ceHto-cell signalling pathway, meaning that signalling can only
occur via direct celtto-cell contact of adjacent cells. Notch ligands (such as Jagged or
Delta) interact with the Notch receptor and this causes two proteolytic cleavage events.
The first, mediated by the tumournecrosis factor -converting enzyme (TACE), involves
the cleavage of the extracellular domain from the Notch receptor. Once this has
occurred, the second cleavage event takes place, releasing the Notch intracellular
domain (NICD) which can then enter the ucleus and activate the transcription factor
CSL, resulting in expression of Notch target geneBigure 1.2. Like Wnt target genes,
Notch target genes have a variety of functions which influence tissue homeostasis via
roles in controlling apoptosis, proliferation, spatial patterning and cell fate

determination (Artavanis-Tsakonaset al. 1999).

Conditional inactivation of CSL within the mouse intestine (which effectively prevents
Notch signalling), results in the conversion of proliferative cells within the intestine into
post-mitotic goblet cells (Van Eset al. 2005). Not only does this demonstrate the
importance of the Notch signalling pathwg in homeostasis, but crucially it highlights
that the maintenance ofthe undifferentiated cells, the ISCs, within the crypt is essential
for intestinal homeostasis. Therefore the importance of Notch signalling is due to its
role as a regulator of the ISGompartment, supported by the high levels of Notch

ligands found at the base of the crypt in comparison to the rest of the crypillus axis.
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a ligand to the membranebound type Il receptor which enables the type Il receptor to
dimerise with type | receptors, and phosphorylate its cytoplasmic domain. Once

phosphorylated, the type | receptor can then recruit and phosphorylate either the

SMAD2/3 proteins (TGFf qh T O OEA 3-1$pF¥ufy DHOT OAET O

phosphorylated are collectively known as receptor regulated SMADS {&®VADS). The R
SMADS can then disassociate from the receptor and form a complex with SMAD4,
thereby enabling its translocatin into the nucleus. Once in the nucleus, SMAD4 can

interact with regulatory proteins and regulate a range of gene transcription events

(Figure 1.2). Target genes of the TGF ¥" - 0 OECT Al 1 ETC DPAOExAU

functions, but are most commonly associated with inhibition of cellular growth and

proliferation.

Within the intestine, expressionof TGF | ECAT AO EO EECEAOO AO
with absence of cellular growth and proliferation,in accordance with its role within

intestinal homeostasis(Barnard et al. 1993).

1.2.4 The Hedgehog Pathway

The Hedgehog signalling pathway is controlled by two cell membrane spanning proteins
called Patched and Smoothened. When no ligand is bound, Patched inhibits
Smoothened, which enables protein kinase A (PKA) to phosphorylate the transcriptio
factors Gli2/3 resulting in the targeting of Gli2 for degradation. This leaves the
truncated Gli3 protein free to enter the nucleus and act as a transcriptional repressor of

Hedgehog target genes.

When a Hedgehog ligand (either Sonic Hedgehog, Shh, amdiHedgehog, Ihh or Desert
Hedgehog, Dhh in vertebrates) binds to Patched, the inhibition of Smoothened is
prevented, and active Smoothened prevents the phosphorylation and degradation of
Gli2/3. This enables Gli2/3 to enter the nucleus and act as a trangation factor for a
number of Hedgehog target genes. One of these target genes is Fofdadison et al.
2009), which has been shown by Kaestneet al. to be a regulator of BMP and Wnt
signalling (Kaestneret al. 1997). Loss of the Hedgehog target FoxL1 results in increased

proliferation in the intestinal epithelium and a distorted cryptvillus architecture
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(Kaester et al. 1997). A similar effect is caused by the loss of the Hedgehog ligand (and
therefore activator) lhh in the intestinal epithelium, which results in increased
proliferation, crypt fission, and expanded ISC compartmeniosinski et al. 2010). Most
importantly, as Hedgehog is a paracrine signalling pathway with ligands being
expressed in the epithelium and secreted, the pathway is activated inghstromal cells
and so loss of Ihh in the epithelium resulted in disruption of the mesenchymal
architecture and deterioration of the extracellular matrix. This highlights the
importance of the interactions between the epithelium and the mesenchymal in tisg

homeostasis.
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Figure 1.2 The four main signalling pathways involved in intestinal homeostasisA¥NT, Notch, TGF/BMP and Hegdgehaignalling, which all control
the expression of genes associated with homeodia processessuch as proliferation, apoptosis, differentiation, growth and migration.



1.3 Adult intestinal stem cells

The least well understood cells within the intestine are the undifferentiated cells found
at the base of the crypt, referred to as intestinal stem cells (ISCs). These steslls
persist throughout the lifetime of an individual, and their progeny are capable of
differentiating into any of the intestinal epithelial cell lineages. Both the location and the
gene expression patterns seen within the ISC populationare controversial. It has
previously been reported that ISCs can be subcategorized into two distinct populations;
the crypt base cdumnar cells (CBC cells) which areresponsible for intestinal
homeostasis and a quiescent populatiofound at the +4 position within the intestinal
epithelia which is only active after intestinal trauma(Tian et al.2011; Yanet al.2012).
However, the data produced from extensive studies on the matter has been interpreted

in a number of differentways.

1.3.1 Identifying the ISC location and markers

Traditionally, an adult stem cell is described as a lonlijved, slowly dividing cell, multi-
potent and asymmetrically dividing. This does not appear to be the case for KS@hich
despite being longlived and multi-potent, are relatively very rapidly dividing cells,
dividing every 24 hours (Barker et al. 2007) and appear to divide symmetrically (see
section 1.3.2)(Escobaret al.2011). However, this is relatively new knowledge and the
guest to find ISC markers that match this dogma hasrdered the identification of ISCs
to date. However, this has not been the only problem encountered when studying ISCs.
Due to the small number of ISCs (predicted to be-@ per intestinal crypt) (Booth and
Potten 2000) expression levels of any markers are low,thereby making
immunohistochemistry difficult. As a result, most ISC identification methods rely on
FACsorting or in situ hybridisation, both of which make it difficult to determine the
exact loation of cells expressing the markergGregorieff et al. 2005) Thus a humber of
stem cell markers have been proposed and later refuted making this is a very dynamic

and evolving area of research.

For many years, DNA label retaining experiments were used to identify th&1 AA A
OAOAET ET ¢ AAl16h AOOOI AA OF AA OEA )3#8 #AIlI
were shown to retain thymidine DNA labels long term despite continued cell division

(Potten et al. 1974). Later, studies reported that the +4 cells specifically express the

10



marker Bmil, and that these cells were proliferative and capable of selénewal, and so
Bmil expression has been widely used as a marker of ISC3angiorgi and Capecchi
2008).

CBC cells areapidly dividing (rapid in terms of stem cells) elongated cells at the base of
the crypt which are interspersed with Panethcells. In 2007, it was reported that CBC
cells are specifically positive for tle expression ofLgr5. Lgr5 was at the time classified
as an orphan receptor, but it is now known to interact with Rspondins, Wnt activators
found at the base of the cryp(Zhaoet al. 2007). Despite their rapid cell divison, Lgr5*
cells were shown, using lineage tracing experiments, to be capable of generatingtié
cell lineages of the intestinal epithelium(Barker et al. 2007; Zhuet al. 2008). More
recently, the Lgr5" cells were shown to be specifically capable of forming intestinal
organoids in culture (Sato et al. 2009), see section 1.3.4By analysing the differential
gene expression profiles of Lgr¥ and Lgr5°w intestinal epithelial cells, it has been
possible to identify other proteins which are specifically expressed in CBCs, aitdvas
through this method that expression Olfm4 and Ascl2 was identified as a potential
marker of the ISC compartmenivan der Flier et al. 2009a; van der Flieret al. 2009b).
Olfm4encodes an antiapoptotic factor that promotes tumour growth and facilitates cell
adhesion, whereasAscl2is an imprinted gene that encodes a basic helix loop helix
transcription factor. Interestingly, of these three markers of CBC cells, on®fm4is not

a Wnt target gene, and so can be used to differentiate between changes in Wnt signalling
and changes in the ISC populatio(Barker et al. 2007; Jubbet al. 2006; van der Flieret
al. 2009a).

Other ISC markers have been proposed over the last decade, includidgsland Msil
(Kayaharaet al. 2003; Potten et al. 2003) due to the localisation of expression within
normal and postirradiated intestinal crypts, as wellasincreased expression in tumours
derived from mouse models of intestinal tumourigenesis. The authors of these papers
are careful that they only tentatively propose these genes as potential markers of the
ISC population as a result of their localisation of expssion, but much research has
since been conducted which does not take this into account. This misunderstanding has
resulted in new ISC markers being proposed as a result of their tocalisation with

these genes. For example, Dckll was proposed as an IS@rkar due to its co
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localisation with Msil (May et al.2007), but was later reported to be in fact a marker of

A OAOA ET OAOOET Al ADPEOEAI EOI (SadhiSakhset ab U
2011).

The ISC markers which seem to have been masiccessfully used, are those which were
determined by comparing the gene expression pattern of Lgrscells to Lgr5 intestinal

cells such aPromininl/Cd133, Ascl2and Olfm4 (Snippert et al.2009; van der Flieret al.
2009a; van der Flieret al. 2009b) all of which specifically mark the CBC cells.

Over recent years it has been proposed that ISCs should be stdiegorised into rapidly
dividing CBC cells which are responsible for testinal homeostasis (identified by
expression ofLgr5), and the more slowly dividing, label retaining +4 cells, which are
OET OCEO 1T £ A0 O fafdird ecAvAtédihdespoiisd tb injdnfor delldeath

(identified by expression ofBmil) (Tian et al. 2011; Yanet al. 2012). However, a recent

ET /

DAPAO &OT1T (AT O #1 AOAOS8O 1 AAT OAOT OU EIAO AEOE

situ hybridisation and transcriptional profiling of sorted Lgr5h expressing cells to show

that all of the current ISC markers overlap in their expression, although there appears to

be a gradient of expression of many of the markers between the CBCs and the +4 cells

(Muioz et al. 2012). Other proposed markers for the +4 population of stem cells are
HopX, mTERT and Lrigl(Montgomery et al. 2011; Powell et al. 2012; Takedaet al.
2011), however, evidence contradicting the ability of each of these proteins to act as a
marker for the +4 cell has been published by Barkeet al., and so the controversy

continues (Barker et al.2012).

The controversy surrounding the idea of twodistinct ISC populations has been more
recently explored by Buczacket al, who showed that the quiescent label retaining stem
cells are in fact committed to the secretory lineage and will invariably mature into
Paneth and enteroendocrine cells. This seem to be the case during homeostasis,
however, after injury these previously quiescent cells can undergo rapid proliferation
and produce all of the main epithelial lineages, indicating that they can be pulled back
from committed quiescent cells into activestem cells(Buczacki et al. 2013). This was
achieved through pulsechase experiments showing that the label retaining cells can

only form clonally populated crypts after injury by radiation, hydroxyurea or
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doxorubicin. This seminal work shows not only the complexity and fluidityof the

system, but the utility of lineage tracing experiments in dissecting this complex system.

All of the contradictory information published makes it very difficult to produce a
definitive list of ISCmarkers. Much of the current literature is anchored around genes
specifically expressedat the base of the crypt although there is a growing consensus
that Lgr5, Ascl2and Olfm4 are key markers of an ISC population, but potentially not the
only ISC population.

1.3.2 ISC division

The +4 stemcelEO 1T £OAT OAEAOOAA O AO OEA ONOEAOA,
retain a thymidine DNA label despite division (Potten et al. 1997). This assumed
quiescence however, is not the conclusion arrived at by the research group who
conducted the latel-retaining experiment. This group presenteda hypothesis known as
the immortal strand hypothesis (Potten et al. 1978; Potten et al. 2002; Smith 2005). It
was thought that the only wayin which ISCs were abldo protect their genome from a
lifetime & Build-up of mutations was by some form of strand selection, whereby the
original DNA template strand is retaine within the daughter stem-cell. This argument
has since been refuted by studying DNA segregation withthe CBCs as opposed to the
+4 ISCs and clearly demonstrates unbiased segregation of the DNA strands at division
(Escobaret al. 2011).

The retention of DNA labels lead to the assumption for many years that the intestinal
stem cells divide asymmetrically to produce one intestinal stem cell, and one transit
amplifying cell. (Potten et al. 2002; Smith 2005) This form of division is referred to as
OET OAOEAT O HAw@e, it daddbsedvad that intestinal crypts tend to drive
towards monoclonality whereby, after a given period of time the entire crypt is
descended from one ISQLoeffler et al. 1993). This does not correspond with the idea of
invariant asymmetry which fails to provide an adequate explanation for crypt

monoclonality.

Recently, another explanation has been proposed, whered$Csdivide symmetrically
either to produce two transit amplifying (TA) or two stem cells (SC) in an entirely

stochastic manner(Figure 1.3), meaning that any of the ISCs within the crypt have an
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tracing experiments from Hans Cleves laboratory whereby eachlISCis individually
labelled and the development of clonality can be seef(Fletcher et al. 2012; Lopez

Garciaet al.2010; Snippertet al.2010).

Interestingly, asISCsprovide both homeostatic and regenerative functions, it should be
considered that there may be sometki A 1T £ OAEIT EAAD ISEdide®T xEA
asymmetrically, or symmetrically to produce 2 stem cells or 2 transit amplifying cells. It

could be argued that stochastic symmetrical or asymmetrical divien is required for
homeostasis, and during times wherthe stem cell is required for regenerationthe rate

of stem cell division is increased in order to replace lost cells. However, there is also a

case for the idea that gross intestinal cell damage drives a regenerative stem cell

division pathway, with more cells dividing symmetrically to produce 2TA cells. This

would enable the regeneration of the intestine without exposing the stem cell tthe
damagewhich results from an increased number of divisions, however a mechanism

which could drive this division choice remains unclear.
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SC= Stem cell, TA= transit amplifying cell.

1.3.3 Stem cell niche

The ISC niche is described as the microenvironment in which the ISCs reside. It is
thought that the niche may help establish or maintain stem cells by providing them with
a range of signalsPanethcells have long been thought of as the main constituent tfe
ISC niche due to their expression ofTGF{, Wnt3, the Notch ligand Dll4as well as a

range of antimicrobial factors, which are necessary in both the establishment and
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maintenance ofin vitro culture of ISCYBevins and Salzman 2011; Satet al. 2010). This
was supported by a studywhich showed that organoid growth efficiency(see section
1.3.4) was increased by the ceculture of Lgr5* cellswith Panethcells (Satoet al. 2010).
Due to the importance of Notch signalling in the maintenance of the ISC mqdation,
coupled with the fact that Notch receptors and delta ligands are membrane bound
requiring cell contact with the Lgr5* in order to activate Notch in the ICS, it is thought
that the main role of Panethcells within the ISC niche is the ability to etivate the Notch

signalling pathway (Fre et al.2005).

If the Paneth cells are essential for themaintenance of the ISC niche then would be
assumed that loss ofPaneth cells would result in complete crypt ablation. This
experiment was attempted in two ways; by expressing the diphtheria toxin gene within
Panethcells (Garabedianet al. 1997) and by conditional knockout ofSox9(Bastide et al.
2007), both of which resulted in some crypt dysplasia, but failed to result in complete
breakdown in crypt villus structure which would be expected from a loss of the ISC
population. This was explained as being the result of incomplete loss Baneth cells,
and the ability of the intestine to repair itself aftereven major damage. Furthermore, at
the time of the experiment there were few ISC markers available resulting in an

incomplete analysis of the effects on the ISC compartment.

More recently, complete ablation oPanethcells from the mouse intestine was achieved
through the use of theMath1/- mouse with the surprising result that Lgr5-expressing
cells are in fact capable ofigvival, renewal and performance ofall normal functions in
the absence ofPaneth cells (Kim et al. 2012). Math1 is described as a Notchrepressed
target genesince inhibition of the Notch pathway activates its expression. It is a driver
of differentiation by pushing cells into the secretory lineage and inhibiting proliferation.
An explanation for the surprising result from the study by Kimet al. is offered by the
proposition that loss of the important differentiation factor Mathl, may render ISCs
independent of Notch signalling, thereby removing their dependency on neighbouring
Panethcells (Schuijers and Clevers 2012; Van Ex al.2010).

A newly acquired selfsufficiency of Lgr5 stem cells due to the loss d¥lathl could
explain why no change in intestinal homeostasis was seen in the absencéahethcells

and oould be tested by culturing Lgr5 cells from Mathl/- mice to assess if they are
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capable of forming organoids in the absence of the Notch ligand Jagged which is
required for the growth of organoids from single wildtype Lgr5 cells (section 1.3.4).
However, it does not explain the observation by Kinet al. that Lgr5* cells are present at
an earlier stage of intestinal development than théaneth cells in normal mice(Kim et
al. 2012), which would require the culturing of Lgr5* cells from an early developmental

stage to assess if Notch dependency increases throughout development.

Despite the evidence discussed indicating that ISCs do not rely on the presence of
Paneth cells for capacity to maintain intestinal homeostasis, recently we showed that
Paneth cells are required for the ability of ISCs to repair the gut after trauma. By
inducing loss of expression of -catenin within the intestinal epithelium using either
Villin-Cre (which recombines within the ISC and thePaneth cell as well as the other
epithelial lineages) or AHCre (which recombines in the ISC and epithelia but not the
Paneth cell) we were able to show that surviving ISCs were able to repopulate the
intestine and retain function when the Panethcell was unharmed, but were unable to in
the absence ofPanethcells, thereby resulting in loss of crypivillus architecture (Parry

et al.2013). Thisindicates that if there are indeed two distinct populations of ISCs, with
one population responsible for homeostasis and the other responsible for damage
repair, Panethcells are an essential niche component only for the +4 cells, or they are

required for interconversion between the two subsets of stem cells.

Despite the contradictory evidence, it is clear from these studies th&anethcells play
an important role in the maintenance of the Lgr5 ISCs, but their exact role is still far
from clear, and the ontribution of extraepithelial factors should not be underestimated.
For example, it has been shown that the loss of Wnt3 from the intestinal epithelium
vivo causes no effect on intestinal morphology and function. However, the loss of Wnt3
in organoid aultures (where the extraepithelia compartment of the intestine is absent)
results in organoid death, an effect rescued when the organoids are in-calture with
mesenchymal cell{Farin et al.2012). This indcates that Wnt3 from sources other than
the Paneth cell and the epithelial compartment plays an essential role in the

maintenance of the ISC niche.

As previously mentioned, the importance of components contributing to the ISC niche

can be assessed by their presence/absence during the time of development of the ISC
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compartment. The establishment of the crypwillus architecture with an ISC population
occurs during perinatal development. Interestingly, during this stage of development
thyroid hormone (T3) levels are particularly high. It is also known that loss of functional
OEUOT EA ETOITTA OAAADPOI O | OAOOI (raterdiiet AAOAC
al. 2001). This knowledge led to the recent study by Hasebet al, in which T3 levels
were manipulated during intestinal remodelling in amphibian metamorphosis to show
that T3 is required by bdh the intestinal epithelium and the nonepithelial intestine
(stroma and myofibroblasts) for the formation of ISCgHasebeet al.2013). It has been
shown that T3 regulates Hedgehog and BMP signalling (both important pathways
involved in homeostasis of the ISC compartment) within té intestinal connective tissue,
but not the epithelium, indicating the important role of cellcell interactions and extra

epithelial factors in the maintenance of the ISC niche.

The complexity of the stem cell niche lies in its selegulation. Potentially, the ISCs may
be regulating their own niche by manipulating their microenvironment to suit their own
requirements. The Kimet al. study in which Paneth cells were totally ablated from the
intestinal epithelium without affecting homeostasis highlighted quite how fluid the
system could be, with signals feeding both ways. This fluidity of the ISC niche is perhaps
unsurprising, due to the importance of protecting the intestinal stem cell, and a highly

regulated system has undoubtedly evolved to meet thisequirement (Kim et al. 2012).

1.3.4 Invitro culture of ISG

In 2009 Satoet al. published a method which enabled the growth of intestinal organoids
in culture. These organoids were grown from single mouse intestinal crypts and
consisted of multiple crypt-like structures formed by crypt fission (Figure 1.4).
Organoids can also be grown from single Lgrkxells, thereby cementing the use dfgr5
expression as a marker of the ISC populatiofBato et al. 2009). The culture conditions
artificially mimic those found within the intestine; they are seeded in Matrigel, which
not only enables 3dimensional growth, but is laminin-rich, as laminin has been found
to prevent cell anoikis when in culture (Sato et al. 2009) Epidermal Growth factor
(EGF) is also used in intestinal organoid culture as it is associated with intes4l
proliferation. Inhibition of the BMP signalling pathway is achieved by the addition of

Noggin in order to prevent the inhibition of intestinal selfrenewal caused by BMP
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signalling (Haramis et al. 2004; He et al. 2004). Importantly, the growth factor R
spondinl (Rspol) is also required for intestinal organoid culture. BBpondins are only
capable of enhancing the Wnsignal within cells in the presence of canonical Wnt
ligands, indicating that Rspol only enhances the Wsdignal in cells which are already
Whnt-activated, and within cells expressing an Rspol receptor, such as LdiKkim et al.
2008).

When growing these organoids from single cells sorted for their expression of Lgr5,
OEAOA AOA AAAEOEITTAI CcOil xOE AZAAOT O OANOEOAI
present. These growth factors are Jagged, Motch ligand which activates the Notch

signalling pathway within the Lgr5* cells (a function normally carried out by Paneth

cells) and the Rho kinase inhibitor Y27632. Rho kinase normally stimulates the activity

of the tumour suppressor protein PTEN, andait can be assumed that the addition of a

Rho kinase inhibitor will result in higher levels of the oncogenic factor phosphorylated

Akt (pAkt) (seeFigure 1.6) which promotes cell survival(Li et al.2005).

The organoid structures produced contained allthe differentiated epithelial cell types

found within the intestine and are structurally very similar to intestinal tissue.

This method represents not only a highly usefl tool by which to test drugs, but also a
way in which to understand the ISC niche. By altering the growth factor which enalsle
single Lgr5* cells to form organoids, it could greatly help the understanding of what is

required for an ISC to function as afSC.

Figure 1.4 Organoid grown from a single intestinal crypt. Black bar represents 100unBlack
arrows indicate visible Panethcells.
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1.4 Colorectal cancer

Colorectal cancer (CRC) is the third most common cancer in the UK, with 37,500 people
being diagnosed every year. Although CRC survival rates have doubled in the last 30
years, over half of all sufferers do not survive for longer than 5 years after diagnes

despite it being curable if diagnosed early.

There are a number of reasons why the incidence G@RGJs so high Thehigh rate of cell
division required to maintain the rapid turnover of cells within the intestinal epithelia,
results in a high inciden@ of DNA replication errors and so a buildip of DNA mutations
in these cells maks oncogenic mutations likely.Also, the direct exposure of intestinal

cells to potential carcinogens via ingested food further increases the mutation rate.

The development ofsporadic CRC is a multistep process in which an accumulation of
genetic mutations leads to the progression from normal intestinal epithelium to
dysplastic tissue to benign adenoma through to metastatic carcinoma. Based on studies
of the frequency of genemutations at various stages of progression in human tumours,
Fearon and Vogelstein proposed a model whereby loss of function éfdenomatous
polyposis coliAPC) initiates the formation of a benign lesion, followed by an activating
mutation in KRAS, allelidoss of the 18q locus and mutation of p53, which all contribute

to the progression to malignant diseas¢Fearon and Vogelstein 1990)(Figure 1.5).

The reasonthat the levels of mortality associated with this disease are so high is mainly
due to late detection, as a patient usually only presents with symptoms once the disease
has reached late stages and metastasised. It has been shown that one round of faecal
occult blood screening (which examines a patients stool for newisible traces of blood)
reduces the relative risk of mortality associated with CRC by 25%s a consequence of
earlier detection (Hewitson et al. 2007; Mandel et al. 1993). In order to develop more
screens for early detection of CRC it is essential that the early stages of colorectal

tumourigenesis are well understood.
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Loss of APC % Activation of KRAS Loss of 18q Loss of p53

Normal Early Adenoma Late Adenoma Adeno-carcinoma Metastatic Carcinoma
Epithelium

Figure 1.5 Model of tumour intitiation and progression as proposed by Fearon and Vogelstein
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1.4.1 Signalling Pathways associated with CRC
As cancer is simply unregulated cell division it is unsurprising that most of the
signalling pathways which are implicated agplaying a role in CRC are pathways which

play an important role in intestinal homeostasis.

1.4.1.1 PI3K pathway

Mutations which cause the constitutive activation of the phosphoinositide-kinase
pathway (PI3K pathway) are found in 40% of allCRCtumours (Parsonset al. 2005).
Activation of this pathway is normally the result of upstream receptor tyrosine kinases
(RTKs) which cause pbsphorylation of phosphatidylinositol-4-5-biphosphate (PIR)
which generates phosphatidylinositol -3-4-5-biphosphate (PIR). PIPs recruits AKT to
the cell membrane where it is phosphorylatedby phosphoinositide dependent kinases,
converting it into its active form (pAKT) which can initiate translation, transcription,
cell cycle progression as well as inhibit apoptosithrough its kinase activity, seeFigure
16. PTEN (phosphatase homolog of tensinis a lipid phosphatase and an important
negative regulator of the PI3K pathwaylt is therefore atumour suppressor,which acts
by converting PIR; into PIP.. Reduction of PIRvia PTEN results in the prevention oAkt
recruitment to the membrane and its subsequent activationMutations which result in
constitutive activation of this pathway can be either activating mutations of RTKs or
inactivating mutations of downstream negaive regulators of the pathway, such as
PTEN. Interestingly, pAKT is responsible for the activation of GSK3oskaset al.2010),
an important negative regulator of the Wnt pathway, and so there is a great deal of cross

talk between the two pathways.

Knowledge of the PI3K pathway has led to the development of a number of targeted
therapies such as Trastuzumab, an antibody which tgets human epidermal growth
factor receptor 2 (HERZ2), a potent activator of the PI3K pathway. This therapy has been
shown in phase lll trials to significantly increase survival in patients with gastric
tumours which express HER2 when used in conjunction Wi chemotherapy (Roukos
2010). However, this treatment only increases survival for a couple of months as
tumours become resistant via downstream activation of the pathway. Because of this,
more targeted therapies are beingsoughtfrom the range of proteins downstream in the

pathway and many inhibitors of the PI3K pathway are currently in clinical development.
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Figure 1.6 The PI3Kinase pathway. Activatn of the pathway by receptor binding results in the
conversion of PIBto PIP; which translocates AKT to the plasma membrane where it is phosphorylated by
phosphoinositide dependent kinases (PDKSs) into its active form, pAKT.

1.4.1.2 Wnt and cancer

As Wnt-target genes have been shown to control a number of regulatory processes
associated with tumourigenesis, such as cell proliferation and adhesiofStaal et al.
2004), it is unsurprising that abnormalities within this pathway are closely associated
with cancer, particularly CRGBienz and Clevers 2000; Polakis 2000)

Wnt signalling has also been linked taell migration within the colon, and so may also
be involved in the ability of earlytumourigenic cells to metastasise. There seems to be a
great deal of potential to target the Wnt pathway therapeutically to control
tumourigenesis and metastasisand much work is ongang to developWnt inhibitors as

a potential therapeutic treatment to colorectal cancer (Dihlmann and von Knebel
Doeberitz 2005). In order to do this effectively the Wnt signalling pathway needs to be
fully elucidated with gene interactions and their effect on theumourigenic properties

of the cells and organism understood.

Mutations in the important negative regulator of the Wnt signallingpathway, APC are
an early initiating step in the formation of spontaneous CRQvith loss of heterozygosity
(LOH) of theAPCgene occuring at an early stage of colorectal tumour progression. It has

also been shown thatAPC mutations which result in activated Wnt-signalling are

22



present in over 80% of human colorectal tumours(Powell et al. 1992). Loss of
functional APC leads to an increase in nuclegr-catenin, where it can act, along with

TCFas a transcription factor to drive expression of a range of Wnt target genes.

1.5 Modelling CRC in the mouse

The importance of theWnt signalling pathway, particularly during development means
that many of the molecular interactions and signalling strategies used within the Wnt
pathway are highly conserved between species. As such, the pathways are extremely
comparable between humans and miceMouse modelsare useful not only because
genetically engineered mice can be generated in a relatively short space of time, but
because theyalso enable the long term study of tumourigenesisas well as investigating
the roles that diet and environment play in tumourigenesis, which is not possible when

using cancer cell lines.

1.5.1 Mouse models of FAP

APC was originally identified as the genethat is mutated in cases of familial
adenomatous polyposs (FAP). FAP isan inherited autosomal disorder, sufferers of
which develop multiple colonic polyps at a young ageAlthough the polyps are benign,
there is a high risk that some will progress into malignant adenocarcinomas if left
untreated (Groden et al. 1991).

In 1990 a mouse which modelled FAP waislentified within a colony of mice following
random mutagenesis. Termed the Multiple Intestinal Neoplasia mouse (MIN), it carries
a truncation mutation at codon 850 in one allele of the mouse maologue of APCand
was reported to develop multiple adenomas throughout the entire intestinal tract from
an early age(Moser et al. 1990). The development of theApc"n model wasa turning
point in the study of CRC, and it was soon followed by a variety of differedpc-
mutants, which shared the same phenotype of development of multiple adenomas, but
interestingly differed in the number, size and location of the adenomas dependig on
the type of Apc mutation (Foddeet al.1994; Suet al. 1992).

Apc’- mutants proved exceptionally useful in the study of modulators of Wat
dependent tumourigenesis. Using these model mice, it was possible to perform

microarrays at various stages of tumour development, and establish a list of genes
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which are expressed abnormally from the earliest stages of tumourigenesis, as these
genes potentially play an important role in tumour initiation (Younget al. 2013). It was
through such a study that the importance of theCOX2 (PTGSP gene was determined.
Cox2 was shown to be expressed from a very early stage of polyp formation, and so
Cox-2 knockout mice were crossed with Apc”/- mice and it was shown that CO%
deficiency drastically reduced adenoma formation in these mice, and that chemical
inhibitors of COX2 could achieve the same effecfOshima et al. 1996). Drug trials
showed that the effect seen imMApcdeficient mouse models was also true for humans
and although prescription must be carefully regulated due to cardiovascular side effects,
the COX2 inhibitor can significantly lower the number of colorectal polyps formed in
FAP patients(Steinbachet al.2000).

1.5.2 Cre-lox technology

Despite the utility of the Apcnn mouse in studying intestinal tumourigenesis, it has
limited use when trying to study the earliest stges of disease. One of the earliest stages
of disease onset is the inactivation of both alleles &PC(Gryfe et al. 1997) and in the
min mouse the time of LOH is unknown, so a model whereby bo#kpcalleles could be
deleted at a known time point was essential. Use of the ClaxP recombination system
(Figure 1.7) has enabled the initial stages of intestinal tumourigenesis to be studied in
detail. By inducing conditional loss of both alleles ofApcwithin the intestinal epithelium

it has been shownthat functional Apc is essential to maintain normal intestinal
homeostasis, and loss ofApc immediately deregulates the tissue morphology by
affecting migration, differentiation, proliferation and apoptosis (Sansomet al. 2004).
Interestingly, this paper observed that the intestinal cells took on the appearance of
OAOUDPO DOICATEOT O AAI 1 O66h 0OOPDPI OOET ¢ OEA

intestinal stem cell population.
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Figure 1.7 Cre-Lox Technology. When tamoxifenis administrated to mice whichpossess both the
essential exon of the gene of interest flanked by LoxP sites and an oestrogen bound-Cre
recombinase, the tamoxifen frees the Creecombinase and enables recombination between
LoxP sites resulting in the excision of the essential exon. This method is used to temporally
control gene loss.

When expressed (re-recombinase will recombine DNA between any two loxP sites in
the same orientation. In this example, Creexpression is linked to the tissuespecific
promoter villin, which will express in the intestinal epithelia, including the ISCs The
transgene encodes a Creecombinase estrogenreceptor (ER) linked protein, which is
inactive until an injection of tamoxifen binds the ER, freeing the CsfRecombinase. This
results in a tissue specific conditional knock out, induced by tamoxifen injectio@ne of
the main advantages of this model is the ability to use different promoterso drive
expression of the Crerecombinase, and thereby drive recombination of the floxed gene
in any number of specific cell compartments, for example using a Grecombinase
linked to expression of the ISC marker Lgr5 results in recombination specificglwithin

the ISC compartment. The utility of this extends beyond providing the ability to
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determine the importance of mutation location on tumourigenesis, but also enables cell
lineage tracing experiments using a lacZ reporter gene which once recombined
exb O A O @dlddtosjdase which can easily be stained blu® performing an X%gal stain
Daughter cells of the recombined cells will also stain blue, as can be seen fréigure
1.8 where recombination within ISC compartment enables visualisation of all daughter

cells of single ISCs as they migrate up the cryptllus.

Figure 1.8 LacZ stain of mouse smalintestinal villi. Each stripe of blue represents all of the
progeny of a single recombined ISC using Grecombinase linked to Lgr5 expression.

Cre-lox technology not only enables the study of the early stages of tumourigenesis via
Apcdeletion, but also enables the study of loss of genes which ambryonic lethal. For
example, CrelLox technology has been used to study the effects of the loss of expression
of the important tumour suppressor Pten, which is embryonic lethal. Loss ofPten
results in increased levels of H#: which recruits Akt to the membrane, thereby
increasing the levels of activated Akt. This effectively models the effects of constitutive
PI3K pathway activation which is seen in many human CRC tumours. Thiethod was

used by Marsh et al., and showed thatPtenlossin the adult mousehas no effect on the
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homeostasis of normal intestine, but does cause accelerated tumourigenesis when

coupled with defiency ofApc(Marsh et al.2008).

1.5.3 r-catenin mutant mouse models

Another method of modelling Wntdependent CRC is via the expression of a mutant

Al Ol -chteBin which is far more stable in the cell and therefore resistant to

DOl OAAOGT I Al AACOAAAQGET T8 - OOAQET Tclrenmnéid AE OA
found in a subsé of human colon tumours which do not carry theAPCmutation. When
iTAATTAA ET OEA 11 OOAh -daterinkeBulshn theAofmatodoh AET E O /
multiple tumours. Interestingly, the work was originally performed with expression of
Cre-recombinase being driven by the calbindin promoter (which is not expressed in the
proliferative zone of the intestine) and resulted in few tumours(Romagnolo et al.

1999). Subsequently Creexpression driven by a fatty acid binding protein gene

promoter (which is expressed in the proliferative zone) was shown to result in many

thousands of adenomgHaradaet al. 1999). These mouse models of CRC lead to the idea

that oncogenic mutations in cells at the base of the crypt play a more important role in

CRC than mutations in the differentiated cells along ghcrypt-villus axis.

1.6 Intestinal stem cells as the cells of origin of CRC

A study in 2008 used an Lgrgpromoter driven Cre to show that whenApcis deleted
specifically within the Lgr5+ cell population, microadenomas form within the intestine
within 3-5 weeks and develop rapidly to adenomas, whereas wheApc is deleted
specifically from the transit-amplifying region, microadenomas are rare(Barker et al.
2008). The loss ofApcin differentiating cells is thought to have so little effect beaase
the cells are so rapidly lost from the villi. HoweverApc mutations in Lgr5* cells, as the
ISCs, results in the population the whole crypt and villus withApc/- cells, thereby
causing tumourigenesis. This result shows the importance of the relationgh between
the ISCs and tumourigenesis, and that expansions in the ISC compartment would

provide the intestine with a higher number of cells of potential cancer origin.

Despite the ISC being described as the cell of origin of intestinal cancer, other apiial
cells are capable of driving tumourigenesis, but it has been presented that ISC derived

tumours are more aggressivéBarker et al. 2008).
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1.7 Cancer stem cells

Cells within a tumour often maintain a highdegreeof similarity to the cells of the tissue
from which they originated, with similar interactions with the environment, and
responses to molecular control mechanisms. This similarity with normal tissue could be
taken forward to suggest that, like their tissue of origin, tumour cells are also organised
into a hierarchy, with less and more potent cells present. The cancer stem cell
hypothesis maintains that only a sukpopulation of cancer cells are capable of
populating and maintaining the tumour, and it is only these cells which are capable of
metastasising to fom new tumours. As such it is essential that these cells are targeted

by treatment.

This idea is now supported with a great deal of data, which show that in both
Leukaemia(Bonnet and Dick 1997; Lapidotet al. 1994) and a variety of solid tumours
such as breast(Al-Hajj et al. 2003), brain (Singh et al. 2004) and colonj / & " @®BIA1T
2006) there is a subpopulation of cells which can fon a new tumour when
transplanted into an immune deficient mouse, but that the bulk of tumar cells are

incapable of this. This insight has k& to the cancer stem cell hypothesis.

In the field of CRC, analysing the heterogeneity of tumour cells taken fragolid primary
tumours of CRC patients enabled the sorting of tumour cells according to the expression
of various cell surface makers. It was found that of all the different expression patterns
of these tumour cells, a small subpopulation of epithelial cisl which expressed a high
level of epithelial cell adhesion molecule (EpCAM) as well as CD44 (which is a reported
breast cancer stem cell marker) were the only population of tumour cells capable of
engraftment into immune-deficient mice (Dalerba et al. 2007). Interestingly, the
tumours that they formed in these xenograft experiments reacquired the same
heterogeneity of expression patterns and phenotype seen in the parental tuwar. This
indicates that the EpCANMSh/CD44+ tumour cells represent a subpopulation of CRC cells
capable of populating and expanding a tumour, thereforgotentially represent the

cancer stem cell population.

The ability of tumour cells to form tumours upon transplantation and serial
transplantation into immune deficient animal models is seen as the gold standard for

identification of cancer stem cells, however many argue that xenotransplantation is an
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inappropriate method for identification of such cells.This controversy is based on the
idea that xenotransplantation does not model a physiologically relevant environment of
tumour growth, and that these assays are simply isolating a subpopulation of cells that
have an increased fitness for survival in abnonal conditions. Interestingly, it was
shown by Quintanaet al. that the frequency of melanoma cells with tumourigenic ability
is dramatically altered by the level of immune deficiency of the host animal into which
they are transplanted (Quintana et al. 2008). This work indicates that the
xenotransplantation assay may not be the mosappropriate method for identifying
CSCs.

The recent drive to expand the knowledge base surrounding the cancer stem cell
hypothesis has resulted in new, convincing supporting evidence using lineage tracing in
models of sporadic tumourigenesis. Schepemst a. used the confetti mouse (previously
used to elucidate monoclonality within the crypt) in order to demonstrate that
intestinal adenoma growth is fuelled by a subpopulation of adenoma cells which
express the ISC marketgr5 (Scheperset al. 2012). This important study also showed
that the Lgr5* adenoma cells are intermingled withPaneth cells, indicating that they
may require a similar sort of niche environment to normal ISCs. It should be noted that
sorted Lgr5* intestinal tumour cells have not yet been able to form tumours when
transplanted into immune deficient mice and so despite beg multipotent, they have

not yet been shown to possess sefenewal capacity.

This work highlights the importance of choice of approach when attempting to identify
CSC markers, and hints that despite the attractiveness of the CSC hypothesis, many of
the markers which have already been published do not necessarily represent a true CSC

population.

1.7.1 Cancer stem cells and chemotherapy

Most currently used chemotherapeutics target rapidly dividing cells which make up the
bulk of the tumour, however it is thought that they are not as effective against the
slowly dividing cancer stem cells. This results in the relapse of disease @ancer stem
cells can repopulatethe tumour after treatment (Figure 1.9). This knowledge has lé to
an increase in the number of studies aimed at understanding the drug sensitivity of

CSCs to compounds used to treat the cancer, and it has been found in a number of
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studies that less diferentiated cell types within a tumour are often less sensitive to
drugs (Ho et al.2007; Levinaet al.2008).

Interestingly, it has recently been shown that a number of ABC transporter proteins
(which have been associated with drug efflux) are associated with stem cells, and if this
is the case INCSCs then potentially this supopulation of tumour cells may be markedly

more resistant to chemotherapeutics than the bulk of the tumou(Al-Hajj et al.2004).

Figure 1.9 Cancer stem cells and chemotherapeuticE&urrent chemotherapeutics target rapidly
dividing cells, thereby reducing tumour size (tumour bulk shown as blue cells) but can leave the
less rapidly dividing cancer stem cells (represented in red) unaffected, enabling them to-re
establish the tumour andcause relapse. By targeting the cancer stem cells, it may be possible to
cause tumour regression as well as prevent metastasis.

It is evident that some method of targeting cancer stem cells is necessary in order to
permanently treat the disease, howeverthis presents a number of difficulties. What we
know about normal adult stem cells indicates that there is likely to be some sort of
cancer stem cell niche, whereby the direct environment of the cancer stem cell
promotes its existence. What is unknown isvhether the niche regulates the stem cells
or if the stem cells regulate their own niche. If it is the former then simply killing the

cancer stem cells will not have any effect as whichever cell finds itself in the niche will
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be driven to become a cancestem cell. For this reason a greater understanding of the
relationship between cancer stem cells and their niches is required in order for this

hypothesis to be put to therapeutic use.

Another difficulty commonly encountered when attempting to produce alterapy which
specifically targets CSCs, is the similarities between normal ISCs and CSCs. Any
treatment which does not distinguish between the two types of cells could cause severe
damage to normal intestinal tissue. One recent attempt to expand the diffamces
between the two populations of cells showed that expression of Dclkl can differentiated
between ISCs and CSCs. Using @rduced lineage tracing experiments, this study
showed that normal intestinal cells which express Dclkl do not represent the ISC
population, whereas tumour cells which express Dclkl represented a proliferative
population of cells at the base of the polygNakanishi et al. 2012). Developing this
theme, this study then explored how the knowledge of these differences between CSCs
and ISCs could be of use to therapy. Bpexifically ablating Dclkl positive cells in Min
mice, it was shown that normal intestinal epithelium was undamaged, but there were
high levels of tumour regression. This example represents how increased
understanding of both normal ISCs and CSCss well as the relationship between the

two, can result in the uncovering of potential therapeutic targets.

Recently there have been some positive outcomes from the use of the CSC hypothesis,

namely the development of Metformin (currently a treatment for diabetes) alongside

traditional chemotherapeutics to selectively target cancer stem cells, so far with a grea

deal of succesgCufi et al. 2010; Hirsch et al. 2009). It is now thought that Metformin

functions by inhibiting Transforming Growth Factorf j 4'Q& AOEOAT- %DPEOE
Mesenchymal Transition (EMT). Metformin is beginning to show its worth as a breast

cancer treatment in a variety of trials (Martin-Castillo et al. 2010) and as data
accumulates it will be interesting to see whether drugs which target CSCs in this way

will reduce the risk of relapse postrecovery.
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Aims and Objectives

The importance of the relationship between ISCs and intestinal tumourigenesis is clear,

TTO T1T1TU AOA O1 OEA EAAT OEEAEAAOQEIT 1T &£ )3#60
(Barker et al. 2008), but because conditional homozygous loss of the tumour suppressor
geneApcresults in an increase in undifferentiated cell typegSansomet al.2004b). This

indicates that an early stage of tumourigenesis may involve an expansion of the

intestinal stem cell compartment.

Currently, assessment ofthe ISC compartment relies on the use of gene expression
markers, either by in situ hybridisation or gRT-PCR. The specificity of these genes to
mark the ISC population is continually debatedBarker et al. 2012), and they do not

provide a readout of changes in the functional potency of the ISC compartment.

The two main objectivesof this thesis are therefore to develop a functional assay for the
assessment of the ISC compartment and to apply this assay to a variety of mouse models
of colorectal cancer in order to identify how changes in the ISC compartment contribute

to tumourigenesis.

To address the first objective | will be utilising the known functional properties of ISCs;
the ability to produce daughter cells of all of the intestinal epithelial lineages, and as
such, form intestinal organoids in culture(Satoet al. 2009). | will use this technique to
investigate the potential of organoid formation efficiency as a readout of the futional

stem cell compartment.

In order to assess how changes in the ISC compartment contribute to tumourigenesis |
will be using a number of novel models. The role of Wrdignalling in the maintenance
of the ISC compartment will be interrogated through los of the Wnttarget geneCited-1,
individual and combined loss ofApc and its homologueApc2 and cross talk with the
PI3K pathway will be examined using loss of the negative regulators of PI3Rml and
Ptenon an Apc deficient background. The intestinal pmenotype of these models will be
described, not only by analysing the effect of gene deficiency on tumourigenesis and
intestinal homeostasis but in relation to changes within the ISC compartment, as

assessed by gene expression patterns and ISC functionalit
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2 Materials and Met hods

2.1 Experimental Animals

2.1.1 Animal Husbandry
All animals were housed according to UK Home Office Regulations; mice were given
access tathe Harlan standard diet(Special Diets Service UK, expanded dieghd water

ad libitum.

2.1.2 Breeding

All mice were maintained onan outbred background. Mice of 6 weeks and older of
known genotype were bredin trios of one male and two females. Pups were weaned at
approximately 4 weeks old when feeding independently. Pups were sexed and

separated at weaning then ear clipped for iderification purposes.

2.2 Genetic Mouse Models

A number of transgenic mouse models were utilised within this project, seeable 1. The
transgenes used either resulted in a anstitutive deletion of the gene of interest or
contained exons of the gene of interest flanked with LoxP sites, to enable conditional
deletion of the genes. The only Creecombinase transgene used in this thesis was
VillinCreER which is expressed in thentestinal epithelium where it is inactive whilst
fused to a mutated estrogen receptor. This Creecombinase becomes active in the

presence of tamoxifen.

2.3 Experimental Procedures
All procedures were conducted according to appropriate UK Home Office Regulat®)

and fell within the remit of the project licence code 30/2737.

2.3.1 Ear biopsy for genotyping

As the tissue from the ear biopsy taken for identification purposes was also used for
DNA extraction and genotyping, (see sectio2.4.1) the ear biopsy is defined as an

experimental procedure. As such it was performed by a licensed individual in a

designated procedure room. Ear biopsies were taken using a 2 mm ear punch (Har
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apparatus).When DNA from ear biopsy was not suitable for genotyping, tail biopsy was

utilized to surgically remove 35 mm of the tail tip under local anaesthetic.

Transgene Effect
VillinCre ER (El Marjou et al.2004) Intestinal epithelial cells, tamoxifen
inducible

LoxP targetedApcallele (Shibataet al. | Endogenous Apc allele bearing LoxP

1997) sites flanking exon 14

LoxP targetedPtenallele (Suzukiet al. | EndogenousPten allele bearing LoxP
2001) sites flanking exons 4 and 5

Pmt allele (Wanget al. 1998) Constitutive Pmlknockout.

Cited allele (Rodriguezet al.2004) Constitutive Cited1knockout

Apc2- allele (Van der Meeret al.2001) | Constitutive Apc2knockout

Table 1 Outline of the transgenic mouse models used within thithesis

2.4 Genotyping of mice using Polymerase Chain Reaction (PCR)

PCR was performed to genotype weaned mice using genomic DNA (gDNA) extracted
from ear biopsy. Confirmatory genotyping was also performed at time of death to
ensure the mouse was assigned to the correct experimental conoRCR was kindly

performed by Mark Bishop.

2.4.1 DNAextraction

Ear biopsies were placed in a labelled microtube and stored &20°C until use. Cell Lysis
Solution (Gentra, 250 pl) and Proteinase K (Roche, 5 pl of 20 mg/ml) were added and
incubated in a shaking incubator at 40°C overnight (O/N)Protein Precipitation Solution
(Puregene, 100 pl) was added and mixed by inversion. Following centrifugation for 10
minutes at 13000 rpm, the supernatant was carefully removed and placed in a fresh
microtube with 250 ul isopropanol. This was mixed by invesion and centrifuged at
13000 rpm for a further 15 minutes then the supernatant removed and discarded. The
pellet containing the precipitated gDNA was resuspended in 250 pl of Ultrapure.B
(Sigma). gDNA was stored short term at room temperature (RT) and &°C for long

term storage.
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2.4.2 PCR Protocol

PCR was carried out in thirwall 12-well strip tubes (Grenier, BiocOne). 2.5 pl of gDNA,
extracted as described above, was added to each tube with 47.5 pl of PCR mix
(described in Table 2) containing the DNA polymerase and buffer appropriate to the
PCR ¢ee Table 3), Ultrapure H>O (Sigma), Magnesium Chloride (Promega), dNTPs
(Bioline) and gene specific primersOne control tube, made up as described above but

with the DNA replaced with Ultrapure BO (Sigma), was run with every PCR reaction.

Primers were either designed using Primer3 software [{ttp:/primer3.ut.ee/ ) and
specificity confirmed using BLAST engine against the Ensembl database

(http://www.ensembl.or g/Mus_musculus/Info/Index) or used as described from

previous publications. Specific primer sequences used can be foundTiable 3.

The caps were then firmly placed o the tubes and the PCR reactions run on a

thermocycler (G storm). Conditions aredescribed inTable 3.

Volume Required

Buffer 10 ul
Mg (25 mM) 5l
dNTPs 0.4 ul

Primers (100 um) 0.1ul
Taq polymerase 0.2 pl
H,0 (Sigma) 31.8ul

Table 2 Constituents of PCR mix
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Gene Primers Taq Polymerase |Buffer PCR conditions
95°C, 3 min
(95°C, 30 s; 60°C,
F GTT CTG TAT CAT GGA AAG ATA GGTGGTC 30s; 72°C 1 min) 30
Apc'c‘ RCACTCA AAACGCTTTTGA GGG TTGATTC DreamTaq Green 72°C, Smin,
95°C, 3 min
F1AGC TGT GTC TGA TGA GGT G (95°C, 30 s; 60°C,
F2 AGG TCT GAA GAGGAG TTTAC 30 s; 72°C 1 min) 3
Apc2 R CTC CAA ACA CAA GAT GAT CG GoTaq Clear 72°C, Smin.
95°C, 3 min
F1TTA CTT GCA GAC CAA CAG GC (95°C, 30 s; 60°C,
F2TGT TGC ATC ACC TTCACCCT 30's; 72°C 1 min) 5
Cited’ RTGC TTCTTT GACCCATITCC GoTaq Clear 72°C, Smin.
95°C, 3 min
(95°C, 30 s; 60°C,
F TGA CCGTACACCAAAATTTG 30s; 72°C 1 min) 3
Cre RATT GCC CCTGTTTCA CTATC GoTaq Clear 72°C, Smin.
95°C, 3 min
F1TTT CAG TTT CTG CGC TGC C (95°C, 30 s; 60°C,
F2 CGA CCA CCA AGC GAA ACA 30's; 72°C 1 min) 3
Pml’ RTTG GACTTG CGC GTA CTG TC DreamTaq Clear 72°C, Smin.
95°C,2min30s
(94°C, 1 min; 54°C,
FCTCCTCTACTCCATTCTT CCC 1 min; 72°C 1 min)ss
Pten’™ RACT CCC ACC AAT GAA CAA AC DreamTaq Green 72°C, Smin.

Table 3 PCR conditions required for genotyping.

2.4.3 Visualisation of PCR products

PCR products were visualisg using gel electrophoresis. Agarose gels were made by
dissolving 10 g agarose in 400 ml 1 x TriBoreateEDTA (TBE) buffer (Sigma) in a
conical flask by heating in a microwave until boiling. The gel was then cooled by running
cold water over the base ofhe conical flask while agitating to prevent uneven cooling.
14 pl of Safe View fluorescent nucleic acid stain (NBS Biologicals) was added to the
melted gel and agitated carefully to ensure even distribution of the Safe View without
incorporating air bubbles into the gel. 200 ml of gel solution was then poured into each
of two moulds (Bio-Rad) and combs inserted to create wells. Once the gels were set, the
combs were removed and they were placed into gel electrophoresis tanks and covered
with 1 x TBEwithS&#EA 6 EAx j pm t1 3AZEA 6EAxTpmnm 11

5 pl of loading dye (50% Glycerol [Sigma], 50% Ultrapure 3D, 0.1% bromophenol blue
[Sigma]), was added to the PCR product and mixed by pipetting. 20 ul of the coloured
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PCR product was added to each well of the agse gel, and run alongside a molecular
weight ladder (Promega) of appropriate size to the estimated PCR product. The gel was
run at 120 V until the loading dye had run more than halfway across the gel
(approximately 30 minutes) and the gel was visualisedusing a GelDoc UV trans
illuminator (Bio -Rad). Depending on the size of the PCR products produced, the gel was

frequently run for longer in order to clearly separate the bands.

2.5 Experimental Cohorts

After the genotype of mice lad been ascertained by PCRGrerecombinase mediated
recombination was induced in appropriate mice around 80 weeks of ageusing
tamoxifen administration. Once inducedlong term cohortswere monitored closely for
signs of ill health, and were culled when they presented either amtestinal tumour
phenotype (hunched appearance, piloerection, paling feet, largectal prolapse which

caused discomfort or was ulcerated) or any other signs ddss of condition

Short term cohorts were induced at8-10 weeks of age and then sacrifice@ days after

the first induction day to study the shot term effects of gene deletion.

2.5.1 Tamoxifen administration

Powdered Tamoxifen (Sigma) was dissolved in corn oil (Sigma) at a concentration of 10
mg/ml in an 80°Cwater bath. An 80mg/kg doseof tamoxifen was administered to each
experimental mouse via intraperitoneal (I.P.) injection daily, for four consecutive days.
For short term cohorts, 3 injections of 60 mg/kg were administered in a single day. I.P.
injections were performed using a 1 ml syringe (BD IRstipak) and 25 G needle (BD

Microlance3).

2.5.2 5-Bromo-2-deoxyuridine administration

Sort term experimental animals were injected with250 pl of the thymidine analogue5-
Bromo-2-deoxyuridine (BrDU, Amersham Biosciences) either 2 or 2#ours prior to
sacrifice in order to label cells currently undergoing, or which have passed throughS

phase within the 2 hours during which BrDU is bioavailable
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2.6 Tissue Preparation

2.6.1 Tissue Dissection

Mice were culled via cervical dislocation according to Home Office Licence procedures.
The mouse was sprayed with 70% EtOH and the skin and muscle wall of the abdomen
cut through to open the abdominal cavity. The genitourinary tract, kidneys, pancreas
and spleen were fixed together, liver was dissected out and fixed alone, and the small
and large intestine and stomach were flushed out using 1 x PBS and fixed as described

below.

For the short term cohorts the small intestine was divided into small sectionswith
some being snap frozen for RNA extraction, some being opened longitudinally, rolled
and placed in formalin anda third section being used forepithelial cell extract using

Weiser preparation. All organs were collected intd 0% formalin on ice.

For long term cohorts, once sacrificed due to ill health, where possible the cause of
death was establitied. All organs were collected and formalin fixedThe intestine was

opened longitudinally and fixed in methacarn.

2.6.2 Tissue Fixation using Formalin

All organs were formalin fixed unless otherwise stated. Small and large intestine were
flushed with cold 1 x PBS and opened longitudinally. The gut was then rolled using
dissection tweezers and pinned in place using a syringe needle. The gut roll was placed
in 10% formalin (Sigma) on ice. Organs were incubated in formalin for 24 hrs at 4°C
then stored in 70% EtOH at 4°C until paraffin embedding.

2.6.3 Fixation Using Methacarn

For long term cohorts where an accurate tumour count was required, small and large
intestines were flushed with cold 1 x PBS and opened longitudinally on 3MM paper
(Whatman). This was then placed in a sealed container of Methacarn (4:2:1 Methanol:
Chloroform: Glacial Acetic Acid (Fisher)) and stored overnight (O/N) at RT in a fume
hood. Tumour countsand location were then performed and the gut was rolled using
dissection tweezers and pinned in place using a syringe needle. This was placed in 70%

EtOH at 4°C prior to paraffin embedding.
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2.6.4 Paraffin Embedding Fixed Tissue

Fixed tissues were removed from 70% EtOH and placed in a cassette (Fisher) and
processed using an automatic processor (Leica TP1050). The tissues were incubated in
an increasing gradient of EtOH for dehydration (70% EtOH for 1 hour, 95% EtOH for 1
hour, 2 x 100% EtOH for 1 hour 30 minutes and 100% EtOH for 2 hours), then in 2 x
xylene for 2 hours. The tissue samples were then placed in liquid paraffin for 1 hour,
followed by 2 x 2 hours. The samples were removed from the cassette and embedded in

paraffin wax by hand and left to solidify.

2.6.5 Sectioning Fixed Tissue

In order to enable microscopic analysis of the tissue, sections of tissue were fixed onto
slides in preparation for H&Es, celispecific staining or IHC. Paraffin embedded tissues
were cut to 5 um setions using a microtome (Leica RM2135) and placed on Poly
Lysine coated slides (PLLs) and baked at 58°C for 24 hours.

Paraffin embedding and sectioning was performed by Derek Scarborough and Mark

Isaac.

2.6.6 Snap freezing tissue
Several sections of normalntestinal tissue and intestinal tumour tissue (approximately
2 mm x 2 mm) were placed in lockable microtubes and placed in liquid nitrogen until

frozen then stored at-80°C until required.

2.6.7 Epithelial Cell Extraction using Weiser Preparation

When RNA or prdein analysis was required, Weiser preparation was performed in
order to extract intestinal epithelium and therefore minimise interference from stromal
and smooth muscle compartments. The 10 cm of the small intestinal proximal to the
pyloric junction was dissected out, and flushed with ice cold PBS. The gut was opened
longitudinally and cut in half longitudinally, and one half rolled and formalin fixed. This
enabled direct comparison between gene expression levels and phenotype. The other
half was washed 3x in 15 ml ice cold Weiser solution Table 4) by shaking in a 50 ml
Falcon tube. The sample was then incubated on ice for a maximum of 20 minutes in 15
ml Weiser soluion then vortexed for 15 minutes. The solution was removed and

retained on ice and a further 15 ml ice cooled Weiser solution added to the sample, this

39



was repeated twice. The removed fractions were combined and centrifuged at 1500
rpm for 5 minutes at 4°C. The supernatant was discarded and the pellet washed 2 x with
20 mls of ice cold PBS. The pellet was then resuspended in 3 ml PBS and aliquoted into 3
x 1 ml samples in microtubes which were then centrifuged at 13000 rpm and the
supernatant removed. Twoof these pellets were resuspended in 500 pl Trizol before
snap freezing in liquid nitrogen and stored at80°C for future RNA extraction. The third

pellet was snap frozen in liquid nitrogen then stored at-80°C for future protein
extraction.

Weiser Solution Volume required
1M Na,HPO,(Sigma) 2.8 ml
1M KH,PO, (Sigma) 4 ml
5M NacCl (Sigma) 9.6 ml
1M KCI (Sigma) 750 ul
1M Na;C¢H;0,(Sigma) 13.5ml
Sucrose (Sigma) 7.5g
D-sorbital (Sigma) 5g
0.5M EGTA 4 ml
0.5M EDTA 6ml
0.5mM DTT * 39mg

Table 4 Constituents of Weiser Solution for epithelial extraction. * DTT should only be added on
day of use.
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2.7 Histological Analysis

2.7.1 De-waxing and Rehydrating PLLs

Prior to IHC or cell staining, PLL sections were d&axed by 2x 10 minute submersion
in Xylene and rehydrated through 5 minute incubations in each of the following
gradients of EtOH; 2 x 100% EtOH, 1 x 95% EtOH and 1 x 70% EtOH. Slides were placed

in dH20 in preparation for IHC or cell staining.

2.7.2 Haematoxylin and Eosin (H&E) staining

Staining with H&E enables the visualisation of tissue morphology. Haematoxylin stains

the cell nuclei blue, whereas Eosin stains protein redPLL sections were devaxed and

rehydrated, as described in sectio2.7.2h AT A OEAT Ei |1 AOOGAA ET A
Haemalum (R.A. Lamb) at RT for 45 seconds. The slides were removed and placed in a

fresh bath with running water to remove any excess Haemalum anthen placed in a

bath of Eosin (R.A. Lamb). The slides were removed and placed in a fresh bath with

running water to remove any excess Eosin. Slides were then dehydrated and mounted

as described in sectior?.8.2.8
2.8 Cell TypeSpecific Stains

2.8.1.1 Alcian Blue Staining for Goblet Cells
Alcian blue stain the mucins which are present in the secretory intestinal epithelial cell

type, goblet cells.

PLL slideswere de-waxed and dehydrated as described in sectioB.7.1then immersed

in a bath of alcian blue staining solution (1% Alcian blue (Sigma), 3% Acetic acid
(Fisher) in distilled water (dH20) at pH 2.5) for 2 minutes then placed in a bath with

running water for 5 minutes. Tissue sections were then counter stained with Haemalum
(R.A. Lamb) for 45 seconds then returned to a bath with running water for a further 5

minutes. Slides were then dehydrated and mounted as described in secti2r8.2.8

2.8.1.2 Grimelius Staining for Enteroendocrine Cells
The hormonesecreting enteroendocrine cellsof the intestinal epithelium contain
argyrophilic granules, which bind silver ions. These can be precipitated in the presence

of a reducing solution which results in enteroendocrine cells appearing black.
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All glassware was washed in double distilledH>O (ddH2O) prior to use to prevent
contamination by any reducing agents.Slides were de-waxed and rehydrated as
described in section2.7.1then incubated in silver staning solution (seeTable 5) for 3
hours at 65°C. The slides were then incubated in preheated reducing solution (SEable
5) at 45°C for £10 minutes until the tissue sections had a visible yellow background

stain, therebyeliminating the need for a counter stain. Slides were then dehydrated and

mounted as described in Sectio2.8.2.8

Silver Staining Solution

Volume required

Acetate buffer ph5.6 10 ml

ddH,0 87 ml

1% Silver Nitrate 3ml

Acetate buffer Volume required
17.4M Acetic Acid (Sigma) |54 ul

0.2M Sodium Acetate (Sigmd45.2 ml|

ddH,0 54.3 ml

Reducing Solution Volume required

Sodium Sulphite (Hydrated)

2.5g

Hydroquinone

0.5g

ddH,0

50 ml

Table 5 Constituents of Solution required for aGrimelius stain for the presence of
enteroendocrine cells.

2.8.2 Immu nohistochemistry (IHC)
IHC was performed to enable the visualisation of the presence and location of specific
proteins within the tissue sections. The specific conditions for each IHC performed are

outlined in Table6, and a generic protocol is described below.

PLL slides were dewaxed and rehydrated as described in secti@i/.1 prior to antigen

retrieval.

2.8.2.1 Antigen retrieval
In order to unmask the antigens, the cros$inking bonds formed between proteins
during fixation were broken via antigen retrieval. Slides were boiled in preavarmed

citrate buffer (2.94 g Sodiumcitrate tribasic dehydrate (Sigma) in 1 L dHO, pH 6) in a
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pressurized cooker for 10 minutes then left to cool to room temperature and washed in
dH:0.

2.8.2.2 Blocking of endogenous peroxidises

Antibody visualisation involves an enzymatic reaction catalysed by hee radish
peroxidise (HRP), and so it was necessary to block the activity of endogenous
peroxidises. This was achieved by the incubation of slides in hydrogen peroxide. The
slides were either incubated in hydrogen peroxide (Sigma) diluted to the appropriat
concentration in dHO, or a commercial peroxidise blocking solution (Envision+Kit,
DAKO). Hydrogen peroxide concentrations and blocking time can be found Trable 3.

Slides were then washed 3 x 5 minutes in wash buffel§ble6) at RT with agitation.

2.8.2.3 Blocking of non-specific antibody binding

Binding of non-specific antibodies was blocked by incubating the sections with serum
derived from a species other than that in which the primary antibody was raised. A
hydrophobic barrier pen (Immedge, VectorLabs) was used to drawround the sections
and serum diluted in wash buffer to the correct concentration Table 6) was added to

the slides and incubated for 30 minutes at room temperature.

2.8.2.4 Primary Antibody Treatment

Primary antibodies were diluted to the working concentration (Table 6) using the
working serum stock used in the previous step. The serumidck was removed from the
slides and the primary antibody applied and incubated in a moist chamber for the

appropriate time.

2.8.2.5 Secondary Antibody Treatment

Slides were washed 3 x 5 minutes in wash buffer at room temperature with agitation
then the secondaryantibody, which was either a biotinylated antibody diluted to the
correct concentration in the working stock of blocking serum, or a HREonjugated
antibody from the EnVision plus kit (DAKO), was applied and incubated for the
appropriate time (Table6).

2.8.2.6 HRP Conjugation for Signal Amplification
When a biotinylated antibody had been used as a secondary (but not when the EnVision

plus kit had been used), a signal amplifation step which involves the binding of HRP to
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the biotin of the secondary antibody was performed. This was achieved using the
Avidin-Biotin Complex (ABC) kit (Vector Labs). The ABC reagent was prepared
AAAT OAET ¢ O 1 AT OEAAOOO Aod fp usk lard GtorélAORT. T O o™
Sections were washed 3 x 5 minutes in wash buffer at RT with agitation then the ABC

reagent applied and incubated at RT for 30 minutes in a moist chamber.

2.8.2.7 Visualisation of Antibody Binding
Visualisation was achieved by theise of diaminobenzidine (DAB), which is a substrate

for HRP, and when catalysed results in a brown coloured stain.

Sections were washed 3 x 5 minutes at RT with agitation and the DAB reagents (DAKO)
DOADAOAA AAAT OAET ¢ O1 1 AT Gue Ao haigabon. ET OO O0C
DAB was applied and incubated for A0 minutes until a brown stain could be seen.

Tissue sections were then washed indd h AT A AT O1 OAOOOAET AA EI
(R.A. Lamb) for 45 seconds and washed in a bath of running water remove excess

Haemulum.

2.8.2.8 Dehydration and Mounting of slides

Slides were dehydrated by incubation in a series of EtOH baths at an increasing gradient
of EtOH. (1x 5 minutes 70% EtOH, 1 x 5 minutes 95% EtOH, 2 x 5 minutes 100% EtOH)
then cleared in 2 x Bminute incubations in xylene. Slides were removed from the xylene
and mounted in DPX mounting medium (R.A. Lamb) and coverslips applied and allowed

to dry in a fume hood.
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Primary Antibody

Non-specific Signal Incubation Signal
Primary Antibody |Manufacturer block Wash Buffer [Conditions Secondary Antibody Amplification
Peroxidase: Envison+ Envision+ HRP-
BD Transduction labs #|(Dako) 20 mins Serum: conjugated anti-mouse
Anti-$-catenin 610154 5% NRS 30 mins TBS/T 1:200 O/N 4°C (DAKO) 30 mins RT N/A
Peroxidase: Envison+ Envision+ HRP-
(Dako) 20 mins Serum: conjugated anti-mouse
Anti-BrDU BD Bioscience #347580|1% BSA 1 hr PBS 1:150 O/N 4°C (DAKO) 30 mins RT N/A
Peroxidase: 3% H,0, 10 1:200 Biotinylated anti-
Anti-Cleaved Cell Signaling minutes  Serum: 1% rabbit (Vectorlabs) 30 |ABCKkit
caspase 3 (Asp 175) |Technlogy #9661 NGS 1hr TBS/T 1:20for 2 days 4°C |mins RT (Vector Labs)
Peroxidase: 0.5% H,0, 20 1:200 Biotinylated anti-
minutes  Serum: 20% rabbit (Vectorlabs) 30 |ABC kit
Anti-Ki67 Vector Labs #VPK453 [NGS 1 hr TBS/T 1:200/N 4°C mins RT (Vector Labs)
Peroxidase: 1.5% H,0, 15 Envision+ HRP-
minutes  Serum: 20% conjugated anti-rabbit
Anti-Lysozyme Neomarkers #RB372A [NGS 1 hr TBS/T 1:100 1 hr RT (DAKO) 30 mins RT N/A
Peroxidase: 3% H,0, 10 1:200 Biotinylated anti-
Anti-phospho AKT |Cell Signaling minutes  Serum: 5% rabbit (Vectorlabs) 30 |ABC kit
(serd73) Technlogy #4060 NGS 30 mins TBS/T 1:500/N 4°C mins RT (Vector Labs)

Table 6 Optimised conditions for IHC for the range of antibodies used.
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2.8.3 Cell Counting

Unless otherwise stated, all cell counts were performed on 50 half crypillus axes per
mouse for a minimum of 4 mice per cohort. Positively stained brown dsl from IHC
were counted in this way, as were black enteroendocrine cells from Grimelius staining

and blue goblet cells from alcian blue staining.

2.8.3.1 Crypt/aberrant cell number counts

The number of cells from the base of the crypt were counted per half crypip to the
AOUDPO OOET O] A junchodusiOFHRE Fe@ith® ®lice with homozygous
deletion of Apcdid not have clear crypt compartments due to cell misegulation, and so
the number of cells in the region of aberrant proliferation within the crypt-villus axis

were counted in a single line.

2.8.3.2 Apoptosis and Mitosis Scoring
When counting the crypts and the aberrant regions of the intestine, the number of

apoptotic bodies and mitotic bodies and their positions were recorded.

2.8.4 Tumour Severity Grading

Tumour grading was carried out on all sections from age@pdloX+ Ptenlox/flox Pmt/- mice
and associated control cohorts. From H&E slides from methacarn fixed gut roll, the
intestine was examined under the microscope and the number and severity of lesis
was counted and graded. Each lesion was graded according to the grading system

outlined in Figure 2.1.
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Grade Description

1 Single crypt lesion

2 Microadenoma

3 Adenoma

4 Adenomawith stromal

invasion

Adenomawith smooth muscle
invasion

ut

Figure 2.1 Tumour grading system. Black arrows indicate aberrant region. Black bar represents
100 pm.
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2.9 In Stu Hybridisation

In situ hybridisation was performed on gut PLL slides from formalin fixed tissue in
order to assess the location ofAscl2 and Olfm4 mRNA, two markers of the ISC
compartment. Markers of the ISC compartment are generally expressed at such low
levels, and there are few useful antibodies against the proteins, that it is impractical to

visualise expression using IHC.

In situ hybridisation uses digoxigenin (DIG) labelled RNA probes (riboprobes) which
specifically bind target mMRNA due to their complementary sequence. Successful probe
binding can be detected using an amiligoxigenin alkaline phosphataseconjugated
antibody. BM purde, a chromogenic substrate for alkaline phosphatase, is then used to
visualise the location of antibody binding through the development of a purple stain.
DIG labelled sense RNA probes (of the same, not complimentary sequence to the mRNA)

were used as aantrol.

Previously published probes forAscl2(Guillemot et al. 1994) and Olfm4(van der Flier et
al. 2009a)cloned into a pBluescript vector flanked by a promoter sequence for T3 or T7
RNA polymerase, were used to transform competeriischerichia col(E.col) cells. These
were then cultured and the plasmid DNA extracted and linearised and the probe

transcribed using the appropriate RNA polymerase.

2.9.1 Transformation of competent cells with cDNA vectors

The probes were supplied integrated into plasmid vector DNA, and so had to be
amplified for long term use via transfection intoE.coli AAT 1 08 v micallyl 1 &£ /
competent IM109E.coliAAT 1 O j 00T I ACAQq xAOA ET AOAAOAA 11
plasmid DNA. The cells were then heat shocked at 42°C for 45 seconds before being
returned to ice for 2 minutes. 1 ml SOC medium (Invitrogen) was added to the celnd

ET AOGAAOAA AO oxJ# EI A OEAEET C ET AOAAOI O 4
pi AGAA 11061 1T1TA ACAO DI AOGA Al 1 OAET ET C Al PEA
plates were then incubated O/N at 37°C.

A single colony from this plate, seleci# using a sterile pipette tip, was streaked onto a

separate agar plate containing ampicillin, and incubated O/N at 37°Cour isolated

colonies were selected from this plate using a sterile pipette tip and cultured O/N at
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37°C in 10 ml of ampicillin contaning LB medium in a 50 ml falcon tube in a shaking

incubator. Plasmid DNA was extracted from 3.5 ml of this culture using a Qiagen Mini

prep kit and subjected to an analytical digest to ensure transfection of the correct

construct had occurred (see below)! T T OEAO pnm 1 1T &£ OEEO AO0I C
inoculate 200 ml of ampicillin containing LB medium which was cultured O/N at 37°C in

a shaking incubator to enable large scale plasmid DNA extraction through the use of a
midi-prep kit (Qiagen). A glycerolstock of each culture was prepared by mixing 0.5 ml

of this culture with 0.5 ml 50% glycerol and freezing at80°C. Future probe generation

was performed by culturing E.colidirectly from this stock.

2.9.2 Plasmid DNA extraction and probe linearization
Plasmid DNA was extracted using Qiagen mifprep kit (for the analytical digest) or
Qiagen midibOAD EEO j £ O OEA DOl AA DPOAPAOAOGET T

sz A N N~ A s oA A N £ 9~ A

machine was used taquantify the DNA.

Analytical digests were performed by digesting theAscl2 probe-containing plasmid

with EcoR1 (New England Biolabs), which had been used to insert the probe into the

plasmid, whilst the Olfm4 probe-containing plasmid was digested with Notl and Sacl

(New England Biolabs) (sedable 7 for restriction digest protocol). For both constructs

the resultant digestion product was analysed on a 4% agarose gel to assess the
fragment size. TheAscl2digest was approximately 1,700 bps after analytical digest, and

the Olfm4digest was approximately 700 bps.

¢nmnm tC DBIAOIEA $.! xAO ratoh Ash@ Bh® Aphropate O D OT A
restriction enzyme (seen in Table 8) and the linearised plasmid DNA was
phenol/chloroform extracted. This was performed ty making the volume of plasmid

$.! Ob Ol vuvmnm t1 xEOE pm I - 40EO jHB( wq AT A
was then mixed by inversion for 5 minutes at room temperature and centrifuged at

room temperature at 13000 rpm for 10 minutes. The upper agusus phase was

carefully pipetted into a clean microtube and an equal volume of chloroform added. This

was mixed by inversion for 10 minutes at room temperature then centrifuged again for

10 minutes at 13000 rpm at room temperature. The aqueous phase waseth carefully

pipetted into a clean microtube and 0.1 volume of 3 M NaOAc (ph 5.2) was added with
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2.5 volumes of 100% EtOH. This was incubated &0°C O/N in order to precipitate the

DNA. This was then centrifuged at 4°C for 20 minutes at 13000rpm and tkapernatant

discarded. The pellet was washed twice with 70% EtOH and allowed to air dry before

AAET ¢ OAOOOPAT AAA ET tm t1 T &£ pm - 40EO0 j

s e oA o~z - ~

.ATT 01 P 1T AAEETA AT A AAEOOOAA O A BI AAT OOA

Restriction Digest Volume
Rnase Free H,0 to 200 pl
Plasmid DNA 30 pg
Restriction Enzyme 10 pl
Buffer (10X) (NEB) 20 pl
BSA (1X) (NEB) 1l

Table 7 The constituents required to perform a restriction digest of the plasmid DNA.

Analytical Digest

Sense (Control) Probe

Anti-sense Probe

Ascl2

EcoRI

Clal

Smal

Oolifm4

Notl and Sacl

Sacl

Notl

Table 8 Restriction enzymesrequired for linearisation of plasmid DNA. All restriction enzymes
were purchased from NEB and were associated with a specific buffer. For the analytical digest of
Olfm4, the combination of two restriction enzymes resulted in the need for an alternative buffer,
and buffer 2 (NEB) was used.

2.9.3 Probe Preparation

The probes were prepared using the linearised plasmid DNA as a template for the
transcription of DIGI AAAT 1 AA OEAT POT AAOI AOET €CAol 1 I0E14A
plasmid DNA was labelled using the appropriatd®RNA polymerase (se€fable 9) and a

DIG labelling mix (Roche). The transcription reactions were set as detailed irable 10,

and incubated for 2 hours at 37°C and 20 units of DNasel (Ambion) added and then
incubated for a further 15 minutes at 37°C to digest the DNA template.

1/10 t of the volume ofNaOAc and 2.5 volumes of 100% EtOH were then added to the
transcription reaction in order to precipitate out the DIGlabelled riboprobe. This was

centrifuged at 13000 rpm for 20 minutes at 4°C and the pellet washed twice with 70%
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EtOH and air dried. The AT T AO xAO OAOOOPAT A AA (Signha) apdt 1t
stored at-80°C in 10 pl aliquots until use.

Sense (control Probe) |Anti-sense Probe
Ascl2 7 T3
Olfm4 T3 T7

Table 9 RNA polymerase enzymes for probe transcription. DHabelled riboprobes were
transcribed from linearised plasmid DNA using the appropriate RNA polymerase enzyme.

DIG RNA labelling mix Volume
Rnase Free H,0 12 pl
Transcription Buffer (10X) (Roche) |2 ul

DIG RNA labelling mix (Roche) 2 ul
RNasin (Promega) 1ul
RNA Polymerase (Roche) 2l
Linearised plasmid DNA (1pg/pl) 1ul

Table 10 DIGlabelling mix. Table shows the constituents and volumes for a single reaction to
produce a DIGlabelled riboprobe.

2.9.4 Probe hybridisation

Sections wee dewaxed, rehydrated, treated with6% H.O, for 30 minutes, washed 2x in
PBS and fixed in 4% paraformaldehyde for 20 minutes on ice. Sections were washed 2x
in PBS and digested in @teinase K solutionfor 5 minutes (200 pg/ml proteinase K in

50 mM Tris, 5 mM EDTA)washed once in PBS, podixed in 4% paraformaldehyde for 5
minutes, and washed in DEPC 40 for 2 minutes. The slides were thetreated in acetic
anhydride solution (2 M Acetic anhydride in0.1 M triethanolamine hydrochloride) for

10 minutes whilst stirring, washed once in PBS and once in 1x saline then dehydrated
and allowed to airdry. Theolfm4 probe was diluted 1 in 100 in hybridisation buffer (5x
SSC, 50% formamide, 5% SDS, 1 mg/ml hefpa 1 mg/ml calf liver tRNA) which was

EAAOAA O ymo# A O o [ ETOOAOG8 pnm t1 1 &
covered in parafilm to prevent dehydration of the slide, and incubated overnight in a
AAOEh I TEOO AEAI AAO AO @ud#8
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2.9.5 Post-hybridisation treatment

01T OO0 EUAOEAEOAOQOEITT xAOEAO xAOA DPAOAI Oi AA pp
ET uvnpb A& Oi AT EAAhRh vp 33# pb 3$3 A O omnm 1ETO
were continued by washing twice in 0.5 M NaCl, 10 mM TrisH@GH 7.5, 0.1% Tween for

pmt | ET OOAOh OEA EZEOOO AO oudo# AT A OEA OAAITI
incubated for 45 minutes in 0.5 M NaCl, 10 mM TrisHCI pH 7.5, 0.1% Tween with 25 g

2.1 0A 1 j1EACAT qQ AO oxo# OEAITHsHEPHEASA0.16T AA ET
Tween for 5 minutes at room temperature. Sections were washed 2x in 50%

Al O AT EAAh vp 33# A O on | ET OOAG AO ouo# Al .
in a dark, moist chamber at room temperature for 23 hours. Antibody solution was

created by preabsorption of Anti-digoxigenin alkaline phosphatise conjugated antibody

(Roche) for 3 hours at 4°C in 1% heanactivated sheep serum in PBT containing 5

icrii 171060A ET OAOOET Al DI xAAO8 opnm t1 1 & O
slide which was then covered in parafilm and incubated in a dark, moist chamber at 4°C

O/N.

2.9.6 Signal Detection

Sections were washed 3x in PBT for 5 minutes then 3x in PBT for 30 minutes then
preconditioned to inhibit endogenous alkaline phosphatase by washin@x in NTMT
buffer for 5 minutes (100 mM NaCl, 100 mM Tris HCI, 50 mM Mg(0.1% Tween, 2 mM
Levamisole). The substrate (BM purple, Roche) was added directly to the slides and
ET AOAAOAA ET OE A72hisAdiEa sufidientty Ssttong AbdloOr deyaeloped.
Sections were washed in PBT and counterstained with eosin. Excess eosin was removed
by washing in running BO and the slides were dipped in xylene prior to aidrying and

mounting using DPX.

2.9.7 Preparation of intestinal tissue powder

The small intesines of 5 adult mice were combined and homogenised in the minimum
volume of ice cold PBS. 4 volumes of ice cold acetone were added to the homogenised
intestine, which was mixed thoroughly and incubated on ice for 30 minutes. This was
centrifuged and the pdlet was washed using ice cold acetone. This was further
centrifuged and the resulting pellet spread onto filter paper and allowed to dry. Once

thoroughly dry the material was ground to a fine powder using a pestle and mortar.
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2.10 Quantitativ e Reverse Transcription Polymerase Chain Reaction (QRT-PCR)
gRT-PCR was used to assess the relative expression levels of genes within intestinal
epithelial tissue. Intestinal epithelium was isolated using the Weiser preparation
method (see section2.6.7) and stored in Trizol at -80°C prior to RNA extraction. This
RNA was used as a template for cDNA synthesis and then the levels of gene exwas

of a range of Wnttarget genes and ISC markers was compared between a minimum of 4

mice of each genetic cohort.

2.10.1 RNA extraction

Epithelial cell extract was defrosted in 1ml Trizol (Invitrogen) in Precellys® beaded
microtubes. Once defrosted, the sampts were homogenized using a Precellys®24
homogenizer for 45 seconds followed by 1 minute incubation and a further 45 seconds
homogenisation. The samples were removed from the machine and allowed to settle on
ice for 5 minutes to remove bubbles. The samplesere pipetted into fresh microtubes

x EOE ¢ m-mhillgd ichlo®fork. This was incubated on ice with frequent agitation

for 10 minutes.

The samples were then centrifuged for 15 minutes at 13000 rpm at 4°C, and the
aqueous phase of the supernatant careful U DEDAOOAA ET O AOAOE i
isopropanol added. This was incubated a20°C O/N for optimal RNA precipitation.

The samples were then centrifuged for 15 minutes at 13000 rpm at RT and the
supernatant discarded. The pellets were washed twick EOE v Tt 7chillgdi 709D O A

%0/ ( AT A AEO AOEAA £ O v I ET OO0A0 (Soimadd tind OA OO O
incubated for 10 minutes at 65°C. Extracted RNA was quantified using the NanoDrop

machine.

2.10.2 DNase Treatment

pt tC AGOOAAOGAA 2 .11l x2A10p | A@AEAA O EJOEOCT ACAQh
AT UOUT A jooii AcAgq AT A 1 AAA ,OPThiOwas incobat¢diat x E OE
oxJ# A O om [ EI OOAO £ O 1TPOEI O $. AOA AAOEC
added and the solution heated to 65°C for 10 minute® prevent further DNase activity.

This resulted in DNAEOAA 2.1 AO A AT 1T AAT OOAOGEIT 1T &£ pm t
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2.10.3 cDNA synthesis
The RNA was used as a template for cDNA synthesis using the reverse transcriptase
SuperScript Il (Invitrogen). The constituents of the cDNAynthesis mix are outlined in

Table 11 and made up in thinwalled 12 well strip tubes (Grenier, BieOne). This was

heated to 65°C for 3 minutesthenb AAAA 1T 1 EAA AT A p t1 30PAOO

added. This was incubated within a thermocycler at 25°C for 10 minutes, 42°C for 1

hour and 65°C for 15 minutes. cDNA samples were stored-&0°C.

cDNA synthesis mix Volume Supplier
Random Hexamer Primers (50uM) |4 ul Invitrogen
5x SS buffer 4ul Invitrogen
0.1 M DTT 2yl Invitrogen
Rnase inhibitor 1ul Invitrogen
10mM dNTPs 1ul Promega
Ultrapure Water 1ul Sigma

10 ug/ 55 ul DNA free RNA 11 pl

Table 11 Constituentsof cDNA synthesis mix.

2.10.4 SYBR Green Gene Expression Analysis

gRT-PCR was carried out in MicroAmp fast optical 9@vell reaction plates (Applied
Biosystems). All reactions were carried out in duplicate and each cDNA sample was run
with primers for the house-kA A D E 1 C -aqiiih drder to normalise the expression
levels of target genes. Each well was made up of 10 pul SYBR green fast mix (Invitrogen)
2 ul of cDNA, 0.5 pl of each primer (10 mM) and 8 pl Ultrapure@ (Sigma). Segable 12

for primer sequences. The plate was sealed and centrifuged for 1 minute at 8000 rpm.

gRT PCR reactions were carried out using a Step One Plus +@e PCR system
(Applied Biosystems). Therelative mRNA abundance was determined by incorporation
of SYBR green into the PCR product. Thermocycler conditions were: 95°C for 20 seconds
followed by 40 cycles of 95°C for 3 seconds (denaturation) and 60°C for 30 seconds. The

data were collected automécally using StepOne Software.

When the abundance of the mRNA transcript within the intestinal epithelial extract was
particularly low, SYBR green was inefficient at detecting expression levels, and so the

more specific, probe based TagMan assay was used for these geiseg Table 12).
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2.10.5 TagMan Gene Expression Analysis

Each well of the plate was made up of 10 pl TagMan gene expression master mix
(Invitrogen), 2 pl cDNA, 1 pl TagMan probé (10 mM) and 8 pul Ultrapure HO (Sigma).
SeeTable 12 for TagMan probe details.The plate was sealed and centrifuged for 1

minute at 8000 rpm.

The TagMan probes argre-designed and consist of a forward and reverse primer for

the gene of interest and a probe complimentary to an internal region of the amplified

0#2 DOT AOAO xEOE A & O1 OAGAAT O 111 AAOGI A AT A
thermocycling, the fluorescent molecule is cleaved from any cDNA bound probe by Taq
polymerase activity, releasing it from the quencher and enabling fluorescent signal

detection.

gRT-PCR reactions were carried out using a Step One Plus réale PCR system
(Applied Biosystems). Tlermocycler conditions were: 50°C for 2 minutes, 95°C for 10
minutes followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. The data

were collected automatically using StepOne Software.

Table 12 Primer details for genes analysed by qRPCR using the SYBR green and the TagMan

assay.

SYBR GREEN Forward Primer Reverse Primer

Axin2 GCA GCT CAGCAA AAA GGG AAAT TACATG GGG AGCACTGTCTCGT
B-actin ACCCAG ATCATGTTTGAG ACCT AGG GCA TACCCCTCG TAGAT
Bmil AAGCITGTCTATTGA GTTCTT TGA TCT CAAGTG CATCACAGTCATT
Cdaa ATCGCG GTCAAT AGTAGG AGAA AAATGCACCATTTCCTGAGACT
Cmyc CTACCCTCT CAA CGACAGCAG GCCTCTTTT CCA CAGAAACAAC
CyclinD1 ACGATT TCATCG AACACTTCCT GGTCACACT TGATGA CTCTGG A
Dikkopf TCACTATTICCAACCATGACCT G CITCITGCGTIG TTT GGT ACAG
Epherin B2 AAA CCCTGATGG ACTCTA CGAC TIGTTCTGG CTTGACTCA AAG A
Epherin B3 TAACGCTGT GGA GGTCTCTGT A CCTTGCTITGCTTTIGTAACTICC
Groucho GGA GAGAGCTCCTGAAGTTTICC TICTCTTIG TTCCTCTTC AAT GG
Msil CCTGGT TACACCTACCAGTICC AGAGCCTGT CCCTCG AACTAC
Tagman Supplier

Ascl2 Applied Biosystems

B-actin Applied Biosystems

Lgr5 Applied Biosystems

Olfm4 Sigma
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2.10.6 Analysis of qRT-PCR data

SYBR green melt curves were examined to ensure the presence of a single peak, as
double peaks indicate the presence of primers dimers or prier contamination. A
fluorescence threshold was set and the number of thermocycles required by each well
to reach the threshold in fluorescence was recorded as the cycle thresholdr(@alue).
Samples were only analysed if they had a single peak in the melii curve and the

duplicate repeats were within 1 G value of each other.

In each assay, the samplet@alue was calculated as an average of the duplicates, and
normalised by the subtraction of the @ O A1 O Aactin far the same sample, thereby
generatinG  Ar OAA# O A 81 vdlueswere #ised to determine significance of change in
gene expression at N=4. If the data was normally distributed (tested by the Shapiro
Wilk test in SPSS) then a twaailed T-test was performed, whereas if the data was not
normally distributed a Mann-Whitney test was performed.

)i 1T OAAO O AAI AOI AGA OEA A1 A AEATvaded® EI

I £/ OEA AT 100711 AT ET OO0 xAO 0O0A@od i Oheltest/£EOT i

AT ET OO0 bPOI A@ABETheequation feldichange =2 € was used to calculate

fold change in gene expression levels.
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2.11 Western Blotting

2.11.1 Protein Extraction

40-100 mg of frozen intestinal epithelial tissue (prepared by Weiser preparation, see
section2.6.7, and stored atptJ # OT OEI OOAQ xAO OAOOODPAT AAA
pre-chilled modified RIPA buffer éee Table 13) with protease inhibitor (Complete

protease cocktail mini tablets (Roche), 1 tablet per 5 ml RIPA buffer). This was
transferred into Precellys® beaded microtubes and homogenized on the Pretg®24
homogenizer for 2 x 45 seconds. The samples were then stored on ice until the bubbles

had settled and then transferred to a fresh microtube and incubated on ice for 20

minutes. Samples were then centrifuged at 13000 rpm for 10 minutes at 4°C and the
OOPAOT AGAT O AT 1 OAETET C OEA pOi OAET xAO Al EN

liquid nitrogen and stored at-80°C until use.

Modified RIPA buffer Quantity
1MTrispH7.4 5ml

10% Nonidet-p40 (IGEPAL) 10 ml
C,4H;5Na0, 250 mg

5M NaCl 3ml

0.25 M EGTA pH8 400 pl

dH,0 up to 100 ml

Table 13 Constituentsof modified RIPA buffer

2.11.2 Protein Quantification

Protein was quantified usingthe bicinchonic acid (BCA) method. This method is based
on a biuret reaction whereby the presence of peptide bonds reduces €uons to Cu+
ions, producing a violet colour. The BCA reagent (Pierce) strongly absorbs light at 562
nm and so the extent to wheh Cu is reduced (and the quantity of protein present) can

be determined through a colourimetric assay.

Protein samples were created by adding 8 pl sample to 192 pl PBS and 2 serial dilutions
resulted in 3 protein concentrations (1:25, 1:50, 1:100) in aifal volume of 100 ul PBS.
Stock Bovine Serum Albumin (BSA) was diluted in RIPA buffer and then PBS to produce

6 standards of known concentration ranging from 0 pug/ml to 25 pug/ml. All samples
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were loaded and standards were loaded into a colourless, flabliom 96-well plate in

duplicate.

"#!1 OAACAT OO0 j 0EAOAAQ xAOA 1T AAA Ob AAAT OAET ¢
pl added to each sample. The plate was then sealed and incubated at 37°C for 2 hours.

The absorbance of each sample was then read on #&1Lx800 spectrophotometer

(BioTek) at 590 nm. A standard curve of absorbance to concentration was calculated

using the absorbance of the BSA standards and the concentrations of the samples

calculated.

2.11.3 Sample Preparation

Protein samples were defrosted on icand 30 pg was resuspended in laemlli bufferd@o
SDS, 20% glycerol, 10%-Enercaptoethanol, 0.004% bromphenol blue and 0.12M Tris
HCI in Ultrapure BO, pH 6.8. All reagents were purchased from Sigma) to make up a
volume of 25 pl. Samples were heated to 9€ for 5 minutes and quenched on ice before

loading into gels.

2.11.4 Gel Casting

Mini-Protein 1l (Bio-Rad) gel casting apparatus was used to prepare polyacrylamide
gels. Solutions for a 5% stacking gel and a 10% resolving gel were made up without the
addition of the TEMED (se Table 14). The gel casting apparatus was assembled and
TEMED was added to the 10% gel solution which was then mixed and poured betwme
the two glass plates, to 2 cm below the top of the glass plates. 2 ml efCHwas poured
over the top of the gel to prevent drying out and the formation of bubbles. Once the gel
was set, (typically 45 minutes) the HO was poured off the gel and the TEMEadded to
the 5% stacking gel solution. This was then mixed and poured on top of the 10% gel

until it overflowed the top of the glass plates, and the well comb was inserted.

Once the gel was set, the well comb was removed and the gel placed in sodium dgtie
sulphate-polyacrylamide gel electrophoresis (SD®AGE) apparatus and 1x running
buffer (see Table 15 Recipes for running buffer and transfer buffer. 500 ml of 1 x running
buffer is required per tank, and 1 L of 1 xtransfer buffer required for each transfer tank.

added, and the wells were flushed out using a pipette to remove any excess gel.
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2.11.5 SDSPAGE

Prepared protein samples were loaded into the wells of the gel ithe SDSPAGE
apparatus with 1x running buffer. One well was loaded with 7 ul of prstained full-
range Rainbow molecular weight ladder (GE Healthcare). The gels were then run at
120-200 V until the dye reached the end of the gel.

2.11.6 Protein transfer

The gelcontaining the separated proteins was removed from the glass plates, the 5%
stacking gel removed, and placed in transfer buffer (segable 15). Amersham Hybond
ECL nitocellulose filter (GE Healthcare) was then cut to size and dipped in transfer
buffer (Table 15) before being placed on top of the 10% gel. This was then sandwiched
between two sheets of 3MM blotting paper (Whatman) which had been dipped in
transfer buffer, and transfer buffer soaked spnges. This was placed into the plastic
transfer supports and placed into the transfer tank so that the filter was between the gel
and the positive electrode. Transfer buffer was added to the tank and it was run at 100
V for 1 hour. After transfer, the fiter was carefully removed from the transfer supports

and placed in Tris Buffered Saline with 0.1% Tween (TBS/T, Sigma) until probing.

2.11.7 Antibody probing of nitrocellulose filter

The nitrocellulose filter was blocked in 5% milk powder in TBS/T for 1 hour at R with
agitation. 3x 5 minute washes in TBS/T were then performed and the primary antibody
(diluted in 5% milk powder in TBS/T) was added (seeTable 16). This was inciated
O/N at 4°C with agitation. The filter was then washed 3x 5 minutes in TBS/T and
incubated with HRRlinked secondary antibody in TBS/T for 1 hour at RT with agitation

and then washed for a further 3x 15 minutes in TBS/T prior to signal detection.
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5 % Stacking Polyacrylamide Gel

Volume required 1

ddH,0 6.9 ml
30 % acrylamide (Sigma) 1.7 ml
1M Tris-HCl pH 6.8 1.25ml
10% SDS (Sigma) 100 pl
25% Ammonium Persulphate (Sigma) 66 pl
TEMED (Sigma) 13.2 ul
10 % Resolving Polyacrylamide Gel Volume required 1
ddH,0 6.8 ml
30 % acrylamide (Sigma) 8.4 ml
1M Tris-HCI pH 8.8 9.4 ml
10% SDS (Sigma) 250 pl
25% Ammonium Persulphate (Sigma) 72 ul
TEMED (Sigma) 13.2 ul

Table 14 Recipe to make up 5% and 10% polyacrylamide gels for Western blotting.

5 X Running Buffer Volume required
Tris Base (Sigma) 15.1g

Glycine (Sigma) 94¢g

10% SDS 50 ml

dH20 toll

1 X Transfer Buffer Volume required
Tris Base (Sigma) 2.9g

Glycine (Sigma) 145g

Methanol (Fisher) 200 ml

dH20 toll

Table 15 Recipes for running buffer and transfer buffer. 500 ml of 1 x running buffer is required
per tank, and 1 L of 1 xtransfer buffer required for each transfer tank.

Anti- total AKT

Primary Antibody |Manufacturer Primary Antibody conditions |Secondary Antibody
. . . 1:5000in 5 % powdered milk in |HRP-conjugated anti-mouse (GE Healthcare)
Anti- B-acti S #A5316
- fractin s T8S/T 1:2000in 5% powdered milk in TBS/T
Anti- phospho AKT |Cell Signalling 1:1000in 5% BSA in T8S/T HRP-conjugated anti-rabbit (GE Heal thcare)
2 n 5% n
(serd73) Technology #5275 S ; 1:2000in 5% powdered milk in TBS/T
Cell Signalling HRP-conjugated anti-rabbit (GE Heal thcare)

Technology #9272

1:1000in 5% BSA in TBS/T

1:2000in 5% powdered milk in TBS/T

Table 16 Antibody incubation conditions for protein expression andysis using Western Blotting
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2.11.8 Signal detection

The standard electrochemiluminescence (ECL) detection reagents (GE Healthcare) were
DOAPAOAA AAAT OAET ¢ O 1 A1 OEZAAOOOAOOGGE ET 0000/
of the reagents at RT for 1 minute therexcess ECL reagent removed and the filter

placed in an Xray cassette. The Xay film (Fujifim Super RC, blue background) was

exposed in a dark room under safe light conditions and the film processed using an
automatic processor (Xograph Compact X4 autortia X-ray film processor). A number

of exposure times were attempted to produce a clear image. The developed film was

then overlaid onto the filter and the band size measured against the molecular weight

ladder to ensure the correct protein had been deteed.

2.11.9 Stripping the filter

The filter could be reused for probing with other antibodies, but if the protein of

interest was of a similar size to that previously detected (for example phosphAKT and

total-AKT were the same size) the filter was strippedbetween probing. 20 ml of

stripping buffer (1.2 ml 1 M Tris pH 6.8, 400 mg SDS made up to 20 ml in B} was

AAAAA O OEA 1 Al -Aedaptdethandt Ohis wasrincubdted pt 55°C for
30 minutes with agitation and then the filter removed and reprobed as described in

section2.11.7.

2.11.10 Confirmation of equal loading
The filter was reD O1 A A A -astii énkibody to ensure any changes in phosph8KT

and total-AKT were not due to unequal protein loading.
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2.12 Intestinal organoid culture

The method outlined below for intestinal organoid culture has been adapted from the
method originally presented by Satoet al.,in order to increase efficiency(Sato et al.
2009).

2.12.1 Isolation of intestinal crypts

15 cm of small intestine was flushed through with HBSS ctaining 1x
penicillin /strep tomycin (Invitrogen) . Theintestine was then opened longitudinally and
scraped firmly using a glass cover slip in order to remove the villi. Onceraped, the
intestine was chopped into 0.5mm pieces and placd in 25 ml HBSS cordining 1x
penicillin /strep tomycin and incubated for 15minutes at RT. This solution was gently
shaken then transferred into a primary tissue culture hood. All of the remaining steps
were carried out in sterile conditions. The media was removed from the poes of
intestine, which were then washed gently 5 times in HBSS. The intestine was
resuspended in 10ml 8 mM EDTA in HBSS and incubated &T for 5 minutes. The
solution was then shaken vigorously and the EDTA in HBSS removed. The intestine was
again susp@&ded in 10 ml 8 mM EDTA in HBSS and incubated on ice for up to 30
minutes. This wasshaken vigorously and the solution removed and retained as the first
crypt-containing fraction. This fraction was immediately diluted 1:1 in DMEM/F12
containing Gutamax. 15 ml HBSS was added to the intestine and again shaken
vigorously, this fraction added to the first and repeated until four fractions had been
collected. The collected crypts were then spun &000 rpm for 5 minutes to remove
single cellsand resuspended in10 ml DMEM/F12 containing Glutamax. This was then
spun at 7000 rpm for 3 minutes and the pellet resuspended in 16nl DMEM containing

Glutamax and passed through a 7@m cell strainer to remove clumps.

2.12.2 Counting and seeding crypts

The number of crypts wiE ET  OEOAA pnti Al ENOT OO xAOA
volume of solution to seed60 wells at 200 crypts per well was calculated. This volume
was taken then spun at7000 rpm for 3 minutes and first resuspended in 20 pl
DMEM/F12 (Invitrogen) (due to diffi culty of resuspending directly into Matrigel)
followed by dilution into the appropriate volume of Matrigel (BD Biosciences). Plates

were pre-warmed in the incubator prior to seeding. 96 well Nunclon tbottom plates
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x AOA OAAAAA xEOE pnAtl -ADPEORADAAT KAOA ©A
Matrigel.

2.12.3 Organoid growth media

100 pl organoid growth media(Table 17) was then added to each welbf 96 well plates,

and 500t I O AAAE xAll 1T£&£ ¢t xAl1l DI AOGAO AT A

immediately. Media was changed every two days.

Organoid Culture Medium Volume Supplier
Penecillin/Streptomycin (100x) 1ml Invitrogen
Hepes Buffer (100x) 1ml Invitrogen
Glutamax (100x) 1ml Invitrogen
Gentamycin (50 mg/ml) 20 pul Sigma
Fungizone 500 pl Invitrogen
N2 supplement (100x) 1ml Invitrogen
B27 supplement (50x) 2ml Invitrogen
Human Recombinant Noggin 10 pg PeproTechEC
Human Recombinant EGF 5ug Sigma
R-spondin (133 pug/ml) 500 pl R & D Systems
DMEM F/12 to 100 ml Invitrogen

Table 17 Recipe for 100 ml of complete organoid culture medium including all growth factors.

2.12.4 Organoid formation efficiency assay

on xAI1 O 1T £ A we xAll DI AOA xAOA OAAAAA AO
each of two plates (one for the organoid formation assay, another for the PrestoBlue

viability assay). Three batches of media were made upne with 665 ng/ml R-spondin

(R&D Systems) another with 332 ng/ml and the third with 0 ng/ml. 10 of the seeded

wells of the 96 well plate were given each of the three concentrations of media. Media

was changed every two days.

The plate was read at dayl, day 3, day 5 day7, day 9and day 11 using the Gelcount
(Oxford Optronix) machine and softwaie. Data of average size was used from all of the
readings in order to produce the growth curves whilst only data from dayl and day11
were counted and analysed o produce a readout for the proportion of seeded crypts
which grew into organoids. The CHARM settings (which define the thresholds for
automated organoid identification through a number of different parameters) for each

day and genotype can be seen ihable 18. Whenhigh quality images were required a
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preheated 24 well plate was also seest at a density 0of200 crypts per well in 50 pl

matrigel per well and images taken daily for 14lays.

2.12.5 PrestoBlue viability assay

pm t1 T &£ 00AOOI AT OA j )1 OEOOT CAT  xAO AAAAA |
ITA T £ OEA we xAl1l DI AOAOG AT A o ABOOA xAIl T«
Prestoblue without any cells as a negative control. This was incubated at 37°C for 2 hrs

AT A OEAT uvm t1 T & OEA T AAEA OAI T OAA AT A bl Al

(ThermoScientific 11359163). This was then read in a fluorescence plate reader.
Relative fluorescene was calculated by subtracting the average of the negative controls
from each of the well readings, then comparing the average of 10 wells from each R
spondin concentration to the average of the wells containing the highest-§pondin

levels.
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Wildtype or wildtype-like organoids DAY1 DAY3 DAY5 DAY 7 DAY 9 DAY11

Edge Detection Sensitivity 29.5 40.2 50.8 50.8 20 1
Centre Detection Sensitivity 50.2 70.4 70.4 70.4 35 27.3
Soft Colony Diameter Range

Lower Diameter ym 40 50 60] 70 70 80
Upper Diameter um 500 500 500| 500 500 600
Min Center to Center Seperation 40 30 30| 30 30 30
Smoothing 3 3 3 3 3 3
Circularity Factor 0 0 0] 0 10 22
Edge Distance Threshold 0.92 0.88 0.88 0.88 0.88 0.89
Number of Spokes 32 32 32 32 32 32
Shape Filtering 3 3 3 3 3 3
Shape Processing Best Fit Circle |Best Fit Circle |Best Fit Circle |Best Fit Circle |Best Fit Circle|Best Fit Circle
Colony Diameter Filter

Min Diameter 30 50 50 70 70 70
Max Diameter 600 600 600] 600 600 600
Colony Intesity (OD)

Min Intensity/Density 0.15 0.17 0.18 0.2 0.22 0.23
Max Intensity/Density 2 2 2 2 2 2
Good Edge Factor 0.8 0.5 0.62 0.7 0.75 0.84
Overlapping Threshold 0.67 0.67 0.67 0.67 0.67 0.75
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Apc™ ™ or other cyst-like organoids |DAY1 DAY3 DAY5 DAY7 DAY 9 DAY11

Edge Detection Sensitivity 57.5 40.2 50.8 50.8 20 7.7
Centre Detection Sensitivity 50.2 50.2 50.2 65.3 65.3 65.3
Soft Colony Diameter Range

Lower Diameter ym 40 50 60] 70 90 120
Upper Diameter um 500 500 500]| 500 500 700
Min Center to Center Seperation 40 30 30, 30 30 30
Smoothing 3 3 3 3 3 3
Circularity Factor 10 10 10 10 10 36
Edge Distance Threshold 0.92 0.88 0.88 0.88 0.78 0.78
Number of Spokes 32 32 32 32 32 32
Shape Filtering 3 3 3 3 3 3
Shape Processing Best Fit Circle |Best Fit Circle |Best Fit Circle |Best Fit Circle |Best Fit Circle|Best Fit Circle
Colony Diameter Filter

Min Diameter 30 50 50] 50 60 60
Max Diameter 600 600 600]| 600 600 800
Colony Intesity (OD)

Min Intensity/Density 0.05 0.07 0.08 0.08 0.09 0.1
Max Intensity/Density 2 2 2 2 2 2
Good Edge Factor 0.86 0.5 0.62 0.7 0.75 0.84
Overlapping Threshold 0.67 0.67 0.67 0.67 0.67 0.95

Table 18 CHARM settings devised for the detection of dissociated crypts and grown organoids over an 11 day period. Different settingee used to
detect wildtype-like organoids and cystlike organoids.
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2.12.6 Fixing Intestinal Organoids for Immunohistochemistry

From a 24well plate, matrigel was disrupted using a 1 ml pipette tip and the matrigel
pipetted up and down to free the organoids from the matrigel. It was then pipetted into
a microtube. In a 96well plate the wells were scraped using a 200! tip and then
pipetted straight into a microtube, disrupting the Matrigel by abrasing the microtube
over a microtube rack. When few organoids were present, the pipette tips were soaked

in 0.1% B3A in PBS prior to use, to prevent organoid loss to the pipette tip surface.

The organoids were centrifuged at 7000 rpm for 5 minutes then the supernatant and
the clear layer of matrigel were carefully removed and discarded. 808l of formalin was
then addd to the organoids and the pellet broken up into the formalin by running along
a microtube rack. This avoided unnecessary pipetting, which could cause organoid loss,
and sonication, which could disrupt the structure of the organoid. Following 1 hour
incubation on ice, the organoids were centrifuged for a further 5 minutes at 7000 rpm
and the supernatant and any remaining matrigel removed. The organoids were
resuspended in 70% EtOH (avoiding pipetting) and incubated on ice for a further 1

hour.

The organoidswere centrifuged for 3 minutes at 7000 rpm and the EtOH removed and
the organoids resuspended in 7G| of Histogel (ThermoScientific) (preheated to 70°C)

and placed in a specially made mould on top of parafiim and allowed to set (typically 3
5 minutes). The pellet was then removed from the mould and stored in 70% EtOH prior

to paraffin embedding and sectioning (see sectiod.6.4).
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2.13 Data Analysis
Raw data obtained from cell counts, tumour grading and gRPCR were input into Excel
(Microsoft) for the calculations of means and standard deviations for graphical

representation.

Comparison of means was carried out in SPSS data analysis software. Alllgged data
was tested for normality using the ShapireWilk test. Normally distributed data was
tested for significance using a twetailed T test, and data which was not normally

distributed was analysed using ManAWhitney U Test.

Survival data was analysd using KaplanMeier plots to present the data and

significance calculated using the Wilcoxon Log Rank test.
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3 Development and Optimisation of a novel ISC function assay

3.1 Introduction

The importance of understanding the relationship between changes in the ISC
compartment and tumourigenesis was highlighted by the observation by Bakest al.,
that the ISC is the cell of origin of intestinal cancgBarker et al.2008). This was found
by comparing the effects of conditional deletion of the tumour suppressokpcusing two
different Cre-recombinases. One of these specifity recombined within the ISC
compartment (using an Lgrslinked Cre recombinase). The other Cre drove
recombination efficiently within the proliferative crypt compartment but only very
inefficiently within ISCs (using AHlinked Cre recombinase and a speally designed
induction method). These experiments showed that loss ofApc from the ISC
compartment initiated the formation and growth of multiple adenomas, whereas loss of

Apcfrom the other cell types within the crypt produced fewer, smaller lesions.

In addition to these experiments, it has been observed that in a model of early
tumourigenesis, Apdloxfiox mice, one of the earliest characteristics observed following
deletion of Apcis an increase in undifferentiated cell typegSansomet al. 2004). Taken

together, these experiments suggest that perturbation of the ISC compartment could

play an essential role in tumourigenesis.

In order to increase our understanding of the relationship between changes in the ISC
compartment and tumourigenesis it is necessary to be able to accurately assess the ISC

compartment.

As previously discussedn section 1.3.1there are a range olSCmarkers which can be
used for the identification of the presumed stem cell population(Barker et al. 2007;
Bessonet al. 2011; Pottenet al. 1974; Sangiorgi and @pecchi 2008; van der Flieret al.
2009a; van der Flieret al. 2009b). These markers have proven extremely useful when
studying the mis-localisation of expression or expansion of the ISC compartment but are
informative simply of gene expression patterns, rather than ISC functionality. In order
to truly assess any changes occurring in the ISC population it is necessary to combine

expression levels and localisabn information of published stem cell markers with a
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functional assay which can be used to determine whether these cells are capable of

functioning as ISCs.

Lineage tracing experiments have been previously very successful in determining
whether or not acell which expresses a particular gene is in fact an ISC due to its ability
to produce daughter cells which can form any of the intestinal epithelial lineages. These
methods, however, are not capable of comparing the number, location and potency of
the ISCpopulations between individual mice of different genotypes. Furthermore, the
necessity of a stem cell specific Cre to drive LacZ expression in order to perform these
experiments presents numerous logistical problems, not only with the breeding of many
mice, but the interference it may have with the required experimental phenotype. In
order to study changes in ISC functionality between specific genotypes it has been
necessary to expand our current toolkit for assessing this intestinal compartment. An
ideal method would assess the functional capacity of ISCs, while being easily
incorporated into traditional tissue harvesting techniques enabling it to be used in
conjunction with other mechanisms for assessing the ISC compartment, such as gene

expression analyss.

The technigue which appeared to hold the most potential as a method for assessing
changes in the stem cell compartment was that of intestinal organoid culturélhe
method of culturing intestinal organoid structuresin vitro, devised by Satcet al., is now
well established as a useful tool to study crypt homeostasi€Sato et al. 2009). This
method simply isolates intestinal crypts, and using knowledge of intestinal growtlin
vivo, simulates the conditions required for growh with the addition of the growth
factors EGF and Noggin. Crypts are cultured in laminiich Matrigel in the presence of
Rspol. Epidermal Growth Factor (EGF) is associatedvivowith intestinal proliferation,
and inhibition of BMP signalling via transgnic expression of Noggin is sufficient to
induce a significant expansion in crypt numbergHaramis et al. 2004). Satoet al. noted
that intestinal cells undergo programmed cell death when isolated from normal
intestine, an effect which can be overcome by the addition of laminin, which is present
in vivo at high levels at the base of the intestinal crypt. Culturing the intestinal organoids

in laminin-rich Matrigel not only prevents anoikis by providing the required laminin,
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but also supports the 3dimensional structures of the organoids thereby enalohg

epithelial cell growth.

R-spondinl (Rspol) is a Wnt activator found endogenously at the base of the intestinal
crypt. It has been shown that Rspondins interact with Lgr5 (de Lauet al.2011), and it
has recently been shown thatjn vivo, Rspol is a ligand of the widely accepted ISC
marker Lgr5 and its homologuelLgr4 (Schuijers and Clevers 2012 In organoid culture,
the addition of Rspol enhances activation of the Wrdignalling pathway specifically
within Lgr5* cells (Sato et al. 2010). Apc mutants have been shown to be capable of
organoid formation in the absene of Rspol, indicating that reliance on Rspol could be

used as a measure of Wrdignalling activation within the intestinal crypt.

Once isolated, the crypts capable of regenerating and producing organoids in culture are
able to do so as a consequence ofrttaining functional ISCsThere remains a degree of
inefficiency within this system, and consequently not all crypts are capable of producing
organoids. However, increases in efficiency of organoid formation are likely to be
concomitant with an increase inthe number of ISCs per crypt and/or with augmented
Whnt-activated stem cells per crypt. This can be extrapolated so that the number of
organoids which grow from a known number of crypts seeded may be used to readout a
i AGAT T &£ OOOGAITAOO xEOEET AAAE AOUDOS
Not only is organoid culture a technically challenging method to initially establish
within the laboratory, but the use of it in this manner poses more obstacles. The main

difficulties that we aim to overcome are;

1. Accurately calculating the number of seded crypts. This is essential for the
calculation of the percentage of seeded crypts which form organoids and subsequent
determination ofthel AOAT T £ OOOAIT T AOOGS

2. Accurately and efficiently counting the number of organoids grown in order to
minimise the time outside of the specific culture conditions of the incubator, as

organoids are extremely sensitive to changes in culture conditions

3. Accurately quantifying the differences between the types of organoids which can

grow. Organoids grown from Apcloxflox mice are reported to be of a different
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morphology to those grown from wildtype, indicating that Wntactivation alters the
way in which organoids grow. Quantifying these differences is required to assess the

level of Wnt activation in the ISCs in the crypts
3.2 Results

3.3 ldentifying and counting crypts

As previously mentioned, in order to calculate an accurate organoid formation
efficiency, it is essential to have reliable data on the number of crypts seeded. In order
to do this a counting method was optimised. Oncéhe crypts were isolated and
resuspended in 10 ml media, 3 x 10 pl samples were taken and counted. Only parallel
rows of epithelial cells with a defined edge were countedFigure 3.1). Variation in the
quality of crypt preparations between mice was large, and the number of necrypt
epithelial cells (such as villus cells) is variable. Hence, by specifically counting crypts,
rather than single cells, anyther epithelial cells present do not skew the data. A further
advantage of seeding crypts rather than single cells is that the efficiency of organoid
formation from unsorted single cells is low (efficiency <0.003%, data not shown) such
that very small vaiation can have a huge impact on the data, whereas organoid

formation efficiency from crypts is much higher.

Initially 100 crypts were seeded per 50 ul Matrigel in each well of a 24 well plate. The
number of crypts per well were counted 3 times manuallyDue to the 3dimensional
nature of the Matrigel crypts were present in various planes of vision and this was a
source of variation between counts. Furthermore, this method of counting is a slow
process, and results in the removal of the plates from the inbator for extended

periods of time, thereby potentially affecting their growth.
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Figure 3.1 A typical crypt faction at counting. Red circles indicate crypts that would be counted.
Although there is other cell debris and potentially fractions of intestinal crypts, crypts are only
counted when there are clearly two parallel rows of epithelial cels which have a clear and

distinct edge. Black bar represents 50 um.
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Figure 3.2 The number of crypts counted in 6 wells when seeded at 100 crypts per well. Each
was counted 3 times and the bars represent thaverage of these counts. Error bars represent
standard deviation.
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The solution to this problem was to use an automated colony counter to count the
organoids with greater speed and accuracy. In order to do this, the organoids have to be
grown in a singleplane of vision. This was achieved by using 9@ell U-bottom plates
and seeding 10 ul Matrigel per well. Using such a small volume in abOdttom well
prevented the Matrigel from setting in a dome shape. The newly designed plate reader
and software used (@lcount, Oxford Optronix) captured images of each well of the plate
and automatically processed these to flatten the images from the-hbttom plate.
Transferring the organoid culture from 24well to 96-well plates, facilitated the
production of a high throughput system in which accurate automated counting could be

performed, removing much of the propensity for error in the system.

3.4 High variation between seeding densities in wells of 96 -well plate

The conversion to growing the organoids in 96 well plates andeducing the seeding
volume from 50 ul to 10 pl, resulted in a higher variation in seeding density between
wells (Figure 3.3). In order to minimise the variation in organoid formation efficiency
between wells, the problem of variations of seeding density between wells had to be
addressed. This problem was overcome by using the automated plate reader to count
wells individually and provide an accurate d& 1 count. The number of organoids grown
can thus be expressed, with confidence, as a percentage of the actual (rather than
assumed) number of crypts present at day 1 for reach well. In order to assess the utility
of this method it was necessary to ascerta whether seeding density, which clearly

varied between each well, had an impact on this readout, see sectid.

3.5 Establishing CHARM settings for counting initially seeded crypts and number

of organoids at day 11
In order to enable the Gelcount machine to perform automated organoid counts on
images taken from 96 well plates, a script, entited CHARM settings, had to be
established. In order to establish thee CHARM settings, threshold values for specific
parameters such as optical density, size, circularity and quality of edge of objects
detected within the well were set to enable the Gelcount programme to determine what
type of object to count as a live orgaoid. The number of organoids within a well were
manually counted and identified by the presence of an organised structure, and it was
AARAAEAAA EZL£ OEAU xAOA AT EOA T 0 AAAA AAOGAA 11

74



Dead organoids appear to lose therganisation of their outer edge and are less optically
dense because of this. The parameters of the CHARM settings were adjusted until the
Gelcount programme consistently counted organoids within 10% accuracy of the
manual counts EeeFigure 3.4). As both the manual counts and the Gelcount generated
organoid counts are based on morphological criteria alone, there remains a propensity
for error within t he system, for example, an organoid may appear alive but actually be
dead. In order to overcome this problem, the CHARM settings were adjusted for each
day post seeding, and the size threshold altered, so that the only organoids within the
well which were counted were those which had actively grown. This gives a level of
accuracy and reproducibility which cannot be achieved through the use of manual
counts alone, without measuring the size individual organoids. Final CHARM settings

can be seen in sectio.12.4.

3.6 Seeding density does not affect the percentage of organoids which grow

The rate of organoid growth is greatly dependent on the presence or absence of the
Whnt-activator Rspol. Furthermore, Panethcells are known to secrete other Wnt
activators which can impact on ISC function and number and thereby influence
organoid growth. It therefore follow s that the initiation and subsequentgrowth rate of
organoids could ke influenced bythe density of the seeded crypts. If the proportion of
organoids formed per well is dependent on the initial seeding density, then the seeding
density will need to be the same between wells and between mice, which as previously
mentioned is difficult to achieve using 96well plates. Initial counts of actual crypt
number seeded into each well of a 98vell plate showed a wide variation in seeding
density per well (Figure 3.3). In order to assess any alterations in growth rate due to
initial seeding densitywithin this range, 20 wells were seeded with either 100 crypts, or
400 crypts. The number of crypts seeded wasounted on the Gelcount rachine at day 1
to establish the exact number per well, and the number of organoids over 15t per
well were counted at day 11 using the Gelcount machine. There was no significant
difference in the percentage of crypts seeded which grew into organoids byad 11
when wells with an initial seeding density of less than 200 crypts per well (range 27
200) were compared to those with an initial seeding density of 3000 crypts perwell
(Figure 3.5). Thus differences in the seeding density within this range do not affect the

percentage of organoids which grow.
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3.7 Number of wells of each genotype required to produce an accurate readout of
stemness

In order to assess the number of wells of organoids required to give an accurate reading
of organoid forming efficiency, 20 wells of a 9éwell plate were seeded with 200 crypts
per well and the percentage of crypts which formed organoids by day 11 was calated
per well. Using the running mean enabled the calculation of the number of wells
required for an accurate reading of organoid forming efficiency. As organoid culture is
both expensive and labour intensive, it is necessary to seed the least numbervedlis
possible while still seeding enough to get an accurate result. It was found that the
running mean had stabilised at around 67 wells (Figure 3.6) and so it was decided that

10 wells would be seeded to ensure accuracy.
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Figure 3.3 GelCountcounts of 10 wells of a 96 wells plate were seeded at a predicted 100 crypts
per 10 ul in each well. Machine amts showed that the number of crypts actually present within
each well was greatly variable, ranging from 50 to 265.
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Figure 3.4 Screenshot of GelCoungrogramme when counting organoids using specially selected
CHARM settings. The red triangles indicate organoids which have been counted based on their
size, density and complete edge. A quantity of cell debris and dead organoids can also be seen
within th is well.
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Figure 3.5 Seeding density within a twofold range does not affect the percentage of crypts
which form organoids. 20 wells were seeded with arestimated 100 crypts per well (actual
values ranged fom 27-200) and 20 wells were seeded with 400 crypts (actual range 36600).
There was no significant difference in the organoid formation efficiency between crypts seeded
at 0-200 crypts per well, and those seeded at 30800 crypts per well, 2tailed T-test p= 0.086.
Error bars represent standard deviation. N=9.
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3.8 Crypts from induced Apcflox/flox mice form cyst-like organoids

To date,Apcdeficient organoids have only been studied following the conditional loss of
Apcwithin the organoids (Onumaet al.2013). Our aim was to develop a system which
permits OEA T AAOOOAI AT O 1T £ ET OAOOE fitatioAGithe O OO0/
percentage of seeded crypts which are capable of forming organoids. Therefore, we
induced Apc loss within the mice using established tamoxifen induction of Cre
combinase under control of aVillin promoter in order to induce loss ofApc specifically
within the intestinal epithelium, 3 days prior to initiating the crypt culture. This method

of forming Apdloxflox grganoids resulted in the development of cystike organoids
forming at day 1-2 (Figure 3.7). The differences between organoid structure and growth
rate can be visually ascertained, but difficult to quantify, due to the requirement for
multiple photographs thereby requiring removal of the organoids from the incubator
for long periods of time. As theApdioxflox grganoids are different in structure from
wildtype organoids (Figure 3.8), specific CHARM settings were devised for cydike
organoids, as they are less optically dense, and are more circular than wildtype. The
CHARM settings were developed by altering the detection parameters until the
automated counts were consistetly within 10% of manual counts. All CHARM setting

can be found in sectior?.12.4.

3.8.1 Apcioxfilox form two distinct types of organoids

Organoids grown fromApdiox/floxcrypts 3 days post induction form two distinct types of
organoids. As can be seen fronfrigure 3.7, all Apdloxflox organoids are cystlike in
structure; however they can be subcategorized into those which have a single layer of
undifferentiated cells in a regular structure and those which have thick outer layers of
multiple undifferentiated cells in an irregular and dsordered structure (Figure 3.9).
Both subtypes ofApdiox/flox grganoids grew in the absence and presence of Rspol and
occured independently of whether recombinationwas inducedin vivo or in vitro so the
differences are not due to differential dependency on Rspol, or incomplete
recombination of Apcwithin the intestinal epithelium. Regions of cells with polarised
nuclei were observed in both subtypes oApdloxflox grganoids, which contradicts what is
observed in vivo whereby Apc deficiency results in loss of cell polarity within the

aberrant proliferative region of the crypts.
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Figure 3.7 Images of organoids grown from the crypts of wild type (top row) and inducedpdioxfox mice taken daily for 14 daysDifferences between
the two types of organoidsare clear, with Apdlexfox grganoids having a cysfike morphology and growing fasterand larger than wild type organoids.
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3.8 Wildtype organoids form a regular structure with visible Panethcells (indicated by the black
triangle). The crypt structures protruding clearly dsplay polarised cells with clear organisation
enabling mitotic cells tomove away from the basement membrane towards the interior of the
crypt structure (indicated with arrows) as is seerin vivo. Bar represents 10q | 8
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3.9 Organoids derived fromApdioxfiex mice form cystlike structures of two types. This H&E slide
shows that many organoids (indicated with a black triangle) display edges which are many cells
thick with large patches of unpoérized cells (insert A), whereas others have a single cell
thickness (indicatedwith an arrow) with clearly polarized nucei (insert B). Bars represent 100

t 18
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3.8.2 Apcioxflox organoids contain few er differentiated cell types than wildtype
organoids
Wildtype organoids present all the differentiated cell lineages founth vivo within the
intestinal epithelium. However, organoids derived from Apdloxflox mice 3 days post
induction, only rarely stain positive for Alcian Blue, a marker of the mucins produced by
goblet cells. It must be noted that goblet cells were only observed Apdiox/flox grganoids
which had been cultured in the presence of Rspol, anchay represent organoids
derived from intestinal crypts in which there had been incomplete recombination oApc
(Figure 3.10). Positive staining for alégan blue was not observed inApdlox/flox grganoids
which had been grown in the absence of Rspol, thereby selecting for organoids derived

from crypts in which recombination of Apcwas complete.

Enteroendocrine cells were detected in wildtype organoids usig Grimelius staining,
although they were rare, however they were not observed il\pdiox/flox grganoids under

any growth conditions (Figure 3.11).

Interestingly, Paneth cells were observed inApdioxflox organoids, although less
frequently than were observed in wildtype organoids (Figure 3.12). Due to the lack of
other differentiated cell types in Apdloxfliox grganoids it is likely that rather than these
Paneth cells being the result of differentiation in culture, they represensurviving
Paneth cells which were present in the crypts when the organoid culture was
established. Data courtesy of Nadia Panitz indicates that Paneth cells were not observed
in Apdloxflox cyltures which had been cultured long term and had undergone mutile

passages.

These data show that intestinalApdioxflox cells with a stemlike phenotype, i.e. able to
form organoids in culture and a high expression of ISC markers, cannot be described as
true ISCs due to their inability to produce all of the differatiated cell types of the

intestinal epithelia.
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3.10 Alcian Blue stain of wildtype andApdexfex organoids. Multiple goblet cells can be seen in wildtype organoids throughout the structures,
whereas goblet cells were only observed extremely rarely ifpdo<iox ] OCAT T EAOS8 AOO OADPOAOGAT O pnm t1 8
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Wildtype Apcflox/flox

3.11 Grimelius stain of wildtype and Apdie¥iex organoids. Black arrows indicate enteroendocrine
AAT 1 068 "1 AAE AAOO OAPOAOGAT O pnm t1i 8

Wildtype cﬂoxlﬂox

Figure 3.12 Lysozyme IHC of wildtype andApdiexflox grganoids. Paneth cells are stained brown
and are seen more frequently in wildtype thanApdixfiox organoids. Black bars represent 100
ti8
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3.8.3 Ki67 is expressed from a higher number of cells from wildtype organoids
than from Apcfloxflox grganoids
It has been shown that conditional homozygous loss ofApc from the intestinal
epithelium in vivo results in an increase in levels of cell proliferation(Sansom et al.
2004). However, counts from IHC staining for the proliferative marker Ki67 in the
organoids (Figure 3.13) show that a significantly higher percentage of cells are
proliferating in cultured wildtype organoids than in Apdloxflox grganoids (Figure 3.13)
(Wildtype 982, Apdloxfilox 49+29). This was measured by counting the total number of
cells per sectioned organoid and representing Ki67 positive cells as a percentage of the
total number o AAT 1 08 )1 AEOEAOAT 1T OCATTEAO xAOA
although organoids derived from a minimum of 3 mice were counted for each genotype.
BrDU stains, (courtesy ofNydia Panit? show that exposing the organoids to BrDU for 1

hour prior to fixing, results in a similar proliferative readout (Figure 3.15).

3.8.4 Apciox/ilox and wildtype organoid cells undergo similar levels of apoptosis

Levels of apoptosis within the organoids were assessed by expression of the apoptotic
marker Caspase IFigure 3.16). The percentage of organoid cellgvhich were Caspase 3
positive showed no significant difference betweenApdioxflox grganoids and wildtype
organoids (Figure 3.17) (Wildtype 0.6£0.6,Apdloxflox 0.9+0.8). This is in direct contrast

to the observation madein vivo, namely that loss of Apc results in an increase in

apoptosis(Sansom et al. 2004)
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3.13 A Ki67 IHC on wildtype andApdioxfiox organoids. Brown cells represent Ki67 positive cells, ¢
the vast majority of cells from wildtype organoids were Ki67 positive, and noproliferating
cells were extremely rare. InApdloxfiox organoids both Ki67 positive and negative cells were seen
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3.14 Percentageof wildtype and Apdioxflox organoid cells which stain positive for Ki67. Error
bars represent standard deviation. Wildtype organoids contained significantly nme Ki67 cells
than Apdioxflox grganoids, 2tailed T-test p=0.00. N>30.
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Uninduced Apcflox/flox Apcflox/flox

3.15 BrDU IHC of uninducedApdloxfiox organoids (equivalent to wildtype) and inducedApdiox/fiox
organoids after 1 hour of BrDUexposure. Slides courtesy of Nydia Panitz. There is an observable

reduction in BrDU uptake from induced Apdioxfiox organoids compared to uninduced. Bars
represent 100>m.
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Wildtype Apcflox/flox

3.16 A Caspase3 IHC on wildtyp@nd Apdovfox organoids. Caspase 3 positive cells (stained
brown) are rare in both genotypes. Barsepresentp tmt t | 8
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3.17 Percentage of Wildtype andApdoxfox organoid cells which are Caspase @ositive. There
was no significant difference in the percentage of organoid cells which were caspase positive
between the two genotypes, Zailed T-test p=0.119.Error bars represent standard deviation.
N>30.
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3.9 Apcioxfiox grganoids grow faster than wildt ype

Measuring the average diameter of the organoids on alternate days using the GelCount
programme enabled assessment of the growth rate of the intestinal organoids.
Organoids derived fromApdloxflox crypts grew faster than those derived from wildtype

crypts (Figure 3.18), however, by day 11 the sizes were not significantly different and

there was no difference between the numbers of cells per organoid (as counted on H&E

sections) at day 11 (Figure3.19) (Wildtype 172+141, Apdloxflox 159+91). It should be

noted that sectioning of paraffin embedded organoids results in a high variation of

visible cells pe organoid due to differences in the plane of the section.

3.9.1 Apcloxiox7 OCAT T EAO EAOA EECEd®@ninithArOvidtyde T £ T OAT /
In vivo, loss of Apc is associated with a dramatic increase in Wsignalling, which is

highlighted by an increase in nd I A Ac@enin. This situation is mimickedin vitro,

where intestinal organoids derived fromApc AA ZEAEAT O AOUDPOO -AOA EE

catenin, whereas cells from wildtype organoids have variable level&igure 3.20).
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3.18 Apdioxfiox grganoids grew faster than wildtype, but were not significantly larger at day 11.
Average organoid diameter was measured using Gelcount machine. Ten wells of each genotype
were measured. Error bars represenstandard deviation. * represents p<0.05 at that time point
using 2-tailed T-test.
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3.19 Wildtype and Apdoxfiex grganoids have the same number of cells at day 11. Cell counts were
performed using H&E sections of paraffin embedded fixed organoids. There was no significant
difference in the total cell counts between the two genotype&-tailed T-test p=0.651. Error bars
represent standard deviation. N>30.
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Apcflox/flox

Wildtype

3.20 r-catenin immunohistochemistry on wildtype and Apdloxfox organoids, brown nuclei
OADPOAOAT OcateninANed A 0% ofApdoxiox] OCAT T EA AAI 1 O AOA bl OEO
AAOAT ET h xEAOAAOC GRADAI EOAIEG Tx£1TADAUPRAG OCAT T EAO
catenin in wildtype organoids indicated by arrows. Black bars represent 100 um.
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3.10 Assessing changesin the ISC compartment as a result of Apc loss using
traditional gene expression methods

Using gRT PCR to determine the relative expression levels of a range of intestinal stem
cell markers shows an increased expression of these markers #ypdioxflox jntestinal
tissue when compared to wildtype intestinal epithelium Eigure 3.21). The most
commonly used markers of the intestinal stem cell compartmentl.gr5, Asck, Ofm4,
Msil and Bmil (Barker et al. 2007; Kayaharaet al. 2003; Sangiorgi and Capecchi 2008;
van der Flier et al. 2009a; van der Flier et al. 2009hyere all significantly upregulated
following loss ofApcfrom the intestinal epithelium. Intestinal epithelium was extracted
using Weiser preparation to minimise interference from the stromal and muscle

compartments of the intestine.

In situ hybridisation is a commonly used method for identifying thelocation of the ISC
compartment (Ziskin et al. 2012). In situ hybridisation for the ISC markersAsch and
Olfm4 shows an expansion of the ISC compartment followingpc loss. Thesein situ
hybridisations support the qRT-PCR data and indicate that loss &pcdoes not simply
lead to an increase of expression of these markers, but also a Auvsalisation. These
data taken together indicate an expansion of intestinal stertike cells as a resli of loss

of Apc as assessed by ISC expression marké€Fsgure 3.22).
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3.21 gRT-PCR results of relative expression levels of a range of proposed intestinal stem cell
markers from wildtype versus Apdlox/fiox intestinal epithelial cell preparation. * indicates p<0.05,
** indicates p<0.01 using 2tailed T-test.
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3.22 In situ hybridisation for stem cell markers Olfm4 and Asck in wildtype and day 4 Apdiox/fiox
murine intestine. Mis-localisation and increase of expressionvas observed following Apcloss.
Bar represents 100>m.
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3.11 A higher percentage of Apciloxflox crypts are capable of forming organoids than

wild type crypts and grow in the absence of Rspol
Using the specially adapted CHARM settings it was possible to directly compare
efficiency of organoid formation between wildtype andApciox/flox crypts. It was found
that the percentageof Apdloxflox crypts which had formed organoids by day 11 was more
than 2 fold greater than that seen inwildtype crypts (Figure 3.23) (Wildtype 1648,
Apdloxfilox 38+11). These data support the qRIPCR andin situ hybridisation results

which suggest an increase in number of functional ISCs.

The number of Apdloxflox crypts which form organoids was found to be independent of
the presence of Rspol in the media, whereas wildtype organoids did not form without
Rspol (Figure 3.24), demonstrating that not only are there more ISCs in Apc deficient

mice, but that these ISCare highly Wnt-activated.
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3.23 Organoid forming efficiency of wildtype and Apdloxflox crypts. Crypts deficient forApcare
significantly more efficient at forming organoids, 2tailed T-test p=0.004. N>6.
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3.24 Organoid forming efficiency of wildtype andApdloxfox crypts in the absence of Bpol.
Crypts deficient for Apc are capable of forming organoids in the absence of Rspol, whereas
wildtype crypts are not. 2-tailed T-test p=0.00. N>6.
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3.12 Using the organoid culture method as a readout of Wnt -activation in the
Intestinal Stem cell compartme nt

As the ability to growin vitro independently of Rspol concentration could represent a
readout of the level of Wntactivation of the ISCs, the ability to quantify the level of
Rspol dependency of the crypts of various genotypes became essenthd. previously
discussed the addition of the growth factorRspolresults in the activation of the Wnt
signalling pathway specifically within the Lgr5 ISC population It can therefore be
inferred that genotypes of organoids which are more capable of growing in thebsence

of Rspol contain more highly Wriactivated ISCs.

Using the plate reader to count the number of organoids each day post seeding when
cultured in the absence of Rspol is not currently possible, as the CHARM settings cannot
differentiate between organoids which are alive or recently dead (as the size and
density of organoids does not alter for a few days after death). Therefore in order to
guantify the ability of intestinal organoids to grow in the absence of Rspol it was

necessary to explore the usef cell viability assays.

The PrestoBlue cell viability reagent uses the reducing ability of the cytosol in living
cells to reduce a blue, notiluorescent, cellpermeant compound into a red, highly
fluorescent compound, enabling the detection of changesilevels of absorbance
without affecting cell viability. This enables the measurement of cell viability in the

presence or absence of Rspol without damaging the organoids.

Previous culturing of organoids has shown that wildtype crypts can survive for 2 dayin

the absence of Rspol, so the PrestoBlue assay was used on day 3 for 2 hours at 3
different Rspol concentrations. The normal culture conditions include Rspol at 6.5
tcriih AT A OEA £ O OAGAAT AA DPOI AGAAA AU 00/
organoids was used as a baseline for mitochondrial activity. The fluorescence measured

as a result of PrestoBlue exposure to wells containing organoids grown with the other

20PT p AT TAAT OOAGETT O jo8¢u tCcril ATA nm tCri
goownad ¢@8uv tCTIil 8
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3.13 Mitochondrial activity within Apc floxfflox grganoids is not affected by Rspol
concentration whereas wild type organoids respond in a dose dependant
manner

Calculating relative mitochondrial activity using the PrestoBlue assay for wildtype vs

Apdloxfilox grganoids shows that loss oApcrenders organoids independent of Rspol for

their survival and growth. As an Lgr4/5 ligand(Wang et al.2013a), Rspol activates the

Whnt-signalling pathway specifically within Lgr4/5 expressing cells, identifiedas the

ISCs. Ability to grow in the absence of Rspol must therefore reflect the presence of ISCs

with already highly activated Wntsignalling, as would be expected from ISCs derived

from murine intestinal epithelium in which Apchas been homozygously deted.
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3.25 Relative mitochondrial activity of wildtype and Apdioxfox organoids in different Rspol
concentrations using the PrestoBlue assay. ** indicates p<0.001 usingdled T-test.
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3.14 Assessing the utility of the organoid formation assay using a Cited -1 deficient
mouse model

In order to assess whether the stem cell functionality assay could provide useful

insights into the early stages of tumourigenesis, we must be able to demonstrate that it

can detect more subtle changes in the ISC compartment than those caused by

homozygousdeletion of Apc Also, as loss ofApcresults in large, cystlike structures as

opposed to differentiated organoids, the method must also be able to distinguish

between genotypes which have a similar phenotypm vitro.

3.14.1 Cited-1

It was shown in a mouse me&noma cell line that the bifunctional transcriptional
cofactor encoded byCited1 plays a role in activation and repression of expression of a
wide range of target geneqShiodaet al. 1996; Yahataet al. 2001). The complex role
that Cited-1 could play in tumourigenesis was hinted at by its ability to inhibit Wnt
signaling but activate Smaed dependent transcription resulting in enhanced
4' &r T" - 0 (PhsOvietdal. 2005 A role forCITED1 in tumourigenesis has also
been implicated in several human cancers such as nephroblastoma, melanoma and
7TEIT 60 OO0i T OO0 xE KOEDL éxpre3sioh @ Osekvedd bvivornilii&t
al. 2007; Nair et al. 2001). In a mouse model of mammary cancer MMTV-
Cre/FloxNeoNeuNT), it was stown that Cited1l expression is elevated within the
tumours where it functions alongside Egr2 to drive expression of the oncogene ErbB2
(Dillon et al.2007).

Microarray data from this laboratory has shown that loss oApcimmediately results in
an increase in expression of the gen€ited-1, an upregulation that is dependent on the
presence of functional @nyc. Loss of the Wit target Gmycin an Apdloxfiox mouse not
only rescues the phenotype ofApcloss (Sansomet al. 2007), but also returnsCited-1
expression levels to those found in wildtype. Our laboratory has recently shown that an
upregulation of CITED1 is observed in human colorectal cancers, and that loss Gited
1 expression in the Apc heterozgygous mouse model of colorectal tumourigenesis,

Apcnin/+ increases survival via a reduced intestinal tumour burderiMéniel et al.2013).
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Loss ofCited1 alone does not result in intestinal tumourigenesis, but does markedly

ET AOAAOGA 1 AOAI O | Aatedinh Bithih G Brite®iddl Adtdelfum. r
Interestingly, loss ofCited-1 in the context of homozygousApcloss usingAhCie Apdox/fiox

i EAA OAOGOI 060 ET A AEOOOEAO E-tafemiahdassodiated AT OE
Whnt-target genes(Méniel et al. 2013).

The subtle deregulation of Wnt signaling observed irCited1 null intestinal epithelia

without grossly affecting the intestinal phenotype,provides a perfect model for testing

the ability of the organoid formation assay to analyze small changes in the ISC

compartment that may arise as a result of Wntleregulation.

3.15 Cited-1 loss and the ISCcompartment

gRT-PCR was used to show that expressiaf the ISC markerd.gr5, Msiland Asch were
significantly higher in the intestinal epithelia of Cited1 null mice than wildtype
(p<0.05). There was a trend for increased expression of the markeBmi-1 and Olfm4

but it was not significant at n=6 (p>0.09.

In situ hybridisation revealed that expression of the intestinal stem cell marke©Ilfm4
was still limited to the crypt base inCited1 null mice, and the probe signal appears no
different to that observed in wildtype. This indicates that there is no mi®calisation of
the ISC compartment, however, there could be an increase in ISC number around the
base of the crypts, which would not be visible from the crossections of the crypt
structure shown in Figure 3.27. Also, it shouldbe noted that Olfm4 is one of the ISC
markers whose expression is not significantly upregulated as a result @ited1 loss.
Olfm4was chosen forin situ hybridisation asin situ hybridisation for this marker results

in a tighter staining pattern than that observed with Ascl2 In addition to this, Olfm4,
unlike Ascl2 is not a direct Wnt target gene, and so changes in expression pattern are
less likely to be due to an increase in Wrgignalling as opposed to an increase in ISC

markers (van der Flier et d. 2009a).

100



o]
]

% %

~
1

(=)]
L

(9]
1

“ Wildtype
m Cited-1-/-

w
1

*

reni

LgrS Ascl2 Olfm4 Msil Bmil

Relative Expression Level
=Y

N
1

[
1

o
1

3.26 gRT-PCR results of relative expression levels of a range of proposed intestinal stem cell
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3.15.1 Cited-1"- organoids

Cited1”/- organoids are phenotypically identical to wildtype Figure 3.28), displaying
multiple crypt-protrusions containing goblet cells, enteroendocrine cedl and Paneth
cells (images not shown). As there were no gross differences betweebited1”-
organoids and wildtype organoids, the same CHARM setting for organoid counting and

measurement of growth rates were used.

3.15.2 Cited-1"-crypts form organoids more eff iciently than wildtype

The organoid formation assay revealed that a significantly higher percentage Gited1-
I-crypts were capable of forming organoids than wildtype Figure 3.29) (Wildtype 14+5,
Cited’- 21+3). This supports the expression marker data which indicates that loss of
Cited1 results in an expansion of the ISC compartment. The organoid formation
efficiency of Cited1/- crypts was still significantly lower than that seen in Apdlox/flox

crypts.

3.15.3 Cited-1--organoids are Rspol dependent

The PrestoBlue mitochondrial activity assay shows thatCited1/- organoids are
dependent on the presence of Rspol in theulture medium for their growth and
development in a dose dependent manner equivalent to that of wildtype. This indicates
that the ISCs ofCited1/- mice are not significantly more Wntactivated than wildtype
ISCs.
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3.28 H&E of aCited1/- organoid. Cited-1/- organoids are phenotypically identical to wildtype
organoids displaying multiple crypt-like protrusion containing differentiated cell types. Bars
represent 100>m.
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3.29 Organoid formation efficiency of Cited1/- compared to wildtype crypts. Lossof Cited-1
resulted in a significant increased organoid formation efficiency,-2ailed T-test p=0.026. N>4.

1.2 - = X
*ok K
:E' 1 R-spondin Concentration
> 6.5ug/ml
< 0.8
= ® 3.25ug/ml
=
E 0.6 - — mOug/ml
o
S
S 04
=
2
5 0.2 -
w
e
0 -
Wildtype Cited-1-/-
-0.2 -

3.30 Relative mitochondrial activity of wildtype and Cited1/- organoids in differenct Rspol
concentrations using the PrestoBlue assay. * indicates p<0.05 **indicates p<0.001 usintpaRed
T-test. N=10.

104



3.16 Discussion
The final protocol for the ISC functionality assay with the CHARM settings used can be

found in section2.12.4of Materials and Methods.

3.16.1 Apciloxflox crypts form two distinct types of organoids

The difference between the two types of organoids formed fromi\pc deficient crypts

indicates that potentidly there are two types of cells in these crypts capable of forming

organoids. This could represent the two different ISC populations which, once Wnt

activated as a result oApcloss, can both grow in culturgYanet al.2012). Alternatively

it could represent the difference between organoids grown from \Wt-activated ISCs and

those grown from highly Wnt-activated cells of the proliferative compartment of the

AOUPO xEEAE AOA 110 OOOOAG )3#8

As both types of organoids are observed wheApcwas recombinedin vitro as well asin

vivo, it is difficult to asses why they are different. One potential method would be to

sort Apc deficient intestinal cells based on expression of Lgr5Ckite and Lgr5e Ckithi

using Lgr5 expression as a marker of the ISC population and Ckit expression as a

marker of the proliferative zone. This would enable assessment of both the efficiency of

organoid formation and the different types of organoid which each cell type can

produce. The difficulty of this method is the likelihood of plasticity within the system,

especially within Apc deficient tissue, whereby stem cells are defined by their

i EAOT AT OEOTTI1 AT Oh AT A Al 1 AAIHER 6A GAE OMA b A BN
OPAAEAZEA AT 1 AEOEI 108 4EEO DPlI ACOEAEGEADADEAT
others, and measures o OOAT T A0GOG6 AOA AEEAZEAOI O O1 NOAT O
It was also noted that Apdloxflox organoids often contain polarized cells, whereas

Apdloxflox intestinal tissue in vivo does not. This is most likely due to the environmenin

vitro whereby sealed cystlike organoiA O EAOA A Al AAOI U AAEET AA (
with the outside being rich in growth factors and the inside being the area of cell death

and so high in apoptotic signals. This clear gradient of signals may give the cells

stronger positional cues than ocar in vivowhen a high level of proliferation occurs.
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3.16.2 Apcilox/ilox grganoids contain fewer differentiated cells than wildtype

The observation that Apdloxfiox grganoids contain fewer differentiated cells than
wildtype matches the in vivo data whereby loss of Apc results in an increase in
undifferentiated cell types. No enteroendocrine cellswere observed in Apdiox/flox
organoids and goblet cells were only observed idpdlox/flox grganoids which had been
cultured in the presence of Rspol. The organoids containing goblet cells most likely
represent organoids derived from crypts in which incomplete recombination oApchad

occurred, as these organoids would not survive in the absea®f Rspol.

By contrast, Paneth cells were occasionally observed pdlox/flox grganoids which had
been cultured in the absence of Rspol. As these organoids were only cultured for 11
days it is likely that the observed Paneth cells are those from theigmal crypts which
were seeded that survived rather than ones which had differentiated in culture. Paneth
cells are longlived and can survive for up to 20 days(Ayabe et al. 2004). This
hypothesis is supported by microscopic analysis of fixedpdlox/flox grganoids which have
undergone longterm culture and passage (courtesy of Nydia Panitz) and did not

revealed the presence of any Paneth cells.

As previously discussed, the inability ofApdlox/flox grganoids to differentiate indicates
that they are not deived from true ISCs, as the definition of an ISC is its ability to
produce all the differentiated cell types found within the epithelium. For this reason,
despite the utility of comparing wildtype and Apdloxflox grganoid formation in order to
calibrate this assay, the stem cell function assay should only be used to compare
formation efficiency of organoids which display a wildtype phenotype with all the
differentiated cells present or the formation efficiency of cysiike structure producing

genotypes wth that seen inApdloxflox crypts.

3.16.3 Wildtype organoids are more highly proliferative than Apc flox/flox grganoids

The interesting and unexpected observation that wildtype organoids express higher
levels of the proliferation marker Ki67 and contain more cdl O Ephased08 mitosis (as
measured by number of cells which uptake BrDU in a one hour period) indicates that
wildtype organoids are proliferating at a greater rate thanApdiox/flox grganoids. This is in
direct contrast with in vivo data where loss of Apc and subsequent Wnisignalling

activation results in a great increase in proliferation (Sansom et al. 2004) This
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observation does not fit with the data showing thatApdloxfiox grganoids grow faster

than wildtype. However, as the growth rate data shows, by day 11 (which is when the
organoids were fixed) Apdloxflox growth has reached a plateau, whereas wildtype
organoids are still growing. This could be due to the lack of organized structure of
Apdloxfilox  grganoids, which just form cystlike sacks of dead matter and toxins.
Potentially there is a maximum size theorganoids can reach before proliferation is

reduced to maintain this size. This is supported by the observation that larger organoids

appear to collapse in on themselves by day 123 (seeFigure 3.7).

The organized structure of wildtype organoids enables them to continue growing
AAOPEOA OEA 1 AOCA NOAT OEOU 1T &£ AAAA 1 AOCAOEAI
AOT 1 OEA 1T AAOT OEAAREOOA@Eh AARA i AODROAxBI T A
I OCATTEAO xEOE OEA AOUDPOO AOAAET C 11 OEA 1 DBE
why proliferation rate of wildtype organoids are so much higher than those seen in

Apdloxflox grganoids, and could besasily tested by fixing organoids at day 5 when growth

rates between genotypes are very different, and assessing proliferation using Ki6é7 and

BrDU. Nearly 100% of wildtype organoid cells are proliferating which indicates that

they only represent the proliferative compartment of the intestinal epithelium with the

crypt protrusion and there is no compartment of the organoid which represents the

non-proliferating villus region.

The observation that loss ofApcdoes not appear to result in an increase in apopsis (as
measured by Caspase 3 expression) vitro, but doesin vivo (Sansom et al. 2004,)could
be explained by the pesence of laminin within the cultures, which prevents cell anoikis
(Sato et al. 2009) The loss of cellularorganisation seenin vivo as a result ofApcloss,
may interfere with cell-cell contact and positional cues, thereby resulting in cellular
anoikis. An alternative hypothesis is thatin vivo, mice do not survive loss ofApc using
Villin-Cre for more than 5-6 days and so the increase in apoptosis may be an earlier
phenotype. This could again be assessed by fixing organoids at earlier tipeints and

assessing Caspase 3 expression.

These data not only show the differences between wildtype anépdloxfiox organoids

but also highlight that despite the utility of thisin vitro system to recapitulate aspects of
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in vivowork, there are still many areas in which it does not truly represent the situation

seen in the mouse intestine.

3.16.4 Development of a functional stem cell assay

By testing this method usingApdloxflox mice as an example of a Wnt activated mutant,
we have developed a sound methodology to examine ISC functionality which is capable
of determining changes in the ISC population due to aberrations in Wniggalling. The
changes in ISC compartment can be supported by situ hybridisation to determine

whether the number of stem cells, or simply their potency, has changed.

There is one major drawback to this technique which is currently being addressed,

namell OEAO ET 1 OAAO & O EO O AA A OOOA OABPO
organoids to selfrenew would need to be assessed. At present, this has not been
possible due to the inefficiencies of passage. The major difficulty of gaining a readodit o

the number of organoids which grow after passage is the variability in the passage
preparation. In order to passage intestinal organoids, it is necessary to manually disrupt

their structures until they are once more single crypts. In published data thiss often

taken down to single cells using trypsin or similar in order to disassociate the cells, then
DAOOAA OEOI OCE A tmnti #&Z£EI OAO O AT OOOA OEAO
to the nature of this assay, it is necessary to seed crypts as ogpd to single cells. This

is due to the inefficiency of organoid growth from unsorted single epithelial cells, as

sorting for a specific marker, such as Lgr5, would impose preelection for defined

DAOAI AGAOOG 1T £ OOOAI T AOOS6h shdyhs aglébal Gnalisi® of OANOE
ISC functionality within the whole intestinal crypt. Passage involving the breakdown of
organoids and reseeding of crypts as opposed to single cells is routinely done for the

long term maintenance of intestinal organoid cultues, but not in a manner whereby the

quality of crypt preparation is essential, or the number of single crypts seeded needs to

be quantified. When this was attempted, it was found that the quality of the crypt
preparation was variable, with many individual crypts, or partial organoids, and other

complete organoids which were undisrupted by the passage process.

The problem lies in both the difficulty of extracting a large quantity of organoids from
cultures grown in a 96 well plate, and the inability to constently break these organoids

down to a single crypt level. In order to confirm that only single crypts (and not large
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chunks of organoids, or whole organoids) have been seeded it is necessary to pass the
OAiI D1 A OEOI OCE /oakedin PES 0A%BSA) Awbichi radudtd\in a great
reduction in crypt numbers. At present the maximum number of crypts successfully
passaged from a culture which was originally seeded with approximately 75,000 crypts,
is 400 crypts. This has meant that incorporating a skfenewal assay into this method

has as yet been unfeasible.

It must also be taken into consideration that intestinal organoid function and phenotype
is not always a direct representation of that seenn vivo. For example, Farinet al.,
recently showed tha despite the dispensable nature of Wnt3 in the intestinal
epithelium in vivo, the loss of Wnt3 cannot be supported in intestinal organoid@-arin
et al.2012).

Other methods for using the intestinal organad method to assess the ISC compartment

in vivo have previously been suggested, and other laboratories are using the number of

crypt-il EEA POT OOOOEI T O AO A OAAAT OO 1T &£ OOOAIT A<
wildtype and Apdloxflox grganoids in this characteristic (Ernlund 2011). However, these

protrusions arise via crypt fission (Sato et al. 2009) and there is no evidence that crypt

fission occurs as a result of an expansion of the ISC compartment. Furthermore,
measuring organoid fol AOET T AEZAEAEAT AU 11T OA AAAOOAOAI
OOAT AAOAS6 1T &£ OOAI AAIl AOOAUO OOAA ET 1O0EAO
fat pad transplant assay(Deomeet al. 1959; Reynolds and Weiss 1992)whereby cells

capable of forming a differentiated tissue structurean vitro are measured as stem cells.

3.16.5 The effect of Cited1 loss on the ISC compartment

The data presented here showing that loss dfited1 results in an increased organoid

forming efficiency indicates the potential utility of this method for gaining an
understanding of the effect of subtle deregulations of Wnt on the intestinal stem cell
compartment. Although loss of Cited1l is not alone sufficient to cause intestinal
tumourigenesis, the subtly increased Wnsignalling levels, as observed by increased

T OAI| Adtanin, fare resulting in an increase in ISCs. Despite this increase in the pool

I £ Dl OAT OEAI OAAIT 1 O 1T &£ TOECET o6 1T &£ Ai11 OAA
tumourigenesis as these cells are not highly Wrdctivated, as determined by their

dependency on Rspol.
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These data show that a small expansion of the ISC compartment is nturee sufficient to
drive tumourigenesis, as transforming mutations must still occur within these ISCs
xEEAE OAOOI O ET Edte | AGAT O 1T £ 1 OAl AAO
The increased number of ISCs should theoretically increase the likelihood of
tumourigenesis as the numd O 1T £ BT OAT OEAI OAAI 1O 1T £ 1 OECE
spontaneous colorectal tumourigenesis in mice is very rare, the number of mice
required in order to see such an effect would be large. Recently, it has been shown that
Cited1 loss is not sufficent for the initiation of intestinal tumourigenesis (Méniel et al.
2013). Interestingly, despite loss oCited1 resulting in an apparent expansion in the ISC
compartment, Cited-1 loss in a model of Wntdriven intestinal tumourigenesis, Apcnin/t
mice,results in a decrease in tumour burden and a significant increase in survival. This
is thought to be due toCited1 loss resulting in an increase in Wnt signalling, which
when coupled with Wnt-activation due to Apcdeficiency results in an over activation of
this pathway and an associated increase in apoptosis. This is thought to cause Wnt
signalling to elevate abovetumour-permissive levels, and therefore actually decrease
tumourigenesis (Méniel et al. 2013) This indicates the complexity of intestinal
tumourigenesis, and shows that if changes within the ISC compartment are playing a
role in potential for tumour initiation, then that role may be overridden by alterations in

Wnt signalling levels.

3.17 Summary

This is the first time that an assay to determine the functionality of ISCs has been

developed and, despite some drawbacks, could prove itself to be an exceptionally useful
technique. In order to overcome these drawbacks, the assay should always be used in a
combined approachto assess changes to the ISC compartment, in conjunction with gRT

PCR data of ISC marker expression levels amdsitu hybridisation techniques.

Apcloss results in such a gross alteration in organoid phenotype that comparisons of
organoid formation efficiency between organoids of a wildtype phenotype and those of
an Apc deficient phenotype may be irrelevant. However, it is possible to draw

comparisons between genotypes which present a similar organoid phenotype.
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3.18 Future Work

Growing organoids from sngle cells would be arguably Ild to more accurate
guantification of organoids grown. Single cell organoid culture was attempted (with the
addition of Wnt3a and the Rhdkinase inhibitor Y-27632 to the growth media) however,
the organoid formation efficiency was so low (<0.03%) that very few total organoids
grew (typically about 1 per animal) leading to very high variability as well as preventing
the use of the Rspol dependency test. Sa& al., were able to grow organoids at a
higher efficiency by sorting for the expression of Lgr5 using an Lgr&FP transgene
(Sato et al. 2010) However, efficiency was still low unlesso-cultured with Paneth cells
and for the purposes of a stem cell function assay this method would not be viable, as it
would involve artificial selection of proposed ISCs prior to seeding. Ideally, sorting cells
on the basis of expression of Lgr5 would ab enable a cell count of total number of
epithelial cells compared to Lgr® expressing cells, however, as currently no reliable
antibodies exist for Lgr5, this method would rely on the use of the Lgr&FP linked
transgene (which is also linked to a Creecombinase for lineage tracing experiments).
One of the main technical issues experienced in using the Lg&@&-P transgene is that it
is expressed in a mosaic manner, meaning that counts between mice cannot be

compared.

However Wanget al. recently published a method of sorting out single intestinal cells
based on a combination of stem cell associated cell surface markers. When single
intestinal epithelial CD44* CD24° CD166 GRP7®/- ckit* cells are FACs sorted they are
reported to grow into organoids in alture at an efficiency of more 20%(Wang et al.
2013b). This is a vast improvement on what was published from Lgrbsorted cells and
could represent a much purer population of ISCs. If this is shown to be correct, and that
CD44 CD24° CD166 GRP7&/- ckit* cells are in fact representative of the ISC
population, then using FAC sorting to count the percentage of epithelial cells which
meet these expression requirements could also prove useful as a readout of changes in
the ISC compartment due to genetic mutans. This method would be cheaper than
assessing organoid formation efficiency but would miss out on the functional aspect of

assessing the ISC compartment as it is a method based purely on expression of ISC
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markers, as opposed to interrogation capacityf intestinal epithelium cells to function
as ISCs.

In order to develop the organoid formation efficiency assay into a more accurate
readout of ISC capability, selfenewal must be assessed. One of the attributes of a stem
cell is its abilty to self-renew, and so assessing organoid formation efficiency over a

series of passage events would provide a more comprehensive ISC function assay.
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4 The roles of Pml in the context of Apc and Pten dependent

colorectal tumourigenesis

4.1 Introduction

APCis an important negative regulator of the Wnisignalling pathway, and mutations of
this gene are known to initiate colorectal tumourigenesis(Lamlum et al. 2000).
However, tumourigenesis is a multistep process in which many other gene mutations
and mis-regulations play significant roles. One pathway which is knen to be important

in the progression of tumour development is the PI3K pathway. Activation of the PI3K
pathway results in activation of mMTOR as well as inhibition of the prapoptotic factor
BAD (She et al. 2005) and the Wnt regulator GSK3, all of which cause increased cell
growth and survival (see Sectionl.4.1.]). Understandably, tumour cells containing
mutations which result in constitutive activation of PI3K have a selective advantage
within a tumour and so may drive clonality within that tumour. More than 40% of
human colorectal cancers contain mutations which in constitutive activation of this

pathway.

The inhibition of GSK3 via activation of the PI3K pathway highlights the potential of
crosstalk between the Wnt and the PI3K signalling pathways, &SK3 forms part of the
[ -catenin destruction complex which is an integral regulator of Wnsignalling (Voskas
et al. 2010).

4.1.1 PTEN in tumourigenesis

The important role of PTEN as a tumour sugressor is well known through its function
as a negative regulator of the PI3K pathway. PTEN converts PRliato PIP,, thereby
preventing the recruitment of AKT to the membrane where it is activated by
phosphorylation. In this way PTEN negatively regulates the amount of the oncogenic
factor phosphorylated AKT (pAKT) available within the cell, see Section 1.1.1(Cully et
al.2006).

Germ linePTENmutations are known to play a role in a amber of autosomal dominant
OuUl AOT i1 AOG OOAE AO #1 xAAT 380 OUT AOT T Ah xEEAE

of multiple hamartoma growths (Liaw et al. 1997). PTEN mutations have also been
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identified in many sporadic tumour types such as glioblastomé&Vang et al. 1997) and
prostate cancer(Cairnset al.1997). Interestingly, loss of an allelic region close to that of
PTENhas been associated with up to 30% of human color&d cancers(Frayling et al.
1997), although the frequency ofPTEN mutations observed in sporadic colorectal
cancers has been controversial. It has previously been shown thBT ENmutations are
relatively common, with 19.5% of microsatellite stdble human sporadic colorectal
cancers displaying aPTENmutation, (Nassifet al. 2004) whilst hypermethylation and
subsequent inactivation of PTEN is associated with 19.1% of microsatellite instability
high sporadic colorectal tumours(Goel et al. 2004). However, there is contradictory
evidence which shows that thishypermethylation may not be associated with a
decrease in expression, as it refers to the methylation status oPA ENpseudo gene, and
not PTENitself (Zysmanet al.2002).

Nassifet al. showed tha reduced PTENexpression was associated with a later clinical
stage in human colorectal tumours, indicating thaPTENIoss may not be an initiating
mutation in sporadic colorectal tumourigenesis, but a driver of clonality within the
tumour (Nassif et al. 2004). This theory was supported through the use of Creox
technology to cause homozygous disruption ofPten alleles in a specific tissue, as
homozygous knockout of thegene is embryonic lethal (Cristofano et al. 1998).
Homozygous loss ofPten within mouse intestinal epithelium had no effect on the
homeostasis of mrmal mouseintestine, but did cause accelerated tumourigenesis when
coupled with deficiency of Apc showing the importance of the PISK pathway as a driver
of tumour progression (Marsh et al. 2008) Interestingly, He et al. found that Pten
deletion from the ISC compartment of the intestinal epithelium was sufficient to initise

tumourigenesis (He et al.2007).

4.1.2 PML in tumourigenesis

The oncogenic effect ofPten loss is reportedly exacerbated by the loss of another
tumour suppressor gene;Pml (promyelocytic leukaemia protein) (Trotman et al.2006).
In this study Trotman et al. demonstrated that in a mouse model with heterozygous
deletion of Pten, Pml deficiency resulted in a higher tumour burden, earlier onset and
notably reduced survival due to the formation of colorectal and prostate tumours
(Trotman et al. 2006).
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PMLwas originally identified as a potential gene of interest in tumourigenesis due to its
association with acutepromyelocytic leukaemia (APL) where it is disrupted in 99% of
all cases(Goddard et al. 1991). For many years the treatment of this disease was
retinoic acid (RA), arsenic trioxide or a combination othe two, which seemed to cure
most APL patients. It is now known that the mechanism of this cure is through targeting
I £ OEA 0-,721 2, jOAQGETT EA ARHeA20AAADOT O Al BE
The protein encoded byPML localizes to the subnuclear structureof the PML-nuclear
body (PML-NB), which interacts with a vast number of proteinsex vivobut only a small
number of these interactions are fully understod. Using microarray techniques,
Gurrieri et al. showed thatlevels of PML protein were reduced or lost in 31% of colon
adenocarcinomas, andhis was asseiated with reduced number of PML-NBs (Gurrieri
et al.2004).

The function of these PMENBs s largely unknown although it has been shown to be
required for the nuclear localization of PTEN (Song et al. 2008), as well as being
involved in the inhibition of nuclear function of pAKT by actively recruiting pAKT and
the AKT phosphatise, PP2&Trotman et al. 2006). It is important to note that PML also

plays a crucial role within apoptosis, modulating caleim release at the endoplasmic
reticulum (Giorgi et al. 2010) and that lack ofPml can protect cell lines and mice from
apoptosis resulting from a range of apoptotic stimuli(Bernardi et al. 2008). The lirk

between PML and apoptosis may be an important factor in its role as a tumour

suppressor.

PML has also been linked to a role in cellular senescence, and overexpressiorP bfL
increases levels of cellular senescence through a p53 dependent pathw@earsonet al.
2000). As cell senescence is an important mechanisnr fiminimising the effects of DNA
damage, it could therefore contribute to the role ofPML as a tumour suppressor
(Colladoet al.2007).

4.1.3 PTEN, PMland stem cells
PTENand PML have been described as playing some role in the maintenance of adult
stem cell compartments, and as such their role within intestinal tumourigenesis could

be of great importance. The role ofPTEN within the maintenance of the ISC
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compartment has keen explored byHe et al. who found that knocking outPtenin the ISC
compartment initiated intestinal polyposis and also resulted in reduced levels of
nuclear R-catenin, an important regulator in ISC seHrenewal, within the stem cells(He
et al. 2007) Pml on the other hand has been shown to inhibit mTOR, which is an
important driver of the ISC regulator STAT3(Bernardi et al. 2006; Matthews et al.
2011). Bernardi et al. showed that inhibition of mMTOR by Pml occurred under hypoxic
conditions, and not only could this affect the ISC compartment, but could alptay a role

by inhibiting angiogenesis, a process which is essential for the growth of solid tumours.

Interestingly, PML has more recently been shown to play a role in the maintenance of
OOOAT T AOGOGS T &£ EAI AOT BT E A QE A-inittaOnk icellsKIB letiald | ( 3 # 1
2008; Ito and Ito 2013; Zhou and Bao 2013)In this case, PML deletion results in

inhibition of the PPAR) AT A  idBAdDI (FAOA pathways which cause an

increase in symmetric division of HSCqlto et al. 2012). The role of PML in the

regulation of the PPAR) -FAO pathway has also been shown to play an important part in
supporting cell survival in breast cancer cells, so also has a relevance toiddumours
(Carracedoet al.2012).

Pml and Pten have previously been shown to interact in their suppression of the PI3K
pathway (Trotman et al. 2006). Here the role ofPmland its synergy with Ptenin Wnt-
dependent tumourigenesis has been investigated, with a view to establishing the nature
of the relationship between these two genes. As these genes have both been implicated
as regulators of stem cell compartments, their role in maintenance of theSC

compartment will be assessed in the context of aberrant Wrdignalling.
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4.2 Results

4.2.1 Pml deficiency does not affect survival, tumour burden or tumour grade, but
results in increased intussusception in Apc floX+ mice

Villin CreER positive mice carrying me floxed allele ofApc(Shibata et al. 1997)with or

without an additional homozygous constitutive knockout ofPml (created and kindly

gifted to us by Pier Pandolfi) were induced with tamoxifen I.P. injection at-80 weeks of

age and aged for survival analysis. At sig of loss of condition, mice were culled and the

size, location and number of intestinal and colon tumours were recorded.

Loss of Pml resulted in no change in either survival Apdiox+=345+123, ApcdloX+Pmt/-
=295+21) or tumour burden (Figure 4.1). Interestingly, 3/7 of the Apdioxflox Pm- mice
displayed gross intussusception upon dissection, whereas none of theApdlox/lox mice
displayed this phenotype. This change in frequency of intussusceptions was found to be
significant when tested using Chsquared! (Chi-squared value=6.7, the 0.05 significance
chi value for n=1 being 3.8). Intussusception has previously been associated wPRten
deficiency in Apchn mice and was reported to be coupled with the presence of
particularly large tumours (Shaoet al. 2007). Although all 3 cases of intussusception
were associatedwith the presence of a large tumour at the start point of the intestinal
involution, the tumours were not the largest found in the small intestine (maximum size

7 mm X 6 mm).

As Pml deficiency has no effect on overall tumour burden, the level of progressiovas
assessed using a tumour grading system. Tumours were divided into 5 categories; grade
1: single crypt lesions, grade 2: microadenomas, grade 3: adenomas, grade 4:
adenocarcinoma with submucosal invasion and grade 5: adenocarcinomas with smooth
muscleinvasion (see Sectior2.8.4). Loss ofPmlhad no significant effect on the level of

tumour progression (Figure4.2).

1 The significance of this change was assessed using Shuared, however, Chsquared cannot be
performed if any of the categories (i.e. intussusceptions or no intussusception) of the expected cohort
(which in this case was theApdlox+ mice) were equal to 0. As no cases of intussusception were observed
in this cohort, the Apdlo¥+ Pmt- cohort had to be used as the basis for the expected results. So in effect,
the frequency of cases of intussusception iApdox+ mice was compared to that seen in Apdlox+ Pmk-
mice. A more accurate readout of significance could be obtained with a higherrdmber, which would
enable the use of higher powered statistical tests such as a Mawthitney using a binomial distribution
function.
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4.1 A Survival Plot of Apdex+ mice with or without Pml deletion, cross represents mouse still
living. No significant difference in survivalbetween the two cohorts was observed (Wilcoxon
p=0.748); B Comparison of tumour number inApdox+ mice with Apdlov+ Pmk- mice, there was
no significant difference in tumour number between the two cohorts (2ailed T-Test p=0.273)
C Comparison ofaverage tumour size in Apdod+ mice with Apdiox+ PmV- mice, there was no
significant difference in tumour number between the 2 cohorts (2ailed T-test p=0.251). N>5.
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4.2 Graphical representation of theproportion of each lesion type found per genetic cohort.
N>5. Chisquared test showed ncsignificant difference in proportion of tumour grade between
the two cohorts.
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4.2.1.1 Pml loss has no effect on the survival of Apd'oxflox mice

As no role was found forPml as a tumour suppressor in a long term model of What
dependent tumourigenesis, the potential role ofPml as a regulator of PI3K was
interrogated using a short term model of early tumourigenesis, thé\pdloxflox mouse.
After induction of Apcloss from the intestinal epithelium using tamoxifen injection, the
mice were monitored closely (twice daily) for signs of loss of condition. At signs of ill
health the animals were culled and the survival time recorded. Additional deficiencyfo
Pmlresulted in no change in mean survival time oRApdlox/flox mice (Apdioxflox=4.6+0.7,
Apdioxfiox pmt/-=4.6+0.4) (Figure 4.3).

1.0 Apc

A Pl
ApcPml
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Cumulative Survival
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T T T
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4.3 Cumulative survivals ofApdioxfox and Apdloxflox PmF - mice after administration of tamoxifen.
There was no significantdifference in mean survival times between the two cohorts (Wilcoxon
p=0.639). N>5.
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4.2.2 Pml deficiency does not alter the phenotype of Apcfloxfiox mice

Mice were induced with tamoxifen on day 0 and injected with BiU on day3, they were
then culled 2 hours later to analyse the short term effect dmldeletion on the Apdlox/flox
phenotype. Thee was no obvious phenotypic difference between the intestinal

compartments of Apdioxflox gnd Apdlox/lox Pmt/-mice (Figure 4.4).

The number of cells within the zone of aberrant intestinal epithelial cells was
determined by counting cells in a single line from the base of the crypt to the top of the
zone of aberrant cells (as defined by larger, darker, unpolarized and disordered ll
There was no difference in the number of aberrant cells due to additional loss &ml
(Apdioxfiox= 45 8+5.3 Apdloxfioxpmt/-= 49+3.4) (Figure 4.5).

Because subtle changes in intestinal homeostasis can be identified by alterations in the
numbers and distributions of differentiated cell types, paraffin sections of intestine
taken from Apdlox/flox and Apdioxflox Pmt-mice were stained formarkers of differentiated
cells, and the numbers of these cell types counted. No difference in the number of goblet
cells as marked by staining of mucins by alcian blue was observedpclo¥/flox=7.2+1.1,
Apdloxfloxpmp/-= 8,1+3.1) (Figure 4.6), nor the number of Paneth cells as detected by
lysozyme IHC(Apdloxflox="1 4+0.3,Apdioxfloxpmt/-= 1.4+0.1) Loss ofPml did result in a
trend for an increased number of enteroendocrine cells as detected b&rimelius
staining (Apdloxflox="0,13+0.05, Apdloxfloxpmt/-= (0.18+£0.03), however, this was not
significant at N=4(Figure 4.8).
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44 H&E Stain of Apdloxfox and Apdioxflox PmFb- mouse intestine day 3 post induction with
tamoxifen. The region of aberrant proliferation is indicated by the black brackets. There wasno
gross morphological difference between the twgenotypess "1 AAE AAOO OADPOAOGAT O
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45 Counts of the number of cells in the region of aberrant proliferation per crypvillus axis in
Apdioxflox and Apdloxflox PmF- mice. There was no significant difference in number of aberrant
cells between the two genotypes Zailed T-test p=0.406, N=4. Error bars represent standard
deviation.
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Counts of the number of alcian blue positive cells per cryptillus axis in Apdiox/flox and Apdlox/flox

Pmkb- mice. There was no significant difference in number ofgoblet cells between the two
genotypes, 2Tailed T-test p=0.28, N=4. Error bars represet standard deviation.
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4.7 A Panethcell IHC of Apdloxflox and Apdiexflox Pmb - intestine, brown stained cells represent
PanethAAT 1 08 "1 AAE A A GBXoudid Bf Ghd GubnbeDof lprawn celisipét crypt
villus axis in Apdiexflox and Apdiox/flox PmF-mice. There was no significant difference in number of
Paneth cells between the twogenotypes 2-Tailed T-test p=0.28, N=4. Error bars represent
standard dewvation.
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cells per cryptvillus axis in Apdlxfox and Apdloxfiox Pmb- mice. There was no significant

difference in number of enteroendocrine cells between the two genotypes,-Pailed T-test

p=0.105, N=4. Error bars reresent standard deviation.
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4.1.1.1 Pml loss results in no effect on apoptosis in Apcloxflox intestinal epithelium
Despite the reported role ofPmlin protecting cells from apoptosis(Bernardi et al. 2008;
Giorgi et al. 2010), Pml loss did not result in an increase in number or location of
apoptotic bodies in Apdloxflox mice (Apdloxfiox 0.03+0.01, Apdloxfiiox pmt/- 0.03+0.002),
results were normalised for the number of cells within the aberrantregion. This was
confirmed using a Caspase 3 IHC and counting positively stained cell&p(flox/flox
0.61+0.1,Apdloxfflox Pmt/- 0.67+0.03) (Figure 4.9).

4.1.1.2 Pml loss results in increased mitosis in Apcfloxflox intestinal epithelium

Counting the number and location of mitotic bodies revealed no significant change in
number of mitotic bodies asa result of Pml loss in Apdioxflox intestine (Apdiox/flox
2.4+0.01, Apdcloxfiox pmt/-2.5+0.8) (Figure 4.10). However, IHC for the presence of
incorporated BrDU after a 2 hour exposure to BrDU prior to mouse sacrifice revealed a
significant increase in BrDU uptake due to additionaPml loss (Apdloxflox 11.6+1.6,
Apdioxflox Pmb/- 20.7+2.8) (Figure 410). 4 EEO ET AEAAOAO A EECEAO
phase of mitosis due tdPmlloss. IHC for the more generic marker of proliferation, Ki67,

was conducted in order to confirm this finding. TheKi67 IHC corroborated the
observation that loss ofPml resulted in an increased level of proliferation(Apdlox/iox

22.8+£3.1,Apdloxflox pmt/- 28.8+1.5. 2tailed T-test p= 0.029), data not shown.

4.2.3 Pml loss does not activate the PI3K pathway in Apcflox/flox jntestinal
epithelium

As Pml has been reported to play a role as a negative regulator of the PISK pathway,
protein was extracted from the intestinal epithelium of mice from the two genotypes,
and analysed for changes in levels of phosphorylatedKT (pAKT) compared to totat
AKT (tAKT) usingwestern blotting analysis. As pAKT is the downstream effector of the
PI3K pathway, levels can be used as a direct readout of PI3K activiyestern blotting
revealed no evidence of pAKT in eitheApdiox/flox gr Apdlox/lox Pmt/- mice, and no change
in the levels of tAKT. This indicates that in the context &pcdeletion, Pmldoes not play
a role in the regulation of this pathway(Figure 4.11). IHCfor pAKT was performed and
supported the evidence fromwestern blotting that loss of Pml does not result in an

increase in pAKT(Figure 4.11).
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4.9 Comparison of levels of apoptosis il\pdioxfox and Apdloxflox Pmb-mice. A Apoptotic Index as
measured by number of apoptotic bodies per cryptillus axis and normalised for the number of
cells in the region aberrant proliferation. There was no significant difference between the two
genotypes, 2tailed T test p=0.842, N=4B Number of Caspase positive cells as counted from
Caspase IHC. There was no significant difference between the two genotypegaizd T test
p=0.411, N=4;C Caspase 3 HC on Apdlxfiox and Apdloxflox Pm'- intestine. Brown cells represent
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4.10 Comparison of levels ofmitosis in Apdloxfiox and Apdioxdfiex PmFE- mice. A Mitotic Index, as
measured by number ofmitotic bodies per cryptvillus axis and normalised forthe number of
cells in the region aberrant proliferation. There was no significant difference between the two
genotypes 2-tailed T test p=0789, N=4 B Number of BrDU positive cells as counted fronBrDU
IHC after a 2 hour BrDU exposue. Pml loss led to a significant increase in BrDU uptak&tailed
T test p=0.001, N=4 C BrDU IHC on Apdioxflox and Apdloxfox Pmt- intestine. Brown cells
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411 PhosphoAKT levels as a measure of activation of the PI3K pathway due to additional

deletion of Pml form Apdloxfiox mice. A Western blot analysis shows that total levels of Akt

protein within the protein extracted from intestinal epithelium of the two genotypes was high,

but no phosphoAkt was detected B IHC for phospheAkt confirmed that the PI3K pathway was

not activated, as phosphd EO xAO 110 1T AOAOOAA8 "1 AAE AAOO OAD(
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4.2.4 Pml loss results in a significant increase in expression of ISC markers in
ApchOX/fIOX m|Ce

Given that Pml is cited as a tumour suppressor, and that migsegulation of the ISC

compartment may play an important role in tumourigenesis, the ISC compartments of

Apdloxfilox gnd Apdloxflox Pm/-mice were analysed.

gRT-PCR for a number of published ISC markers was performed and revealed a
significant increase in expression ofLgr5 due to Pml loss (Figure 4.12). Trends for
increased expression of the ISC markerascl2 Olfm4, Msiland Bmil were found not to

be significant at N=6.

As changes in the expression levels could indicate either an increase in expression by
the same number of ISCs or a loss of localisation of expressian,situ hybridisation was
performed using an anttOlfm4 riboprobe on paraffin embedded intestinal tissue of
Apdioxfilox gnd Apdloxflox Pmt/-mice. In situ hybridisation revealed an apparent increasen

the zone ofOlfm4 expression due to additionalPmlloss (Figure4.13). However, due to
the tissue disruption caused by the proteinase K step ah situ hybridisation, this
method is not quantifiable and trends can only be determined through the use of a

representative image.
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412 qRT-PCR analysis of selected ISC markers showed a trend for increased expression due to
Pmlloss in Apdloxflox mice. * Indicates significance at p<0.05 using atailed T-test. N=6.

4.13 In situ hybridisation to visualise OIfm4mRNA expression location. Loss éfmlresults inan
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4.2.5 Pml deficiency does not affect the survival or tumour burden in Apcflox+
Ptenfloxflox mice

Mice were induced at 810 weeks old (+/- 10 days) and aged until displaying loss of
condition, when they were culled. Using Wilcoxon survival analysis it was demetrated
that the survival of ApdloxX+ Ptenfloxfiox Pmt/- mice is not significantly different from
Apdiox+ Ptenfloxffiox mice (Apdiox+ Ptenfloxflox 136 days+ 97, Apdiox'+ Ptenflox/flox pmt/- 97
days + 42 days) (Figure 4.14). Intussusception was only observed in 1/12 of the
Apdlox/+pteriloxfflox mice (where it was associated with a large tumour, 9mm x 9mm in
size), and 0/16 of theApdo¥+Ptent’* Pmt/- mice.

Tumour counts in both the small and large intestine were performed, and the tumour
size recorded. It was found that loss oPml resulted in no change in the numbers of
tumours found in the small and large intestine or the size of tumours inApdlox+

Pterfloxflox mice.

4.2.6 Pml deficiency increases tumour progression Apc flox+ ptenflox/ilox mjce

The tumours seen on one section of H&RBer mouse were graded using the tumour
grading system explained in Section 3.8.2. Using &guared it was possible to
determine that there was a significant difference in the ratios of tumour grades
observed, with loss of Pml resulting in a higher proportion of tumours displaying
submucosal and smooth muscle invasion, and therefore fewer lower grade lesions
(P<0.01) (Figure4.15) .
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414 A Survival Plot of Apdox+ Pterfloxfiox mice with or without Pml deletion, there was no
difference in survival times between the two cohorts (Wilcoxon p=0.478)B Comparison of
tumour number in Apdlox+ Pterfloxfox  mice with Apdlox+ Pterfloxflox Pmb- mice, no significant
difference was seen between the two cohorts (Railed T-test p=0.495) ; C Comparison of
average tumour size inApdiox+ Pterflox/flox mice with Apdlox+ Pterfloxfiox PmF-mice, no significant
difference was seen between the two cohorts (Pailed T-test p=0.509). N>10.
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415 Graphical representation of the numbers of each lesion pe found per genetic cohort.
N>10. Chisquared test showeda significant difference in proportion of tumour grade between
the two cohorts, Chisquared value=34.3 (greater than the Cksquared given value for p<0.001,
6.64).
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4.2.7 Pml deficiency significantly reduces survival of Apc flox/flox ptenfloxflox mjce
Following induction of Villin-CreER via injection of tamoxifenApdloxflox pterfloxfflox mice
have a median survival time of 4.5 days. In mice carrying the addition&ml| mutation,
median survival following tamoxifen injection was redwced to 3 days (mean values
Apdloxfilox pterjloxiflox 4 5+0.4, Apdloxflox pterfloxfiox 3 2+0.4). Upon dissection there was no
discernible difference in phenotype between the two cohorts, except that the gut of

Apdloxfilox pterfloxffloxPmt/- mice was noticeably more vascularised. However, this was not

guantified.
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416 Cumulative survival of Apdoxfiox Pterfloxfiox and Apdloxfiox Pterfloxflox Pmb- mice after
administration of tamoxifen. Loss of Pml significantly reduced the survival time of Apfexfiox
Pterfloxflox mice (Wilcoxon p=0.002) N>5.
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4.2.8 Pml deficiency does not alter the histological phenotype of Apc floxflox
Ptenfloxflox mice

Despite the decrease in survival oApc Ptendeficient mice due to loss oPml,there was

no gross difference in intestinal phenotype Figure 4.17). Counting the number of

aberrant intestinal epithelial cells per crypt-villus axis showed thatPml deficiency does

not affect the number of cells in this region inApdloxflox pterloxiflox mice (Apdlox/fiox

Pterfloxiflox §5+4 5, Apdloxflox pterfloxflox 62+10.7) (Figure 4.18).

Pmldeficiency resulted in no significant alteration in the differentiated cell composition
of the intestinal epithelium when associated with additional Pten loss. In Apdlox/flox
Pterfloxflox mice, Pml deficiency had no effect on the number of alcian blue positive
goblet cells @Apdloxflox pteryloxiflox 8 2+0.7, Apdlox/flox Pterfloxflox 8 7+2 1) (Figure 4.19), but
did result in a trend for decreased numbers ofPaneth cells (Apdlox/flox Pteryloxiflox
1.5+0.25, Apdioxflox  pterfloxflox 1 3+0.04) (Figure 4.20), and enteroendocrine cells
(Apdioxffiox Pterfloxifiox 0.32+0.001,Apdioxfiox Pterfloxfiox 0.21+0.0001) (Figure 4.21).

Similarly, Pmlloss had no effect on levels of apoptosis ipcand Ptendeficient mice, as
determined by counting the number of apoptotic bodies per hal€rypt (Apdloxiiox
Pteriloxflox 0.024+0.006, Apdlox/ilox pterjloxflox 0,038+0.009), and confirmed by Caspase 3
IHC (Apdloxiflox pterloxiflox 0,69+0.09, Apdiox/ilox pterjloxifiox 9.68+0.05)( Figure 4.22). Lewels
of mitosis were also unaffected, as determined by counting mitotic bodiesApdlox/flox
Pteriloxflox 2 8+1.2 Apdloxflox Pterjloxflox 2 5+0.9), and confirmed by BrDU IHC following a
2hour BrDU exposure prior to animal sacrifice fApdiox/flox pterylox/ilox 19.9+4.3, Apdlox/fiox
Pteriloxflox 20.4+4.9) (Figure 4.23).
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417 H&E Stain ofApdlox/flox Ptertloxfiox and Apdioxflox Pterfloxfiox PmE- mouse intestine day 3 post
induction with tamoxifen. The region of aberrant proliferation is indicated by the black
brackets. There was no obvious morphological difference between the two genqtys. Black
bars represent 100t | 8
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4.18 Counts of the number of cells in the region aberrant proliferation per crypvillus axis in
Apdioxflox Pterfloxfiox and Apdloxfiox Pterfloxflox PmF - mice. There was no significant difference in
number of aberrant cells between the two genotypes,-Zailed T-test p=0.634, N=4. Error bars
represent standard deviation.
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4.19 A Alcian Blue IHC ofApdloxflox Pterfloxfiox and Apdox/flox Pterfloxflox PmF - intestine. Black bars
represent 100t | B Counts of the number of alcian blue positive cells per cryptillus axis in
Apdioxflox Pterfloxfiox gand Apdoxfiox Pterfloxfiox Pmb- mice. There was nosignificant difference
between the two cohorts, 2tailed T-test p=0.705, N=4.
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4.20 A Lysozymecell IHC of Apdloxfiox Pterfloxfiox and Apdiox/flox Pterfloxfiox Pml -, brown stained
cells represent Paneth cells. Black bars represent 10Q | B Counts of the number of brown
cells per cryptvillus axis in Apdiox/fox Pterfloxfiox and Apdiox/flox Pterfloxfiox PmF/- mice. Despite a
clear trend, the difference was not significant at N=4,-Zailed T-test p=0.146.
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4.21 A Grimelius stain of Apdiox/flox Pterflox/flox gand Apdlox/flox Pterfloxifiox Pmt -, black stained cells
represent Grimelius containing enteroendocrine cellsBlack bars representp 1wt B Gotipts of
the number of black cells per cryptvillus axis in Apdioxflox Pterflox/fiox and Apdlox/flox Pterfloxifiox Pmt
-mice. Despite a clear trend, the difference was not significant at N=4T2iled T-test p=0.135.
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4.22 Comparison of levels of apoptosis if\pdioxflox Pterfloxfiox and Apdloxflox Pterfloxfiox Pmk-mice.

A Apoptotic Index, as measured by number of apoptotic bodies per crypillus access and
normalised for the number of cells in the region aberrant proliferation. There was no significant
difference between the two genotypes, Qailed T test p=0.059, N=4;B Number of Caspase
positive cells as counted from Caspase IHC There was no significant difference between the two
genotypes, 2tailed T test p=0.411, N=4,C Caspase 3 IHC oApdioxfiox Pterflox/flox and Apdlox/flox
Pterfioxfiox PmF - intestine. Brown cells represent Caspase 3 positive cells. Black bars represent
prmm .{ |
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4.23 Comparison of levels of mitosis irApdioxfiox Pterfloxfiox and Apdlox/fiox Pterfloxflox Pmb-mice. A
Mitotic Index, as measured by number of mitotic bodies per cryptillus access and normalised
for the number of cells in the region aberraniproliferation . There was no significant difference
between the two genotypes, Zailed T test p=0.672, N=4B Number of BrDU positive cells as
counted from BrDU IHC after a 2 hour BrDU exposure. There was no significant difference in
BrDU uptake between the two genotypes,-failed T test p=0.895, N=4CBrDU IHC onApdlox/fiox
Pterfloxflox and Apdloxfiox Pterfloxflox Pml - intestine. Brown cells represent BrDU positive cells.
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4.2.9 Pml loss does not activate the PI3K pathway in Apcflox/flox ptenflox/ilox jntestinal
epithelium

Western-blot analysis of protein extracted from intestinal epithelial cells ofApdiox/flox

Pterfloxiflox gnd Apdloxfflox pterfloxfiox Pmt/- mice showed that additionalPmldeficiency had

no effect on the levels of pAKT. This result was confirmed HyC, which showed no

visible change in levels of pAKT between the two genotypé€Bigure 4.24).

4.2.10 Pml loss results in a significant increase in expression of ISC markers in
Apcﬂox/ﬂox Ptenflox/flox mice

Due to loss oPmlresulting in an increased tumour grade iPApcand Ptendeficient mice,

the ISC compartment was analysed. ISCs have been shown to be the cell of origin of

intestinal tumourigenesis, and los of Apc specifically within ISCs results in more

aggressive adenomas than wherpcis lost from other intestinal epithelial cell types

(Barker et al. 2008), hence once possibleeason for the observed increase in the grade

of adenomas may be a change in the ISC compartment.

Loss ofPmlin the context of combinedApcand Ptendeficiency had a clear effect on the
ISC compartment, with a trend for increased expression of the ISC markekscl2 Msil
and Bmil, and a significant increase in the expression of the markensgr5 (t-test
p=0.03) andOIfm4(t-test p=0.03) at N=6 (Figure 4.25).

Interestingly, in situ hybridisations for the ISC markerOlfm4did not display any change

of location ofexpression (Figure4.26).
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4.24 PhosphoAKT levels as a measure of activation of the PI3K pathway due to additional
deletion of Pmlfrom Apdioxfiox Pterfloxfiox mice. A Western blot analysis shows that total levels of
both total- Akt protein and phosphaAkt were high in both cohorts with no difference between
the two cohorts; B IHC for phospheAkt confirmed that the PI3K pathway was actiated equally
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4.25 gRT-PCR analysis of selected ISC markers showed a trend for increased expression due to
Pmlloss in Apdloxflox mice. * Indicates gjnificance at p<0.05 using a-2ailed T-test. N=6.

4.26 In situ hybridisation to visualise OIfm4mRNA expression location. Loss ¢&tmlresultsinno ]
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4.2.11 Organoids from all cohorts are cyst -like, with few differentiated cell types

The ability of Pml loss to seemingly expand the ISC compartment, and therefore the

bl OAT OEAT TIOIAAOE ITMEGHEAN 6 1 £ ET OAOGOET Al 001
Ei PAAO 11 OEA 101 AAO T &£ OOIi 100 ETEOEAOQEII
necessary to assess the effect 8mlloss on the functional ISC compartment separately

from its effect on the epression of ISC markers.

Apdloxfilox pm}/- Apdloxfiox pterfloxflox gnd Apdlox/flox Pterjloxfflox pmt/- intestinal crypts all
produced organoids which were cystlike with few differentiated cells, which were
indistinguishable from Apdlox/flox grganoids (Figure 4.27). Due to the similarities with
Apdloxffox grganoids, the Apdioxffiox Pmtb/- Apdloxfflox Pterfloxffiox gand Apdiox/flox Pterflox/flox
Pmt/- organoids were analysed using theApdioxflox CHARM programme. See section
2.12.4

4.2.12 Pml loss does not affect organoid formation efficiency in Apc floxflox or
Apcﬂox/ﬂox Ptenflox/flox mice

In contradiction to the in vivo results which showed that Pml loss resulted in an

increased expression ofLgr5, loss of Pml had no effect on the organoid forming

efficiency of intestinal crypts from any of thesecohorts (Figure 4.28). All organoid

cultures were completely Rspol independent due té\pcdeficiency.
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427 H&E displaying organoids representative ofApdioxfiox Pmb- Apdoxfox Pterfloxfiox and
Apdloxfiox Pterfloxfiox Pmb/- organoids. Image actually taken of fixedApdioxfox Pterfloxfiox Pmp/-
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4.28 Intestinal organoid formation efficiency of Apdioxflox = Apd@oxifiox Pm/-, Apd@ox/fiox Pterfloxiflox
and Apdloxfiox Pterloxfiox PmF - intestinal crypts. No significant difference was observed between
any of the genotypes (2ailed T-test p>0.05 for all comparisons).
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4.3 Discussion

4.3.1 Pml deficiency results in subtle phenotypic changes in ApcfloX+ and Apcflox/flox
mice, but no change in survival or tumour burden
Despite Pml loss resulting in no change in survival or tumour burden ofApdiox* mice,
there was an increase in the levels of intussusception observed upon dissection.
Heterozygous loss of Pten has been previously shown to increase elvels of
intussusceptions in anApcnn model of colorectal tumourigenesis(Shao et al. 2007)
Although intussusception is normally viewed as a result of the presence of large
tumours, rather than a tumour independentphenotype, this was not the case in the
ApdloX+ Pmt- mice, which did not have significantly larger tumours than were seen in
ApdloX+ mice alone. In order to assess whether the observed intussusception is due to a
mechanism which is independent of turour size, it would be necessary to generate a
much higher Nnumber and record the size and location of the tumour associated with
it.

Shao et al. noted that in Apc"n Pten- mice where intussusception was observed,
expression of the geneOsteopontin (Opn) was significantly upregulated (Shao et al.
2007). Opnis a secreted phosphoglycoprotein which plays important roles in cell
adhesion, motility, apoptosis and inflammation. Furthermore, high levels of OPN are
associded with tumour progression in colorectal and breast cancergYeatman and
Chambers 2003) Interestingly, Opn is an important driver of Interleukinl7 (1117)
expression, which in turnregulates inflammation and immune response. It is currently
believed that intussusception which is not tumour associated is likely to be induced by
infection and inflammation (Nissan et al. 1997). PmINBs have been implicated in the
inflammatory process through their association with inflammatory tissue, and have
been observed at high levis in macrophagegqTerris et al. 1995). In order to assess the
role inflammation is playing in intussusception caused bymldeletion in Apdlox+ mice,

expressionlevels ofOpn 1117 and Tumour NecrosisFactor-| (4 . & gould be assessed.

There is evidence that one of the ways in which PML regulates the PI3K pathway is
through its role in regulating the localisation of PTEN. Specifically, this occurs within the

nucleus where loss ofPml is associated with mislocalization of Pten(Songet al. 2008;
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Trotman et al. 2006) and mislocalization of PTEN is associated with disease
progression in CRGZhou et al. 2000). Despite the role & Pten within the PI3K pathway
taking place at the cell membrane, miocalisation of Pten may explain the proposed
role of Pmlin intestinal tumourigenesis. However, the work presented here shows that
loss of Pml alone had no effect on the survival of diter Apdlox+ or Apdlox/flox mice,
indicating that any mis-localisation of Pten is not comparable to loss dPten function,

which decreased survival time of these micéMarsh et al. 2008)

In our Apdloxflox model it is clear that Pml is not playing a significant role in the
regulation of the PI3K pathway, as loss d®mldoes not result in any increase in levels of
PAKT. It is therefore unsurprising that loss oPmldoes not result in a change in survival
or tumour burden of these mice, as in this context it is not regulating PI3K upstream of
PAKT (Trotman et al. 2006). However,Pmlmay be playing a role downstream of pAKT,
due to the ability of PmINBs to sequester mTORBernardi et al. ; Carracedo and
Pandolfi 2008). In order to test this in our model, levels of MTOR could be assessed
using Western blotting, however, any significant increase in mTOR due to loss Frnl
would presumably result in increased tumourigenesis and decreased survival &gpdlox/+

mice, which we did not observe.

As PMIL:NBs are known to play a role in apoptosis, and loss of PML from cell lines
resulted in decreased apoptosig(Bernardi et al. 2008; Gao YMet al. 2013), it was
expected that loss oPmlfrom an Apdioxflox model of acute Wnt activation woudl protect
cells from apoptosis. However, this was not the case, and potentially the mechanism
which drives apoptosis in Apdloxflox mice, which is likely the result of highly activated

Whnt-signalling increasing genetic damage, may be PfNIB independent.

In Apdloxflox mice, we showed that loss ofPml results in increased mitosis, which
supports the previously described role ofPmlas a promoter of cell senescence, with loss
of Pml resulting in increased proliferation (Ferbeyre et al. 2000; Melnick and Licht
1999), although we have no evidence for senescence occurring in the intestinal

epithelium of Apdloxflox mice.
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4.3.2 Pml deficiency does not affect the survival or tumour burden in Apcflox+
Ptenfloxflox hut results in increased tumour progression

As it had previously been published thatPml deficiency increased tumour initiation,

burden and progression inPten”- mice (Trotman et al. 2006), it was thought that a

similar effect would be observed in a Wndriven model of intestinal tumourigenesis

with homozygous Pten loss. Surprisingly, neither survival or tumour burden were

affected by additional Pmlloss, however, there are a number of potential mechanisms

which would cause this effect.

In the work presented by Trotmanet al. a heterozygous modebf Ptendeletion is used,
resulting in Ptendeficiency in all tissues(Trotman et al. 2006). Heterozygosity for this
allele of Ptenalone, has already been shown to be adequate to drive the development of
microscopic benign colonic polyps (Suzuki et al. 1998), whereas the conditional
homozygous deletion ofPtenfloxflox ysing Villin-CreER does not result in any immediate
changein intestinal or colonic homeostasis(Langlois et al. 2009; Marsh et al. 2008)
These bodies of work suggest that any role played bipten in initiating intestinal
tumourigenesis in these modés may occur outside of the intestinal epithelium, and may
be due to changes in gene expression within the stromal compartment of the intestine.
Consistent with this, conditional homozygous deletion oPtenusing a fibroblast specific
Crerecombinase (ColA2CreER(Zheng et al. 2002)), which specifically recombined in
the intestinal stroma and smooth muscle compartments, resulted in tumourigenesis
throughout the small intestine and colon(Davies 2011). However, Heet al. found that
Pten deletion from the ISC compartment was sufficient to induce intestinal
tumourigenesis (He et al. 2007) The mechanism forPtendeletion in this instance was
through the use of a Craecombinase linked to expression oMxil, which is upregulated
due to interferon expression(Kuhn et al. 1995). The use of this Cre meanat not only

is there a lack of specificity (with Pten recombination appearing to occur within the
stromal compartment as well as the ISC compartment) but that the Cre is induced by the
injection of polyinosinic-polycytidylic acid (pipC), which stimulates inflammation and
immunity in order to upregulate interferon levels. This means thatPtenloss within the

intestinal epithelium may not be responsible for tumour initiation in this model as it
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could either be due toPten deletion within the stroma, or due b the stimulation of

inflammation and the immune response.

Potentially, the network through which Pten and Pml interact to suppress intestinal
tumourigenesis is a stromal specific one, and as Villi@reER recombines between LoxP
sites of Pten specifically within the intestinal epithelium, the model used here is not an
accurate representation of the interactions betweerPten and Pml within the intestinal
stroma. Alongside the cohorts shown hereRterfloxflox Pmt/- mice were also generated
and aged (in the absence oApc mutations), and they showed no decrease in survival
compared to wildtype mice or any instances of intestinal tumourigenesis at death (data

not shown).

In our model, tumourigenesis is initiated by bss of Apc, but progression is driven by
loss of Ptenfrom the intestinal epithelium. In this context, constitutive loss ofPml does
not play a role in tumourigenesis, and therefore does not increase tumour number.
However, loss ofPmlresults in increasal tumour progression. This supports the finding
of Bernardi et al. that Pml acts to repress tumour progression in a mouse model of
kidney cancer(Bernardi et al.). In this study it was shown that this repression of tumour
progression was due to the role ofPml as an inhibitor of mTOR. Increased tumour
progression in our Apdlox+ Pterfloxfiox due to Pml loss could be aresult of

hyperactivation of the PI3K pathway specifically within the tumours.

4.3.3 Pml deficiency significantly reduces survival of Apc flox/flox ptenflox/flox mice but
does not grossly alter intestinal phenotype
Despite Pml deficiency resulting in no change in survival in am\pdiox/'+ Pteriloxflox model
of long term tumourigenesis, the effect on survival of the short term model of early
tumourigenesis, Apdloxflox pterfloxiflox mice, was dramatic.Pml deficiency resulted ina
more than 25% decrease in survival, despite no gross microscopic gut phenotype when
assessed at day 3 post induction. There was also no charnigehe number of cells in the
region aberrant proliferation, apoptosis, mitosis or differentiated cell types.The health
status of mice following combined loss oApc and Ptenis severely compromised, the
supposed cause of death idpdloxXflox mice is dehydration caused by complete intestinal
failure. Furthermore, the intestine undergoes a gross immune responselfowing loss of

Apc,with visible gut inflammation. Pml has been shown to play an important role in
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innate immunity, and Pmt- mice have previously been found to develop lethal
botryomycosis (BTM), which are granulomatous lesions caused by an inability tclear
pathogenic microorganisms(Lunardi et al. 2011). Potentially, the decrease in survival

time due toPmlloss in these models is due to an abnormal immune response.

Despite the proposed role of Pml as a negative regulator of phosphorylation of AKT, loss
of Pmldid not result in any increase in pAKT inApdloxflox pterflox/lox mice, as confirmed
by Western blots and IHC. Trotmaret al. showed that PmENBs specifically recruit both
PP2a (an Akt phosphatase) and pAKT, and that loss BMmI results in an increase in
nuclear pAKT. This is directly contradictory to our observations. However, it should be
noted that nuclear pAKT levels have nobeen analysed directly, rather pAKT levels
were from complete intestinal epithelial extract. As the proposed roles oPml in
regulating the PI3K pathway are diverse, it is possible that loss &mlin the epithelium

is not increasing pAKT levels, but maye increasing mTOR activity(Bernardi et al.
2011; Carracedo and Pandolfi 2008; Itcet al. 2009). IHC for phosphorylated mTOR

could help elucidate this function.

4.3.4 Pml loss results in a significant increase in expression of ISC markers in both
Apcﬂox/ﬂox and Apcﬂox/ﬂox Ptenflox/flox mice

The role of Pml as a promoter of quiescencglto et al. 2008), is particularly relevant
when considering its role in maintaining the ISC compartment. Cell quiescence is
commonly associated with stem cells, as adulitem cells generally rarely divide as a
protective mechanism against genetic damage. However, LgiB5Cs have been shown to
proliferate rapidly and so cannot be said to be quiescenfLopez-Garcia et al. 2010;
Scheperset al. 2011). This is clear since loss dPml, in the context of both conditional
homozygous deletion of Apc alone and Apc and Pten loss, results in an increase in
expression of the ISC markekgr5, and a trend for increased expression of the other

ISCs examined.

The increased expression of ISC marke observed due to loss oPmlsupports its role as
an inhibitor of mMTOR, which has a reported role in the maintenance of breast cancer
stem-like cells through its interactions with Stat3 signalling (Zhou et al. 2007). The
increase in ISC marker expression due tBmlloss could provide a mechanism for how

Pmlloss results in an increased level of tumour progression iApdloxflox Pterflox/flox mice,
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In another mouse model of intestinal tumourigenesis, the Apcm» mouse, it has been
shown that Stat3 regulates tumour progressior(Musteanu et al. 2010). Stat3 is also an
important regulator of the ISC compartment, and mg provide a link between changes

in tumour grade and expansion of the ISC compartmefMatthews et al. 2011)

ISCs, specifically the LgrSpopulation, are known to be the cell of origin of intestinal
tumourigenesis (Barker et al.2008). As such, it would be expected that an expansion of
the ISC population (as evidenced by an increase in expression of ISC markers) would
OAOOI O ET A1 ETAOAAOCAA 1 AGAT 1T &£ OAAIIT O
tumourigenesis. However, there is a great deal of controversy surrounding the
relevancy of many of the ISC markers previously publishe@arker et al. 2012; Mufioz

et al. 2012). One of the main concerns with the use of many of these ISC markers is that
they do not play afunctional role in the maintenance of the ISC population. For example,
the most commonly used marker of the ISC population isgr5, yetLgr5 expression is
dispensable for the maintenance of intestinal homeostasi¢Tian et al. 2011) This
highlights the fact tha the ISC markers used here are not an adequate readout of

changes in the ISC compartment.

Despite the increased expression of ISC markers as a resultRohlloss in both Apdlox/flox
and Apdloxfiox  pterjloxflox mijce, this did not translate into an incease in organoid
formation efficiency. This paradox highlights one of the pitfalls of assessing the ISC
compartment using gene expression markers alone, as they do not relate to a function
capacity of ISCs. Loss &fmlin these contexts increased expressioof ISC markers, but
had no quantifiable effect on the functional ISC compartment (as assessed by organoid
formation efficiency). This may explain why an increase in ISC marker expression did

not correspond with an increase in tumourigenesis in these modg

Equally, the result could indicate that organoid formation efficiency is not a relevant
readout of changes in the ISC compartment withikpdiox/flox mice, as potentially, over
activation of the Wntsignalling pathway enables noAlSCs to form organoids in culture.
As previously discussed, organoids derived frompdlox/flox mice do not differentiate and
therefore may not be derived from a population ofrue ISCs, and so potential changes in
the ISC compartment due td’tenand Pmlloss, may be being masked in this assay by the

gross phenotypic change resulting fromApcdeletion.
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4.4 Summary

Much of the research regarding®mlhas struggled to produce confidat mechanisms for
its role as a tumour suppressor due to its diverse interactions and seemingly tumour
specific functions. The primary role ofPmlas a tumour suppressor within the intestine
was thought to be due to its role in interacting withPtento regulate the PI3K pathway
(Trotman et al. 2006). However, in the context of Wnidriven tumourigenesis, Pml has
not been shown to play a role in either survival or tumour burden. It is possible that the
interaction between Pmland Pten, which drives tumourigenesis, occurs in the stroma,
as epithelial Pten loss is not tumour initiating, whereas stromal Pten does result in
tumourigenesis. Any interaction betweenPten and Pml in the model presented here
(where Ptenis lost specifically within the intestinal epithelium and tumourigenesis is
initiated by Apc loss) results in an increase in tumour progression, but not tumour

formation.

Interestingly, constitutive loss ofPmldid result in an increased tumour grade in a model
of Apcheterozygousand Ptenhomozygous deletion from the intestinal epithelium. This
increase in tumour grade due toPmlloss correlated with an increase in expression of
ISC markers, both of which may be being controlled by changes in Stat3 levels, but not

an increase in ISC functioality as assessed by the organoid formation efficiency assay.

Pmlloss, in the context ofApcand Ptenhomozygous deletion, resulted in a significantly
decreased survival time, without altering the gross intestinal phenotype. It is thought
that in this context, immunedeficiency brought about by Pml loss maybe causing
decreased survival by increasing the ssceptibility to and the severity of innate
infectious reagents. However, there is no evidence for this as cause of ill health of these

animals remains unclear.

4.5 Future Work

In order to ascertain the mechanism by which loss dPmlis resulting in an increa® in
both expression of ISC markers and invasion, levels of both phospholOR and Stat3
will be studied in both the intestinal epithelium and within tumours via IHC and

Western blotting.
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In order to understand the mechanism by whichPml loss resulted in adecreased
survival of Apdloxflox pterfloxflox mice, the immune response of these mice could be
analysed, by looking at levels of gut inflammation and plasma macrophage levels. The
effect any changes in immune response may be having on survival could tested by
challenging the immune system ofApdlox/+ Pterfloxflox mice with a known pathogen, and

assessing the response with or without additionaPmlloss.

It is thought that one reason why our model did not recapitulate the results observed by
Trotman et al.,may be due to the importance of the relationship betweeRtenand Pmi
in tumour initiation within the stromal rather than the intestinal epithelium. Therefore
it would be interesting to study the effect of Pml deletion when recombination of

Pterfloxflox mice are induced using a stromaspecific Cre such as Col1A2CreER.
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5 Investigating the effects of loss of Apc2on the ISC compartment

5.1 Introduction

The identification of the APC homologue APC2which shares many structural

similarities with APC, lal to the hypothesis that these two genes may share certain

functions (Nakagawa et al. 1998; Van Es et al. 1999)ne of these structural sintarities,

the presence of a 2@amino acid repeat motif, was shown to beAADAAT A 1T £ AET A
catenin, andas a resultAPC2is capable of depletingQE A 1T AOAT O I-o&erin) OOAAA
albeit less efficiently than APQNakagawa et al. 1998) The drosophila homologue of

Apc2 has also been shown to rescue mexpression of Wnttarget genes dueto loss of

Apc (Kunttas-Tatli et al.2012), and inAPCdeficient colorectal cancer c# lines, transient

expression of APC2was shown to result in a reduced TGHopflash readout equivalent

to that seen as a result of transient expression &PC(Van Es et al. 1999)

As well as a potential role as a negative regulator of Wasignalling, either in coe
operation with or independently from APC, it has emerged that APC2 majay a role as

a tumour suppressorindependently from APC.

APC2has been fine mapped to a region of chromosome 19p13.3, which contains the
markers D19S883and WI-19632, which are frequently lost in a range of different cancer
types, most markedly in ovarian cancer(Jarrett et al. 2001; Sobottka et al. 2000).
Patients with PeutzJeghers syndrome (PJS)a heritable condition causing multiple
intestinal polyps and increasing susceptibility to colon cancer,are missing this
chromosome region. PJS p@nts also show an increased susceptibility to a range of
other cancer types including breast, ovarian and testis. Loss of heterozygosity (LOH) of
this region of chromosome 19p13.3 is also observedn certain sporadic cancers
(Sobottka et al. 2000)

Despite the rarity of known APC2mutations, loss of gene function can occur through
other mechanisms Epigenetic regulation of gene expression by methylation is an
extremely important means of controlling gene expression. Methylation is a process by
xEEAE A [ AOEUI ¢cOi Op EO AOOAAEAA O A #b'
thereby preventing transcription of the gene, and is an essential process during
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development. Hypermethylation of tumour suppressor gene promoters is commonly
seen in a variety of cancers and is how many of these genes are down regulated without
having been identified as commonlymutated (Baylin 2005; Das and Singal 2004,
Ehrlich 2002).

Hypermethylation of APC2has been recorded in a number of different cancer types
including neurological, breast and colorectal cancefNakagawa et al. 1998; Schuebeit

al. 2007). Interestingly, hypermethylation of APC2is also associated with the
progression from inflammatory bowel disease (IBD) to IBD associated neoplas{®hir

et al.2008). Chanet al. demonstrated that hypermethylation ofAPC2wvas seen in 100%
of primary colon tumours and that increased methylation directly correlated with a
decrease in levels of APC2 protei(Chanet al. 2008). Studiesby (Mokarram et al.2009)
confirmed that hypermethylation of APC2occurs in 9098% of colorectal tumour
samples. Hypermethylation is associated with decreased gene expression, and previous
work within our laboratory has shown that APC2 expression is indeed significantly

down regulated in human colorectatumours (Figure5.1).
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5.1 Expression of Apc2is downregulated in the majority of human colorectal cancers. Median
fold change-2.754, p<0.01.Tumour samples and gRTIPCR analysis courtesy of Fei Song.

Despite the embryonic lethality of a constitutive knockout ofApcin mice (Moser et al.
1995), a constitutive Apc2 mutant is viable, and such a mouse was produced by
001 ZAOCOT O (AT O #1 AOAOOG 1T AAT OAOT OU AT A
phenotype. TheApc2/- mouse was produced by the insertion of a stop codon into the
open reading frame of the gene, resulting in a shortdhA D OT OAET xEEAE

catenin and axin binding sitegVan der Meer et al. 2001)

Previous work conducted by Carl Daly within this laboratoryhas shown that loss of
Apc2in the mouse results in no obvious phenotype and no change in the numbers of
differentiated cell types, but does result in an increase in expression of Wnt target
CAT Adh AT A AT E lcdediA@ayR018)IHowe@A dedpAedhisfincrease
in Wnt-signalling levels, it was shown that iPApd/+ mice, additional loss ofApc2had no
effect on survival or tumour burden. This unexpected result highlights the need for a
thorough examination of theApc2/- phenotype, alone and in the context of homozygous

Apcdeletion, especially with regards to the intestinal stem cell compartmen
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5.2 Results
5.3 Analysis of Apc2/-intestinal phenotype in vivo and in vitro

5.3.1 Apc2 loss results in significantly shorter crypt lengths

Despite no obvious difference in structure of the intestinal crypts between wildtype and
Apc2/- crypts (Figure 5.2), cell counts revealed that loss oApc2results in significantly
shorter crypt lengths (24.9+1.97 for Apc2/- compared to 28.1+1.25 for wildtype,
p<0.05) (Figure 5.3). There was no significant difference observed in the length of villi

between the two genotypes.

5.3.2 Apc2 loss does not affect levels of apoptosisor mitosis but does alter the
location of apoptotic bodies
As levels of apoptosis and mitosis are reportedly increased due to loss Apcin vivo,
increases in the levels of cell death and proliferation are seen as early markers of Wnt
activation (Sansom et al. 2004h) Using H&E slides the apoptotic and mitotic indices
were calculated by counting the number of apptotic and mitotic bodies per 50 half
crypts and then calculating the percentage of these cells based on average crypt length.
It was found that Apc2loss has no effect on levels of mitoticells (Figure5.4), or their
position (Figure 55). Interestingly, previous work performed by Carl Daly showd that
uptake of BrDU in a two hour period was increased by loss @fpc2(data not shown),
ET AEAAOCET ¢ AT ET AOAAOA ET AAI 1 O AO 0306 PDPEAOA
There was a trend for increased apoptosis in th&pc2/- mice (wildtype 0.55+£0.37, Apc2
/-0.93+0.4) (Figure 5.6), however this was not significant (Independent sample Test
p=0.166). Positional information on the location of the apoptotic bodies showed tha
loss of Apc2resulted in apoptosis occurring further down the crypt towards the stem
cell compartment than seen in wildtype(Figure 5.7). This change in location was found

to be significant using the KolmogorovSmirnov Z test (p=0.042).
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5.2 H&E of crypt villus structure of wildtype and Apc2/- intestine. There is no gross intestinal
phenotype observeddue to loss ofApc2.Black bars indicate 106m.
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5.3 Cell counts forwildtype and Apc2/- intestinal crypts. There was a significant decrease in
crypt cell number due to loss oApc2 Two tailed T-test p=0.016. N>5
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5.4 Mitotic Index of wildtype versus Apc2/- crypts. This was calculated by counting the number
of mitotic bodies per crypt and normalising it to the number of cells per crypt. No significant
difference was seen in the mitotic index between the two genotypes, two tailedtést p=0.782.
N>5.
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5,5 Cumulative distribution of mitotic cells within the intestinal crypt of wildtype and Apc2/-
mice. The positions were not significantly different, KolmogorovSmirnov Ztest p=0.072. N>5.
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5.6 Apoptotic Index of wildtype versus Apc2/- crypts. This was calculated by counting the
number of apoptotic bodies per crypt and normalising it to the number of cells per crypt. No
significant difference wasseenin the mitotic index between the two genotyes, two tailed Ftest
p=0.166. N>5.
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5.7 Cumulative distribution of apoptotic cells within the intestinal crypt of wildtype and Apc2/-
mice. The positions were significantly different Kolmogorov¥Smirnov Z-test p=0.042.
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5.3.3 Loss of Apc2 results in an increased level of Wntsignalling within the
intestinal epithelium

Loss of Apc £0T I OEA ET OAOOET Al APEOGEAI E @étenioAOOI O«
destruction complex, leading to a builddD 1 £ 1-Gdindahdincreased Wnt

signalling. This increase in Wnisignalling is thought to be responsible for the severity of

the Apdloxflox phenotype, as additional loss of the Wnatarget Gmyc attenuates the

phenotype (Sansom et al. 2007; Wilkins and Sansom 2008t was predicted that loss of

Apcch x EEAE A Alcatehih, Wbuld Algol résult fin increasd expression of a

range of Wnttarget genes.

Intestinal epithelium was extracted using the Weiser preparation method (see section
2.6.7) and RNA extracted for gR-PCR analysis. This enabled the investigation of the
effect of loss ofApc2on Wnt-signalling levels specifically within the intestinal epithelia
without interference from the stromal or muscle compartments of the intestine.
However, it should be noted tlat asApc2/-is a constitutive knockout, it is also lost from

these extraepithelia compartments as well as the intestinal epithelium.

As predicted, the loss ofApc2results in an increased level of Wnsignalling within the

intestinal epithelium as measired by expression levels of a number of Whtarget genes.

Loss ofApc2resulted in a significant upregulation ofAxin2, Ephb3and Gmyc (p<0.05), a

trend for increased expression ofCyclinD1 and Ephb2 (p>0.05) and no change in
expression levels ofCd44 (Figure 5.8). These results support the observation made by

Carl Daly that loss oApc20A OOT 00 ET Al EIT Acédio@EidurebHOAT 1 £

Due to the increase in Wnisignalling levels as a result oApc2loss, the expression levels
of the Wnt-inhibitors Groucho and Dikkopf were investigated. Expression of Groucho
was found to be more thardfold upregulated whereas there was no significant change

in expression levels of Dikkopf Figure 5.10).
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5.8 gRT-PCR results showing the relative expression levels of WAtdirget genes in wildtype and
Apc2/- intestinal epithelium. Loss ofApc2resulted in significant upregulation of Axin2, Ephb3
and CmydTwo sample independent Ftest p=0.0401, 0.0472 an d0.0439 respectively). N<4
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Apc2loss (MannWhitney U-test p<0.01). IHC performed by Carl Daly.
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5.10 gRT-PCR results showing the relative expression levels of Wirthibitor genes in wildtype
and Apc?- intestinal epithelium. Expression of Groucho was found to be significantly
upregulated due toApc2loss (MannWhitney U-test p=0.27) whereas there was no significant
difference in expression oDikkopf2. N=4.
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5.3.4 Loss of Apc2 results in an increased level of expression of intestinal stem cell
markers, but no mis -localisation of expression
The importance of Wntsignalling in the maintenance of the ISC compartmeriReya and
Clevers 2005)and the observation that loss ofApc2OAOO1 0O ET ET AOAAOA/
catenin and expression of Wntarget genes indicates that loss oApc2 may result in

expansion of the ISC compartmen

gRT-PCR analysis examining a range of published ISC markers within the intestinal
epithelium demonstrated that expression of the ISC markers Lgr5 and Ascl2 was
significantly upregulated (independent sample Ttest p<0.01). Furthermore, there was a
trend for increased expression of the markers Olfm4 and Bmil, although this was not
significant at n=5 (independent sample Ttest p>0.05). Interestingly, expression oMsil
was found to be more than 5 fold down regulated (independent sample-fest p<0.05)
(Figure 5.11).

In situ hybridisation was used to assess the location of expression of the ISC markers. An
anti-Olfm4 riboprobe on paraffin embedded sectionsof fixed wildtype and Apc2/-
intestine, showed that expression of this representative ISC marker was still limited to
the base of the intestinal crypt(Figure 5.12). It should be noted that as thein situ
hybridisations were performed on crosssections of the cryptvillus axis, it cannot be
determined from these images whether the qRIPCR results indicée an increased
expression of stem cell markers from the same number or fewer cells, or an increase in
the number of cells expressing these markers as a result of increase ISCs around the

base of the crypt.
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5.11 gRT-PCR results showing the relative expression levels of intestinal stem cell marker genes
in wildtype and Apc2/- intestinal epithelium. Lgr5 and Ascl2were significantly upregulated due

to Apc2loss (Independent samplesT-test p=0.0089 and 0.0077 respectively) whereadlsil was
significantly downregulated (Independent samples Ttest p=0.038). N>4

5.12 In situ hybridisation for OIfm4 expression in Wildtype and Apc2/- intestine. Expression
remains limited to the crypt base. Blaclbars represent 100>m.
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5.3.5 Apc2/- organoids are phenotypically identical to wildtype

Increased expression of ISC markers and WAsignalling targets within the crypt due to
Apcloss is associated witha cystlike phenotype when culturedin vitro. In order to test
the level of Wntactivation of Apc2/- crypts by assessing their phenotype in orgnoid
culture, Apc2/- crypts were disassociated and cultured and found to form organoids
with crypt like protrusions and all of the differentiated cell types in a manner
phenotypically identical to wildtype (Figure 5.13). These organoids grow at the same

rate as wildtype and to the same size by day 1Figure 5.14).

5.3.6 Apc2/- crypts form organoids at a lower efficiency than wildtype

Due to increased expression of ISC markers it was predicted thApc2/- crypts would

form organoids at a higher efficiency than wildtype. This, however, did not occuipc2’-

crypts form organoids only rarely with just 5.2% of crypts (£2.51) capable of forming
organoids compared to 15.59% (+7.46) of wildtype(Figure 5.15). This difference was
found to be significant using independent sample -Test (p=0.014). This indicates that

loss of Apc2results in a reduction in functional I1SCs.

5.3.7 Apc2/-organoids are less dependent on R-spondin than wildtype

Both wildtype and Apc2’-0OCAT T EAO xAOA AOI OOOAA ET - ¢98ut C7
spondin, and it was observed that although wildtype crypts die in culture in the absence

of Rspondin by day 23, manyApc2/- organoids survived until day 3 and only began to

die by day 4(Figure 5.16). The Prestoblue assay, a mitochondrial activity assay used in

order to test the survival of organoids at different Rspondin concentrations (see

sedion 2.12.5), was therefore performed on both day 3 and day 4 and showed that
mitochondrial activity of Apc2/- organoids is still high in the absence of Rpondin at

day 3, but has dropped to wildtype levels by day 4 (Figur&.17). This indicates that

despite an apparent decrease in the number of functional sterells, the ISCs which

remain are more highly Wntactivated than wildtype.
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5.13 Phenotype of Apc2/- intestinal organoids. A, H&E slide displaying mutliple crypt
protrusions. B, Alcian blue stain showing presence djlue goblet cells.C,Lysozyme immuno of
Apc2/- organoids showing the presence of brownPaneth cells. D, Grimelius stain of Apc2/-
organoids showing intense staining on few rare enteroendocrine cells. Black barspresent
100>m.
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5.14 Growth rates of wildtype and Apc2/- organoids. There was no difference between the
average diameters of the organoids at any of the timepoints measured. N® (10 wells of
organoids were measured for a minimum of 2 mice).
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5.15 Organoid formation efficiency of wildtype and Apc2/- crypts. Apc2/- crypts formed
organoids significantly less efficiently thanwildt ype (Independent sample Ftest p=0.014). n>5.
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5.16 Wildtype crypts die by day 3 post seeding in the absence ofdpondin, whereasApc2/-
crypts survive until day 4. Blackbars represent 50>m.
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5.17 Prestoblue assay showing the mitochondrial activity of wildtype and\pc2/- organoids day

3 post seeding as well asApc2/- organoids at day 4 in various Rspondin concentrations. The
relative mitochondrial activity of wildtype organoids at day 3 responded to Rspondin
concentration in a dose dependent manner, wherea&pc2/- organoids do not show a response
to R-spondin concentration via a change in mitochondrial activity at day 3, but did show a dose
dependent response by day 4. Using independent samplestdst, * represents p,0.05 and **
represents p<0.01.
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5.4 Analysis of Apc2’- intestinal phenotype in the context of Apc homozygous
deletion, in vivo and in vitro

As the loss ofApc2 appears to result in a educed yet more highly activated ISC
compartment, it could be assumed that there would be some effect on Wdependent
tumourigenesis. As was observed previously in the lab, loss @&fpc2 does not affect
tumour burden or survival of Apd/* mice (Daly 2013). In order to further elucidate the
role of Apc2in intestinal tumourigenesis, it was necessary tanvestigate the effect of
Apc2 loss on the early phenotype of intestinal tumourigenesis. The model used to
recapitulate the early phenotype of intestinal tumourigenesis is theVillin-CreER
Apdloxflox mouse, wherebyApcis homozygously deleted from thenitestinal epithelium
upon injection with tamoxifen. It has been previously published that loss ofApc from
the intestine results in an increase in Wnisignalling, an increase in apoptosis and
mitosis and an increase of undifferentiated cell typegSansom et al. 2004h) As
previously shown in section 3.11, this expansion of undifferentiated cell types and
increase in expression of ISC markers is associated with an increased efficiency of

organoid formation.

Here we used two cohorts of miceVillin-CreER Apdloxflox Apc2vtwt (referred to as
Apdloxfiox) and Villin-CreER Apdloxflox Apc2/- (referred to as Apdloxfiox Apc2/- or double
mutants). Mice were induced using tamoxifen and sacrificed at dal; For the purposes

of the organoid experiments they were sacrificed on day 3.

Previous work within the laboratory has shown that additional loss ofApc2resulted in
an increased survival ofApdloxflox mice post induction. Conditional homozygous loss of
Apc alone using VillinCreERresulted in a median survival of 4.5 days (n=8), whereas
additional loss of Apc2 extended the median survival to 6 days (n=5)-igure5.18). In
order to understand the mechanism by which Apc2 loss increases survival in Ajgfiox

mice, the intestinal phenotype of both cohorts were closely analysed.

5.4.1 Additional loss of Apc2 does not alter the intestinal morphology resulting

from Apc deletion
The increased survival observed in double mutants indicates that disregulation of the
intestinal tissue may not be as severe as that seen due to Apc loss alone. As loss of Apc

results in loss of distinct crypt structures the crypt length cannot be measureSansom
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et al. 2004b) In order to overcome this problem, the severity of tissue disregulation was

assessed by counting the nulmer of cells in the aberrant region of the intestinal tissue

in a straight line from bottom to top (Figure 519). v m EAl £ OAOUDOO6 xAOA
mouse and a minimum of 5 mice were counted. The aberrant region can be identified by

the disordered, larger cells which stain slightly darker using H&E (as indicated in Figure

5.19). There was no significant difference in number of cells in the region of aberrant
proliferation between genotype on day 4 posinduction (Figure 5.20). However, further

counts of the number of cells in the zones of abberant proliferation within the crypt

show that by day5 post induction, the region of aberrant proliferation is significantly

shorter by day 5 post induction Eigure 5.21).
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5.18 Cumulative survival plot of Apdloxflox and Apdlox/flox Apc2/- mice post tamoxifen induction.
Median lifespan was increased by 1.5 days by additionad\pc2 mutation. Work conducted by
Carl Daly.

flox/flox

5.19 H&Es of Apdioxfiox and Apdioxfiox Apc2/- intestine at day 4 postinduction. The vertical black
bars indicate the region of aberrant proliferation, with darker, disordered and undifferentiated
cells with unpolarised nuclei. The scale barepresents 100>m.
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5.20 Number of cells in the region of aberrant proliferation per cryptvillus region of Apdioxifiox
(Apc) and Apdloxflox Apc2/- (ApcApc?2) intestine at day 4 post induction. The number of cells in a
direct line from the crypt base to the top of the visible region ofberrant proliferation were
counted. There was no significant difference between the two genotypes. N=4
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5.21 Number of cells in the region of aberrant proliferation per cryptvillus region of Apdiox/fiox
(Apc) and Apdioxflox Apc/- (ApcApc2) intestine at day 5 post induction. Additional deletion of
Apc2resulted in a significant decrease in the number of cells within the region of aberrant
proliferation by day 5 (Mann-Whitney p=0.016). N=3.
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5.4.2 Additional | oss of Apc2 results in increased apoptosis
There was no change in levels of mitosis (Figur6.22) or location of mitotic bodies

(Figure 5.23) as a result of the additional loss oApc2

The increase in apoptosis which is observed after thépc loss in vivo is a result of
increased proliferation andgenetic damage, resulting in more cell death, and appears to
be a natural defence mechanism against increased Wsignalling which is not potent
enough to override the phenotype. This effect is augmented in the double mutants
resulting in even higher leves of apoptosis as measured by the number of apoptotic
bodies counted in the region of aberrant proliferation in 50 crypts/villus structures
(Figure 5.24). The number of apoptotic bodies was normalised to account for the
average number of cells within this region to produce an apoptotic index. Interestingly,

apoptosis was found to be significantly higher up the crypvillus axis (Figure 5.25).
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5.22 Mitotic Index of Apdioxflox versus Apdloxflox Apc2/-. Counts were normalised using the
average number of cells per region of aberrant proliferation. There was no significant difference
between the two genotypes (Independent sample-test p=0.402). N=4.
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5.23 Cumulative frequency graph showing the location of mitotic bodies within the region of
aberrant proliferation of Apdioxfox (Apc) and Apdiexfiox Apc2/- (ApcApc2) intestines. There was
no significant difference in the location of mitotic bodies betwee the two genotypes using
Kolmogorov-Smirnov Ztest p=0.074. N=4.

177



Apoptoticindex

= = = I
A o mm O N B O
1 1 1 1 1 l

N
1

Apc Apc Apc2

5.24 Apoptotic Index of Apdloxfiox versus Apdloxfiox Apc2/- at day 4 post induction. Counts were
normalised using the average number focells within the region of aberrant proliferation.
Additional loss of Apc2resulted in a significant increase in apoptosis (independent sample-T
test, p=0.034). N=4.

5.25 Cumulative frequency graph showing the location of apoptotic bodies within the region of
aberrant proliferation of Apdlovfox (Apc) and Apdiexfox Apc2/- (ApcApc2) intestines. The
Kolmogorov-Smirnov Ztest showed that additional loss ofApc2resulted in apoptosis occurring
further up the crypt-villus axis in Apdioxfox mice (p=0.042). N=4.
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