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Abstract

SWI/SNF chromatin remodelling complexes are one of the eteltacterized cellular
machineries capable of regulation of gene expression. Numerous lines of evidence indicate
that SWI/SNF complexes are involved in a wide range of celfutazesses and the

maintenance of homeostasis whereas aberrant expression of those proteins contributes
towards cancer development. Colorectal cancer remains one of the most clinically significant
cancers due to its high incidence in developed countrieprantbus studies have

demonstrated that SWI/SNF complexes are aberrantly regulated in a significant proportion of
patients with tis disease. Howevewhilst the sequence of molecular events leading to CRC
has been welstablished, the role of SWI/SNFromatin remodellingomplex ATPase

subunits Brm and its paralogue Briglthe colorectal tumorigenesis remains elusive.

The chromatin remodelling catalytic subunit Brm has been found to interact with the Notch
pathway effectors ICE22 and CBFL and alsod be necessary for expression of the Wnt

target gene CD44 and for Rbediated cell cycle arrest. In this PhD thefie potential of

Brm to modulate Wntriven intestinal tumorigenesigas addressedhitially, a murine

model carrying constitutively defed Brmwas used tassess the consequences of this loss on
homeostasis of the small intestinal and colonic epithelia. The effects of Brm deficiency were
also examined in the context of Wanttivated epithelium via conditional loss of Apc.
Additionally, the effect of concomitant loss of Brm and Brgas addressed the contexts of
both normal homeostasis and aberrant Wnt signalling.

The results presented here demonstrate that Bays pn important role in th@mall intestine
by regulating the distributroof proliferating cells and cell fate decisions mediated through
Notch pathway effectors. Furthermore, Brm deficiency was found to modulate intestinal
phenotype of Wnt activation through the attenuation of the Wnt transcriptional pragram
and the suppresdexpression of the intestinal stem cell marker Olfififus whileBrgl has
been widely characterized adane fideumour suppressor, the function of Boontinues to
remainelusive especially in the light of contrasting effectsvediated by Brm on
proliferation, differentiation and gene expression.

Taken together, these results elucidate the tispaeific role of Brmthecatalytic subunit of
SWI/SNF chromatin remodelling compleon both normal intestinal homeostasis and acute
activation of Wnt ptaway while the exterof theseBrm-dependeneffectsdepend upon the
gradient of Wnt signalling throughout the epithelium of small and large intestine.
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Chapter 1
General introduction

1.1 The Mammalian intestines

1.1.1 Anatomy and functions of gastrointestinal tract

The human digestive tract is a central part of the digestive system where different elements of
this tract have some distinct functions assigndxk main function of the digestive tract is to
convert the consumed food into the basic nutrients as it passes through its different parts, gets
digested and absorbed in the form of elementary molecules. Gastrointestinal tract is the

largest part of the dagtive tract and consists of the stomach and the intestines (Figure 1.1).

Stomach primarily functions as storage and mixing chamber as the body of the stomach
consists of series of ridges called rugae which are produced by numerous folds that can
stretchin and therefore allow the expansion of the stomach volume upon the entry of the
food. Once the food enters this compartment of the digestive tract, it is mixed with stomach
secretions to form chyme which also undergoes some initial and very limitedatigasd
absorption. The gastric glands of stomach epithelium secrete hydrochloric acid, digestive
enzymes such as pepsinogen and mucus that provides the lubrication and protects the
stomach mucosa from damage by acidic chyme and digestive enzymes. Tsadam

layers within the stomach enable the mixing of its contents and help with the movement of
those partially digested gastric contents into the intestine where the majority of digestion and
absorption occurs (Seeleyt al., 2002. The intestine is dided into two major parts: the

small intestine and the large intestine, each organised into smaller compartments. The small
intestine consists of the duodenum, the jejum, and the ileum. All three parts of small intestine
can be characterized by similar argzation (Figure 1.2) with some exceptions to duodenum
where Brunner glands are present in the submucosa and two papillae through which the

duodenal lumen receives the secretions from bile duct and pancreatic duct.
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Figure 11 The basic anatomy of gasintestinal tract consisting of small and large intestine supported in their
function by multiple glandsBoth small and large intestine can be further subdivided into three sections that
bear some structural differences as well as minor changes in pH.

Thosefour histologically different layers are serosa, muscularis, submucosa and mucosa and
they are present within the length of gastrointestinal tract from the esophagus to the anus. The
outermost layer, serosa consists of a connective tissue and simgmeoscpuepithelium that is

lining the abdominal cavity. The next underlying layer is muscularis which is represented by
longitudinal smooth muscle and circular smooth muscle. The myenteric plexus, a network of
nerve cells lays between those two muscle lagecs it is responsible for controlling the
motility of the gastrointestinal tract. A layer of connective tissue containing blood and
lymphatic vessels and nerves, the submucosa, provides the support for the innermost layer of
mucosa as well as connectioptlveen mucosa and muscularis due to the presence of the
submucosal plexus. The submucosal plexus and myenteric plexus together form the enteric
nervous system which plays a crucial role in the secretion and movement control within
gastrointestinal tract. e mucosa surrounding the lumen of the gut is composed of three
distinct layers: a thin layer of smooth muselmuscularis mucosae, loose connective tissue
called lamina propria and mucous epithelium. This epithelium differs from that of the
esophagus whh is stratified, squamous epithelium as in the intestine it is represented by

simple columnar epithelium specialized for absorption. The lymphatic nodules in the mucosa



and submucosa of il eum called Payerés patcl

immune responses against microorganisms.

The surface of the small intestine can be greatly enhanced abefdlé®y the presence of
specific histological structures that allow for the most efficient digestion and absorption of
the passing chyme. Firgif those are plicae ciculares, a series of folds formed within the
mucosa and submucosa that run perpendicularly to the intestinal axis. Furthermore, the
mucosa forms long fingdike projections covered by simple columnar epithelium that are
protruding nto the lumen called villi. As the small intestine is traced towards the ileum, the
number of those circular folds, the density and the length of the villi decrease gradually. At
the base of the villi, the epithelium produces the petikettubular invagnations into the
lamina propria termed crypts of Lieberkuhn. Lastly, the majority of the cells that cover the
surface of the villus possess numerous cytoplasmic extensions termed microvilli that enhance

the surface for digestion and absorption even further

€——— Intestinallumen

Simple columnar

cells
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- €—— Muscularispropria —>

Figure 1.2 Histology of small and large intestinal epithelium including the underlying layers of Tiksusmall
intestine consists of fingdike projections into the lumen called villi and invaginations called crypts. The large
intestine is made upf single layer of epithelial cellsimilarly to small intestine, however those cells form a flat

surface of epithelium with no villi.



The small intestine possesses a variety of functions the most important of which include the
digestion and absorptioAs the acidic chyme is entering the duodenum from the stomach, it
is neutralized by bicarbonate ions from pancreas and bile from the liver. This produces the
pH conditions suitable for further digestion of passing chyme by pancreatic and intestinal
enzymea. Those final stages of the breakdown of the food molecules are achieved mostly by
the enzymes entering the small intestine from pancreas with the aid of intestinal enzymes
bound to the membranes of the microvilli. Although the latter are exclusivelgiagsbwith
epithelium surface, it is indeed due to the extremely large surface area of the intestinal
epithelium that they are able to perform their digestive function so efficiently. Once the
digestion of food is completed, the absorption of the majaiftyhe nutrients, water and
electrolytes occurs through the microvilli in the duodenum and jejum of the small intestine,
whereas the remainder is absorbed in the large intestine.

The large intestine can be subdivided into caecum, colon, rectum andaaabimhere the
colon constitutes the major part of the large intestine. The absorption of the remaining water
and salts from the chyme occurs in the proximal part of the colon as the chyme is converted

further into faeces.

The mucosa in the colon bearsrsocrucial differences from that of small intestine as it lacks
plicae ciculares and villi in the epithelium (Figure 1.2). The crypts similar to those found in
the small intestinal mucosa are also present in the colon howeverogteapparent is the
chang in major populations of cell types presentthe epithelium The predominant cell
population in the colon are mucus secreting cells whereas in the small intestine the majority
of the cells are absorptive cells. This shift in the cell type abundanadatesr closely with

the main functions conduady small and large intestine.

1.1.2 Micro -architecture of small intestinal epithelium

As mentioned in the previous section, gastrointestinal tract is comprised of different parts and
each of those possesses spediinctions includingligestion, absorption or protection which

are supported and accomplished by cells of multiple lineages localised within the epithelium.
In the intestinal epithelium those cells are arranged in shilips structures that run along

the vertical axis of the gut lumen. The intestinal crypts are compartments at the base of which
intestinal stem cells are localised, whereas above we can find originating from those stem
cells highly proliferative cell progenitors. Progenitor cells creatmiasitamplifying zone

within the crypt where cells undergo few rounds of cell division as well as initial stages of the



differentiation that determine their cell fate. As those incompletely differentiated progenitor
cells migrate towards the crypillus junction they steadily begin to lose their proliferative
capacities and differentiate towards one of two differentiated cell lineages that populate the
villi . Fully differentiated cells are continuing to migrate upwards towards the tip of the villi,
oncethere they undergo the apoptosis and are shed into the gut [@regorieffet al.,

2005. This migration pattern is followed by all mature cells of intestinal epithelium with
exception of Paneth cells that in contrast upon differentiation migrate ®weadase of the
intestinal crypt. The progenitor cells are actively dividing producing on the daily basis around
200 cells per crypt and upon the differentiation they continue to migrate towards the tip of the
villus, fundamentally all fully differenti&d cells of intestinal epithelium are renewed every 5

days in humans (Figure 1.3)larshmaret al.,20032).

Villus Goblet cells
—_—

Enteroendocrine ce

Crypt of
Lieberkihn =

+4 stem cell

Stem cell
zone

Figure 1.3 The epithelial cell lining of small intestine forms invaginations into the mucosa andlikager
projections into the gut lumen andrwists of numerous cell populations. Intestinal stem cell and Paneth cells
are located at the bottom of the crypt escaping the general trend of upward migration. Other differentiated cell
types reside along the length of villus migrating upward and ealyteing shed off the villus tip.

We can distinguish between four major epithelial cells types that can be divided into two

distinct lineages: absorptive or secretory lineage. Absorptive lineage consists of enterocytes



while Paneth, goblet and enteroeadoe cells belong to secretory lineagifhereas the
epithelium of small intestine comprises of all four main differentiated cells (notably,
enterocytes, goblet, Paneth and enteroendocrine cells), the colonic epithelium consists of
mostly the absorptive &rocytes and goblet cells.

The vast majority of the differentiated cells within intestinal epithelium are enterocytes.
Enterocytes represents more than 80% of all intestinal epithelial cells and they are present in
the top part of the crypt compartmentdaall along the length of the villus. The main
characteristic of enterocytes is the presence of the microvilli on their surface whereas the
combined microvilli of all epithelial surfaces form a brush border. In contrast to secretory
lineage cells, absorp® enterocytes do not contain secretory granules. Instead the brush
border membrane vesicles contain multiple hydrolases that function to aid the final
breakdown of complex molecules such as peptides and disaccharides into simple compounds
that can be absbed. The transporter proteins within apical and basolateral membranes
actively transport various ions and nutrients from the lumen to the blood capillaries (Smith
1985). Furthermore enterocytes damdistinguished from other three mature cell types of
intestinal epithelium by the expression of intestinal alkaline phosphatase which functions as a
marker for fully differentiated enterocytes. Alkaline phosphatase (AP) activity is not present
in the stomach with the highest levels detected within brush bongenbrane of the
duodenum and substantially decreasing towards the large intéstimeljuscret al.,2003.

Amongst the mature cell types of secretory lineage, goblet cells are the most abundant cells
of epithelium with the numbers of cells varying beém different parts of the gastrointestinal
tract. Goblet cells are localized in between enterocytes from top half of the crypt all the way
upwards to the tip of the villus and similarly to enterocytes they are renewed every 3 days.
Those cells contain ofarge granules that are filled with mucin and large endoplasmic
reticulum. Goblet cells produce a protective mucous lining that lubricates the intestinal wall
in order to facilitate the passing of food, prevents the injury from the acidic chyme as well as

autodigestion by digestive enzymes.

Another secretory lineage cell type is represented by enteroendocrine cells. Although these
cells are very rare within the small intestinal epithelium accounting for less than 1% of all
differentiated cells amongst tmselves they can be subdivided into 15 distinct cell types
according to the morphology of their granules, the type of secretory product, the expression

of the specific markemolecule and their capacity fexpressing particular transgenes. This



highly hetrogeneous population of cells shares one common function which is the

expression and secretion of hormones including serotonin, secretin, substance P,
cholecystokinin, gastric inhibitory polypeptide, neuropeptide Y and many others (Hocker and

Wiedenmann 998).

As mentioned before, the last cell type belonging to the secretory lineage as well as the only
where instead of migrating up towards the tip of villus cells are migrating towards the crypt
base is Paneth cells. Within the secretory lineage, thethasecond most abundant cell type
after goblet cells in the intestinal epithelium and in comparison to other 3 cell types they have
much longer lifespan. The Paneth cell turnover has been extensively investigated in the past
by injection of H]-thymidine labelling agent that is allowed to be incorporated into the
nuclei of cells actively synthesizing DNA showing that Paneth cells whose nuclei contain the
label are present at 48 days posinjection Cheng 1969 and at 29 days post injection
(Troughtonand Trier 1962 Nevertheless both groups have confirmed that Paneth cells do
not possess proliferative capacities. Most recently, a new method exploiting a distinct ability
of progenitor cells but not Paneth cells to express inducible AhCre transgehuethednore

to express Cractivated the enhanced yellow fluorescent protein (EYFP) was applied to
determine the life span of Paneth celislandet al. (2005)found that contrary to previous

data published, Paneth cells are capable of surviving up days meaning their turnover is

19 times longer than that of any other differentiated cell type of the intestinal epithelium. As
other cells of secretory lineage, one of the crucial features of Paneth cells is the presence in
abundance of welpronounced ecretory granules in the apical cytoplasimoiighton and

Trier 1969. The protective function of Path cells against the bactersaindeed achieved
through the presence of various antimicrobial substances in their granules. Fully
differentiated Paneth g secrete antimicrobial peptd e s  ( -Aeféfsins (typtdins in

mice) and enzymes such as lysozyme and phospholipase A2 type IIA that are specifically
targeting the bacterial cell wallK¢shav et al., 2006, Ouelletteet al., 2005. Other
components of granules, notably immunoglatulgA, secretory leukocyte inhibitor and
pancreatitisassociated protein may be involved in supporting AMPs in fighting the intestinal
inflammation Porteret al., 2009. Consequently, Paneth cells play a central role in the
intestinal immunity and may asell contribute towards the immunopathology. The recent
data also suggests that Paneth cells are necessary in maintaining the intestinal stem cell niche
(Satoet al.,2010 with this particular aspect discussed in more detail in later sections of this
PhDthesis.



With the ecepion of the above mentionefbur main differentiated cell types, two small
populations of cells can be found in the small intestinal epithelium. M (microfold) cells are
very distinct epithelial cells present in the follidesocihn e d epi t hel i um, ad|]
patches. In contrast to enterocytes, M cells do not possess microvilli but instead they can be
characterized by the presence of the microfolds on their apical surface. They are capable of
the uptake and transporting ofiaroorganisms and foreign antigens from the lumen of the
gut, across the epithelium by transcytosis (eratgphagocytosis). Upon the delivery to the
basolateral memebrane, those antigens are presented to dendritic cells and B and T
lymphocytes within thdymphoid tissues. The mechanism of functioning of M cells is
believed to act as an antigen sampling system and therefore very important in inducing an
immune response within the intestinal epithelium (Kraehengual.,2000, Kucharzilet al.,

2000). Tuftcells (also known as brush, caveolated or fibrillovesicular gelise present
throughout the organs of digestive and respiratory tract and comprise up to 0.4% of the
epithelial cells in ileum (Gerbet al.,2012). They can be characterized by gobket shape,

shorter than enterocytes and blunt brush border associated with much weaker alkaline
phosphatase activity and multiple vesicles in the apical cytoplasm (Sato 2007). Since their
discovery in 1956 in both trachea and glandular stonga@&tvi and Kegilainen 1956) the

origin, differentiation and functions of tuft cells have not been unveiled yet. Some of existing
data suggests they may be playing role in secretion or absorption or function as
chemoreceptors and until the determination of their diffteméon and specification their
principal function and the relationship with other cells of intestinal epithelium remain
undefinedGerbeet al.,2012, Satet al.,2007).

1.1.2.1Stem cell niche and identity

Considering that theate ofrenewal of cells withirthe intestinal epitheliunwhere nearly all
differentiated cell types (with exception to Paneth cells) are replaced eaxergdys, the
maintenance ofenewal rate requires tightly regulated stem cell activity. In the context of
adult organism, stem cellseadefined as undifferentiated cells that maintained their capacity
for longterm selfrenewal as well as multipotency to generate several particular cell types
(Siminovitch and Axelrad, 1963).

In the absence of discreet set of intestinal stem cell msaarikee identification of stem cells

within the intestinal crypthasbeen a subject of large debate in the field.



Nearly four decades ago Potten al. (1974) performed tritated thymidindHTdR-labelling

of intestinal epitheliumncorporates into DNA ding S phase of cell cycland identified a
population of slowly cycling cells located at the +4 cell position in regards to the crypt base.
Interestingly, hese cells were found directBbove Paneth celland further experiments
utilizing irradiation as means to stem cell expansioeveaéd that *HTdR label was
incorporated into the DNA of4 stem cés that underwent regenerati@md the label was
retained for more than one we@Rotten 19741978. The most recent data from the same
group further confims previous results showing that labelling of intestinal epithelium post
irradiation using bott’HTdR and BrdU detected a population of cells that were deuble
labelled with one template DNA stand carryiftdTdR label whereas the daughter stand
incorporatedBrdU (Pottenet al. 2002). The localisation of intestinal stem cells at the +4
position in the epithelium resulted in the identification of numerous potential stem cell
markers expressed specdlly in that area of crypt includinlylusashil however furter
studies indicated that Musashiis not limited to +4 cells but also to CBC and early
progenitor cells negating its use as stem cell marker (Pettah 2003). Bmil (polycomb

ring finger oncogenewvas amongst othgrotential stem cell markers founal bbe expressed in

the +4 cells Linage tracing withinducible BmitCreER inthe small intestinal epithelium
found that BmL" cells were located predominantly at +4 positiBhis notion together with a
finding that a single Bmilcell can generat8D orgaroid structuresn vitro highlightt h e @i + 4
posi ti onidtestrakstem <ell aichgSangiorgi and Capecchi, 2008)CAMKL -1
(doublecortin and calcium/calmoduldependent protein kinadie-1) was another stem cell
marker that showed expression ardurd positionhowever it was also found expressed in
some differentiated cells of villus as well as beingegpressed with tuft cells markers (May

et al. 2008, Gerbeet al. 2009). A well-known hematopoietic stem cell marker CD133
(Prominin 1 in mice) waalso proposed as intestinal stem cell marker as Prom1 was found to
be expressed exclusively within CBElls (Zhu et al., 2009h contrast to data from Snippert

et al. (2009) suggestinghat Prom1 expression is notstected to CBC cells only and
furthemore showing that reportégibelled cells were removed from the intestinal epithelium
in a short period of timsuggesting Prom1 as a marker for progenitor cells as well as stem
cells (Snipperet al. 2009). Throughout the decades of experiments investigastem cells

of intestinal epithelium, numerous novel markspgcificallyexpressed at +4 position were
identified suchas Hopx homeobox proteirfTakedaet al, 2011),mTert (mouse telomerase
reverse transcriptasé)ontgomeryet al., 2011) and Lrigl(panErbB inhibitor) (Powell et

al., 2012)marking longlived, slowcycling and labetetaining cells at +4 position



In the context of the downward migration of Paneth cells towards the cryptwhasie
generates two differential migration gradietitat originate directly above Paneth cells, it is
plausible that intestinal stem cells niche can be found at the crypt base neighbouring with
Paneth cellgCairnieet al.,1965).As alternative to +4 stem cell theory, crggise columnar

cells (CBC) cells foundetween Paneth cells at the crypt base were proposed as intestinal
stem cells.They have been characterized as being undifferentiated cell type that is
multipotent and capable of generatalydifferentiated cell types of epithelium and sensitive

to irradiation as®HTdR labelling prior to irradiation showed that some CBC cells became
phagocytosed by neighbouring CBC cells and thi#s$&dR-labelled phagosomes were
detected later in mature epithelial cell types suggesting they are the progeny of phagocytosed
CBC cells (Cheng and Leblond 197#his notion indicating CBC cells as potential intestinal
stem cells have been overlookiEnt decadesat t he <cost of Howeder st em
most recent studies have provided the field with new evidence in suppdhisonotion.
Lineage tracing in murine intestinal epithelium found that CBC cell expressing latatine
repeatcontaining Gprotein coupled receptor 5 (Lgr5) were actively cycling and displayed a
multipotency potential in a lontgrm study (Barkeet al., 2007). Moreover the isolation of
Lgr5-positive cells and their culturl vitro in 3D matrix revealed they were capable of
generating organoistructures (Satet al.,2009).Further characterization of Lgr&ells have
implicated Ascl2 (Achaete sculi&e 2) and Olfm4 (Olfactomedid) as additional stem cell
markers that are exclusively-expressed with Lgr5 in CBC celfgan der Flieret al.,2009).

Taken together, extensive data from +4 position and CBC cell stem cell studies implicate the
existene of two different pools of intestinal stem celtpiiescent stem cellecated at the +4
position characterisedy the presence of Brhiexpression andctively cycling Lgb" CBC

cells. Accordingly, each of thoséwo populations of intestinal stem cells sgess very
particular butat the same time collaborative functions contributing towards a reciprocal back
up system that is capable of the maintenance of intestinal epithelium and its regeneration in
case of the damage (Li and Clevers, 20Bd)il+ cells were previously shown to proliferate

at a slower rate than Lgexpressing CBC cellsvhich divide approximately once a day
providing further evidence for the presence of two separate populations of intestinal stem
cells(Bakeret al.2007, Sangiorgi and Capci, 2008)

Despite this indications, the identification and nature of quiescent intestinal stem cells
remains elusive as many studies failed to re

specific stem cell markers. Recent studyMiyfioz et al. (2012) showed that in Lgfscells
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Bmil, Hopx, Tert and Lrigl are found to be expressed at high levels in contrast todly5b
in which no suctenrichmentvas detected using transcriptome and proteomic analysse
results are contrary to previous aabtained by Bmil lineage tracing experimgmsiioz et
al., 2012).

In summary, the existence of population qafiescent stem cell pool cannot be excluded
howeverthe useome nt i oned A+ 4 marleisdods nohguarateecthe carrect |
identification of those cellsFurthermore, an alternative hypothesis exists suggesting that the
transitamplifying cellsin close proximity to the stem cell niche mighsplay phsticity and
subsequently be capleof revering to intestinal stem cell phenotggn order to suppothe

regeneration process case of dmage (Cheng and Leblod874, Potteret al. 1974).

1.1.3 The homeostasis in théntestinal epithelium

As a majority of functions performed by the intestinal epithelium of gastrointestinal tract
relies on the continuous renewal of the intestinal epithelium it requires very strict and
coordinated regulation to maintain the balance between proliferation and differentiation of
epithelial stem cells and immature progenitor cells in order to preserve tlgseun
multicellular tissue architecter The maintenance of the homeostasis is based on three
principal mechanisms, first of which involves the active proliferation dictated by the small
population of the stem cells at the crypt base which safeguardsnénealeof all epithelial
surface. Secondly, the differentiation of newly produced cells along secretory or absorptive
lineage ensures the right balance between cell numbers and enables them to perform their
functions. Thirdly, the continuous migration ofllseup the crypuwillus axis provides the
means for the complete replenishment of epithelial cell layer as the cells are shed of the tip of

the villus to accommodate newly produced cells within the crypt.

Therefore the maintenance ofsmall intestinal hommstasis which involves numerous
processes that control the structure as well as functions within intesgitfalium is tightly
coordinated by a network of signalling pathways including Wnt, Notch, Hedgehog, BMP
PDGF and T Geétfl,2008nBdierateal., 2012, Clevers 2006, Het al., 2004,

Katoh and Katoh 2006, Karlssat al., 2000, Shi and Massague 2003). This section will
briefly describe each of those pathways and its role in maintaining homeostasis in the small

intestine.

11



1.1.3.1Hedgehog and Plgelet-derived growth factor pathways

The mesenchymto-epithelium signalling is governed by the Hedgehog and PDGF pathways
whereas the other side of this interaction from mesenchyme teekyib is dictated by TGF

b/ BMP p atarche 2904 \Within Hh pathway we can distinguish between three
different transmembrane receptors: Smootherned (Smo), Patched (Ptch) and Hedgehog
interacting protein (HIP) present on the surface of hedgedggpnive cells as well as three
ligands that are paralogues: Sonic hedgehog (Shh), Indian hedgehog (lhh) and Desert
hedgehog (Dhh). Sonic Hh and Indian Hh are both expressed in the epithelium and play

crucial role in formation of intestinal structures of crygsl villi.

In the absence of secreted Hh ligands, Ptch is believed to inhibit the Smo activity. The
inactive form of Smo functions as an assembly core of a complex comprising of-Zostal
(Cos2) and Fused (Fu) whereas €<dinds several other moleculssich as glycogen
synthase kinase b ( GSK3b), <casein kinase 1U (CK1U)
complex impounds Glioblastoma (Gli) transcription factors and targets them for proteasomal
degradation. GLI family of zinfinger transcription factors cersts of Glil, Gli2 and Gli3.
Resulted from the proteasomal degradation truncated Gli2 and GIi3 proteins are not capable
of transducing the Hh signal and therefore act as Hh suppressors. Upon the Hh ligand binding
to the PTCH, its inhibitory action upon ®nis lifted and downstream signalling cascade
blocks the formation of GLI destruction complex (Figure 1.4). The stabilisation and
translocation of GLI transcription factors from cytoplasm into the nucleus triggers the
transcription and expression of Hhgat genes (reviewed in Sancho 2004, Katoh and Katoh
2006).

In the intestinal epithelium Gli2 and Gli3 are the major transducers of Hh signalling. In early
development of mouse, the Hh ligands Shh and Ihh are both produced in the endodermal
epithelium andplay crucial role in controlling the cell fate specification processes. With time
as the villi develop their expression becomes confined to proliferative crypt compartment
whereas the expression of Hh receptors and effector molecules is strictly resirstiesnal

cells. Inactivation of Ihh or Shh leads to the death of animals soon after birth restricting the
possibilities to investigate the role of Hh signalling in stem cell renewal and normal intestinal
homeostasis in adult mice. Moreover Ihh deficiemte display greatly reduced numbers of
proliferating progenitor cells, decline in enteroendocrine cell differentiation and short villi. In

contrast, Shh animals can be characterized by the enlarged villi structures advocating for the
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opposite phenotyand in turn, increased proliferation levels (Ram#&hatos 2000). These
results suggest that Ihh and Shh each possess a specific role within the intestinal epithelium
although they are expressed in the same compartments. Inhibition of Hh signalligg usin
Hhip hedgehog interacting protein is capable of blocking both Hh ligands and was conducted
in tissuespecific manner being restricted to the intestine. The high expression of Hhip leads
to significantly increased rates of proliferation and complete alimy of villi structures.
However the lower expression levels of Hhip are capable of inducing a milder phenotype that
includes the formation of abnormal villi containing cHjge structures near their tips as well

as presence of ectopic sites of Wntiagtat i on t h-catening targetTgeried / b
enhancement and increased proliferation. These results have led Madison and his lab to
hypothesis that Shh and Ihh are both released in the crypt compartment of intestinal
epithelium and Hh signalling is paracrifrem the epithelium surface to myofibroblasts and
smooth muscle cells successively controls the patterning alonguiltygtaxis safeguarding

the correct size and localization of newly arising crypt compartments (Maelishn2005).

Plateletderived growth factor (PDGF) pathway is another signalling pathway that governs

the epitheliuro-mesenchyme interactions. This signalling network consists of four ligands:
PDGFA, PDGFB, PDGFC and PDGHFD that are capable of binding receptor tyrosine
kinases, PGFRU and -BDGERon the activation of PDGF
form dimers and undergo phosphorylation which enables the signal transduction through
numerous pathways such pisosphatidylinositol Xinase (PI13K/Akt), signal transducer and

activator of transcription (STAT) and Mitogeactivated protein kinase (MAPK) (reviewed in

Andraeet al,.2008).

Mice deficient of PDGFA or PDGFRU devel op villi that are ab
present at much lower density within the epithelium as vasll loss of pericryptal
mesenchyme (Karlssoet al., 2000). The theory explaining the abnormal villus patterning
suggested that PDGA& expression from epithelial cells maintains the -seffewal and
proliferation of PDGFRU posi ti ve me s e prevanying ahleir peematures t hu
differentiation and depletiorfKarlssonet al., 2000) Those PDGFRU positive cells are
clustering into Avillus clusterso supporting

form those clusters results in decreaselinnumbers.
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Figure 1.4Hedgehogs one of the major pathway playing role in the maintenance of intestinal homeostasis and

represents egitliumto-mesenchyme signalling with Ptch playing a dual role in the signal transduction.

1.1.32TGF-b and BMBs pat hwa

TGFb signalling pathway regul ates the abund
development, angiogenesis, proliferation and differentiati&m éand Massague 20Pand

mediates the mesenchysteeepithelium signallingTGRb  f aahcytoknes compses of

TGFb bone morphogenetic protein (BMP) and a
type | and type Il seringhreonine kinase receptors. T®GF si gnal |l ing al so po
range of SMAD intracellular messengers that can be subdividethirge different classes of
molecules: receptaregulated SMADs (FSmads: Smadl, 3, 5 and 8), canediator SMAD

(Smad 4) and inhibitory SMADs-$mads: Smad6 and 7).
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The binding of ligands to type | and type Il kinase receptors leads to colocalishtiurse

two types of receptors allowing type Il receptor of phosphorylating the type | receptor and
therefore activating the signalling cascade. Further phosphorylatiorSofidis through the

action of activated type | receptor results in the formationheterodimeric complex
consisting of RSmads and G&mad, Smad4 which together translocate to the nucleus. Once
within the nucleus, Smad complex regulates the expression obTGE ar get genes.
this mechanism of pathway activation is common for cgtiokines members of TGE

family, some preferential binding exists between the ligands and particular Smads where
TGFb | i gands signal through Smad2 and 3 howe
The inhibition of TGFb p at hway o0 c c uansf -Smads withtkieaseaeceptors | a t
as they are competing for receptor binding witsRadgFigure 1.5)

The majority of theTGFb family members are expressed repithelial parts of the gut
notably lamina propria and muscularis with some restrictpdession of some of the Smads

in villi of small intestine. No expression ofGFb molecules is detected in the crypt
compartments of either small or large intestiénesettet al., 1996. In particular, BMP2

and BMP4 ligands are found to be expresseithénintravillus mesenchyme being positively
regulated by the Hh pathway (Madisen al., 2005). Other BMPs such as BMP receptor
Bmprla and Smads: Smadl, 5 and 8 are expressed in the epithelial cells of villi (Keirlsson
al., 2000). Loss of Bmprla in thentestinal epithelium disturbs the intestinal homeostasis
causing an expansion of the stem and progenitor cell populations leading to the intestinal
phenotype including development of multiple polyps resembling that of human juvenile
polyposis syndrome (Het al.,2004).Noggin is an inhibitor of BMP pathway expressed in

the submucosa surrounding the crypt compartment (Figure 1.8) abrogating the signalling
from mesenchyme (Het al., 2004). Overexpression of Noggin results in development of
ectopic crypts orhe sides of villi (Haramisgt al.,2004) suggesting that both loss of Bmprla
and overexpression of Noggin lead to similar phenotype consisting of excessive formation of
abnormal structures closely resembling intestinal crypts and development of padllgps w

enlarged proliferative compartment.

These results indicate the importance of BMP signalling in controlling the proliferation of
continuously selenewing intestinal epithelium. The proliferation of stem and progenitor
cells is restricted to the cryppmpartment by the presence of Noggin in the iwilérs zone.
Moreover the BMP signals fromretma underlying the epithelial cell layer of villi are
inhibiting proliferation in that region halting the ectopic formation of chij® structures.
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The mismaagement of crypt fission and excessive formation of intestinal crypts is repressed

by active BMP signalling.

In all the expression patterns of different elements of BMP and Hh signalling contribute
towards explaining cryptillus organisation of intestal epithelium. From the epithelial layer

Hh signals are released influence underlying mesenchyme layer which consecutively releases
BMP ligands.

TGFBR-I/Il p | | BMPR-I/1I

J

Nucleus

Figure 1.5 TGFb and B MP togethdr vith &lgdgehog pathway regulate activation of Wnt signalling

andintestinal homeostasécting through their common exffector SMADA4.

1.1.3.3Wnt pathway

One of the most important pathways that conveys the maintenartice miftestines is Wnt
signalling (Figure 1.6).This pathway has been implicated in a wide spectrum of cellular
processes being one of the fundamental signalling pathways in development and disease and

has been extensively investigated over the last 35 y{®msse and Varmus 2012, Reya and
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Clevers 2005)Wnt ligands and its downstream effectors were first discoverBuasophila

and Wnt ligands and downstream effectors of the Wnt pathway are conserved within the
animal kingdom Rijsewijk et al.,1987). Wnt signaling is playing a central role in embryonic
developmenespecially in body patterning and formation of anteposterior axis. It is also
involved in the maintenance of homeostasis asttrenewal processes in variousdult
tissuesand thereforen many pathological events that result from disturbance of this state
(reviewed in Clevers 200B In normal circumstancewithin intestinal epithelium Wnt
signallingregulates proliferation within the intestinal crypt (Munedral.,2006, Pinto 2003),
differentiation of progenitor cells towards secretory lineage (Aneftai, 2005, Pinto 2003)

as well as controls spatial segregation of cell populations via Eph/ephrin relaggutor
system (Batlle 2002). Equally Wnt signalling is also a major pathwaghiad in intestinal

tumorigenesis and colorectal cancer.

The family of Wnt genes consists of 19 cysteiioh glycoprotein members in humans and

mice. In order to render those Wnts biologically active the palmitoylation of a conserved
cysteine residue iequired during their production and secretidfillert et al.,2003).

Upon their release into the intracellular space, Wnts activate responding cells by interacting
with Frizzled (Fz) receptor transmembrane proteins and sapgle LRP5/6 receptor pratei

The binding of Wnts to Frizzled and LRP5/6 proteins is an initial step in canonical Wnt
pathwayand i nvolves a cascade of -eate@mpresentinh at c

nucleus.

The phosphorylation of the cytoplasmic domain of LPR5/6 upon the binding between Whnt,

Fz and LPR5/6, aided by #asound Dishevelled (Dsh) leads to the recruitmerxah to the

pl asma membrane. Subsequently AXxi n-catednc o me s
Adestruction compl exo which di spthwrskps otrtyd ait ret
catenin accumul at es i n the ccateno phenafartmer Thi s
transl ocated i nto t he -caaniobindute TCF/ QEFdranscriptiont he r
factors which converts TCF/LEF factors from repressors into activators, thus activating the
transcription of downstream Wnt target genes.

Intheabsence of Whn t | i g a n-dateninciy sequedteeed my the p ool
Adestruction compl exo. This fAdestruction co
APC and Axi n t ha-atehn. 6Kl progphotylatesshetNe d mibn-us o f

catenina t the Ser45 residue and further action o
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serine and thr eoni n e-caterdns Thid pattesn oaphospglorytation ohi n u s

b-cat eni n-Tre&d®r U ii tgeaterin is abigditinéted. Once ubiquith a t-@t@nin b

is targeted for degradation by proteasome machinery (Figure 1.6) (Reya and Clevers 2005,
Ricci-Vitiani et al.,2009).

In case of cells that are not responding to Wnt signals, Tcf proteins associate with general
transcription repressorské Groucho and this binding result in the repression of Tcf
responsive genes. This form of silencing is achieved by recruitment of histone deacetylases
(HDACs) that transform the chromatin structure into form that is inaccessible for
transcription machirg. Upon the activation of Wnt signalling and bindingbstateninto

Tcf proteins, it displaces the Groucho and recruits numerous nuclear factors that are capable

of transactivating Tcf target genes such as chromatin remodelling factors.

Whnt signalling is crucial for the maintenance of proliferation within crypt compartment

The extensive studies of Wnt signalling over the last decade have gathered strong line of
evidence suggesting that Wnt signalling dndateninare necessary for the survival of the
crypt proliferative population therefore aberrant Wnmaiing by its ablation inhibits the
proliferation and by its activation expands the proliferative compartment of intestinal
epithelium. The importance of particular elements of the Wnt pathway in the crypt
homeostasis is emphasized by the severity of gigpe resulting from their abnormal
expression.

Tissuespecific ablation ob-cateninin the small intestine leads to quickly progressing loss of
cells of epithelium layer, including loss of crypt compartment and inhibition of proliferation.
Moreover the loss db-catenindisrupts the maintenance of homeostasis within the stdm cel
niche inducing stem cells to terminally differentiate and rendering them incapable-of self
renewal and therefore disturbing normal functioning of small intestinal epithelium €éEevr
al., 2007). Corresponding phenotype of loss of crypt compartment arehse in apoptosis
was observed upon the conditional deletiorbafateninunder the expression of inducible
AhCrepromoter (Ireland 2005).

Disruption of both alleles of TGE gene in the germline resulted in death of those animals
shortly after hith due to their inability to maintain a proliferative stem cell compartmn

the small intestinal epithelium (Korinet al., 1998). Similarly the inhibition of canonical
Wnt pathway through the expression of Wnt inhibitor DickkbgDkk1) results in the levels

of proliferation being significantly repressed together witbrution of normal intestinal
architecture involving loss of crypt and villus structures (Kuheesat.,2004).
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Deletion of one of main Wnt target genesngc in the small intestinal epithelium under the
expression of the same transgene as Ireland @08b) resulted in reduction of the crypt
length, significant decline in the proliferation rates and cell cycle progression in the
progenitor cells. This triggers the response in the crypts that escapedtteeablation that
consequently repopulate thentyc deficient crypts leading to their complete elimination

from the epithelium of small intestine (Muncanal.,2006).

Whnt signalling directs progenitor cells towards the secretory lineage

Whnt signalling has been showed to be involved not anlyze maintenance of proliferation

in the crypt compartment of intestinal epithelium but also in regulation of cell fate decision of
early progenitor cells. Specifically the Paneth cell differentiation is affected due to the fact
that unlike other differentiad cell types of intestinal epithelium that migrate towards the tip

of the villus, Paneth cells migrate down towards the crypt base where they remain throughout
their lifespan. Moreover similarly to crypt proliferating cells they are characterized by the
presence of active Wnt signalling and express high levels of niekstenin. Wnt signalling

has been shown to drive the expressiorPahethspecific genes (van Bt al., 2005) and
ablation ofb-cateninsignificantly reduced the numbers of Paneth @lsvell as caused their
mislocalisation. Dkk1l overexpression driving the inhibition of Wnt signalling results in the
loss of cells belonging to all three secretory lineages however not affecting the enterocytes
(Pinto 2003). Different studies found thaetloss ofb-cateninincreases the differentiation of
enterocytes (Fevr 2007).
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Figure 1.6 Wnt signalling pathway is responsible for thaintenance of intestinal homeostasis by regulating
stem cell renewal and progenitor cell differentiatibm a n o r-caanin degmadation complex prevents

t he ac c u muatenir in thercytopldsm Bnd active transcription of Wnt target genes.

1.1.3.4 Notch pathway

Notch pathway mediates cad-cell signal transduction due to the interactions between
Notch receptors and ligds between the adjacent cells. Multiple biological functions are
regulated by Notch including cell proliferation, apoptosis, spatial patterning and cell fate

determination.

Mammalian Notch includes 4 receptors: Notchl, Notch2, Notch3 and Notch4 agah8sli
Deltarlike 1, Deltalike 2, Deltalike 3, Jagged 1 and Jagged 2 and the association between
each ligand and each receptor command different Notch response. Notch signalling receptors
are evolutionary conserved large transmembrane glycoproteinsathsist of two domains:
extracellular domain (ECD) and intracellular domain (ICD). Initially, Notch receptor is
synthesised as an inactive form that upon the cleavage by Furin protease at first cleavage site
(S1) in the trangsolgi produces Notch ICD anddich ECD heterodimer at the cell surface.
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Prior to the full integration into the cell membrane, both domains undexgjgcOsylation by

Fringe and Gfucosylation by Gfucosyl transferase.

The binding between Notch ligands and Notch receptor triggersctivateon of the Notch
signalling as the two cleavage events of the receptor occur. The second cleavage site (S2)
becomes exposed as a result of endocytosis action of E3 ligases and then cleaved by tumour
necrosis factet}convertingenzyme (TACE) to relese NECD. Consecutively, the final third
cleavage (S3) I s t r-seqetpserieading @ metbaseaaf NIC2 and s b y
translocation into the nucleus. Within the nucleus, NICD forms a transcriptional complex
with Notch mediator CSL (CBE/RBR| )Joand Mastermindike co-activator proteins that

triggers the transcription of Notch target genes. In the absence of the Notch signalling, CSL

acts as the repressor of the transcription (Figure 1.7).

y- secretase (PS)

NICD

Figure 1.7 Notch signalling pathway represents-iwetlell signalling within small intestinal epithelium and

regulates cell fate decision of progenitor cells as they exit the crypt compartment.
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In the intestinal epithelium Notch receptors and ligands are expressed in the crypt
compartment of small intesg and colon (Sandet al.,2004). Canonical Notch signalling to
CSL-NICD-Mastermind complex inhibits the differentiation of stem cells and progenitor
cells however in case of unnatural Notch ligands to the Notch receptor triggeranamcal

Notch sigralling acting via CSENICD-Deltex complex. This nenanonical signalling unlike
canonical Notch promotes the differentiation of progenitor cells by activation of the

transcription of genes such as MAG that induce terminal differentiation of cells.

The bes characterized Notch target is a large family of hairy enhancer of split (Hes)
transcriptional repressors which in turn regulate the expression of many downstream Notch
genes.Upon the activation of Notch signalling, Hes together with Hey family becomes
upregulated and consequently inhibits the transcription of other downstream-sjsstiéic
transcription factors such as Mathl leading to repression of differentiation and maintenance
of stem and progenitor cells. Hesl1 is normally promoting the diffetemtigowards the
absorptive enterocyte lineage whereas loss of Hes1 shifts the cell fate determination leading
to increase in goblet and enteroendocrine cell numbers (vanats2005). Removal of CSL

or similarly inhibition of Notch signalling via intord u c t | ®etretasd in the small
intestinal epithelium results in the loss of proliferating crypts and concurrently immense
changes in cell fate decisions as all proliferating cells turn interpidstic goblet cells (van

Eset al.,2005). Thereforetiseems like the differentiation of cells towards secretory lineages

in particular goblet cells is a default choice in the absence or Notch signalling deficiencies.

Mimicking the effects of the activation of Notch signalling is possible by-g&iunction
studies involving Notch receptors. The activation of Notch receptor (Notchl IC) under the
expression ofVillin promoter revealed the inhibition of cell differentiation into either
absorptive or secretory lineage and most importantly in the expansiomafture intestinal
progenitor cells Kre et al., 2005). As the upregulation of Notch signalling results in high
Hesl and thus Mathl inhibition the phenotype of Mathl deficient mice was investigated.
Math” animals displayed normal intestinal architeetwith a depletion of all differentiated

cell types of secretory lineage but not affecting the differentiation of enterocytes. This is due
to the fact that absorptive lineage enterocytes arise from a Matbhftendent progenitor as

opposed to secretorynkeage cellsYanget al.,2001).
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Accordingly Notch together with Wnt signalling is suggested as one of the main gatekeepers
of intestinal progenitor compartment as both pathways are required for the maintenance of

proliferating and notifferentiating cdlin the intestinal crypts.
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To summarize,the maintenance of intestinal homeostasis requires a firmly controlled
interplay between numerous signalling pathways transducing signals between different layers
of epithelium. Presence of high Wnt anblotch signals in the crypts safeguards the
undifferentiated state of stem cells and progenitors within that niche whereas as those signal
levels decline as cells migrate up towards the evithts junction progenitor cells lose their
proliferating capacieés and differentiate into mature epithelial cell types. The expression of
Hh ligands by the epithelial cells of crypt compartment consequently induces Hh signalling in
the surrounding stroma leading to BMP ligand activatBiLP signalling suppresses Wnt
pathway activation in the villus area restricting the proliferation whereas BMP antagonist
Noggin protects the crypts from BMP signalling ensugogtroled selfrenewal of stem cell

strictly within that intestinal niche (Figure 1.8).

BMP

Differentiation

- )

e e e, r - —-—————-

Wnt Noggin > === Notch

BMP
@ & @ antagonists

Figure 1.8 In ordr to maintain the intestinal homeostasis interplay between different signalling pathways
Wnt, Notch, BMP/TGFb  a n d ehdgjeid gecessary to control all processes regulating cell renewal,
proliferation, differentiation, migration and cell deathile BMP/TGFb a ndbehddpathways are crucial

for regulating Wnt signalling, the Wnt pathwag érucial for proliferation and seténewal within a stem cell
niche. Notch signalling directhe differentiation ointestinal progenitor cellsafeguards the immature state in

the crypt in particular within stem cell niche through high levels of Nimt¢those compartments.

1.2 Colorectal cancer
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1.2.1 Incidence of colorectal cancer and environmental risk factors

Colorectal cancer (CRC) is the third most common cancer in UK accounting for 12.5% of all
new cancer cases. In 2010 over 40,000 new cases of CRCdwmveliagnosed with male to

female ratio of 13:10 and this incidence has persisted at the similar levels since last decade.

There is a geographical variation in incidence of CRC across the world which can be
associated with environmental and dietary facfmesviously implied in increased risk of
developing CRC. High consumption of red and processed meat (Bloedt, 2000), diet
deficient in natural fibres (Pa®t al.,2005) as well as other lifestyle factors including lack of
physical activity (Wolinet al., 2011), obesity (Moghaddast al.,2007), smoking (Liangt

al., 2009) and alcohol consumption (Fedirkbal.,2011) have been reported to predispose

and therefore rapidly increase the risk for CRC.

As with vast majority of cancers, relative survivat CRC has been improving with,15

and 10year survival rates increasingtoo |l d si nce 197006s. Neverth
second most common cause of cancer death in UK accounting for over 600,000 deaths
worldwide in 2008 (Cancer Research UK).

1.2.2 Gendic predisposition to colorectal cancer

Colorectal cancer can be subdivided into sporadic and familial cases and it is estimated that
around 2625% of all CRC cases is considered to have a hereditary origin whereas another 5
10% of all cases are inheritettcording to the Mendelian laws implying that the causing
mutation is inherited in the autosomal dominant manner (Lynch and de la Chapelle, 2003, de
la Chapelle 2004).

Therefore, except the environmental and dietary, genetics factors play a major role in
predisposing towards CRC. For that reason hereditary syndromes conferring susceptibility to
CRC development have been of a great value in identification and understanding of roles of
genes important for colorectal carcinogenesis to occur as well as iesign of novel
diagnostic and therapeutic strategies.

Hereditary CRC syndromes can be organised into two main categories on the ground of

presence or absence of intestinal polyps. Furthermore polyposis syndromes can be classified
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into two separate gr@s of adenomatous and hamartomatous polyposis depending on the

type of tissue present predominantly within those polyps.
1.2.2.1 Familial adenomatous polyposis

Familial adenomatous polyposis can be characterized by the emergence of hundreds to
thousands of ahomas in the colon in the late childhood or adolescence primarily composed

of epithelial cells. From an average age of 40 years old the malignant degeneration occurs
where due to the extremely high numbers of proliferating adenomas present, one or few of
those develop into adenocarcinoma. One of the common features of tumours from FAP
patients is the presence of chromosomal instability and aneuploidy as well as more aggressive
phenotype. Mutations in several key oncogenes and tumour suppressor genes/ARCh a

P53, KRAS have been identified in those tumours (reviewed in Lynch and de la Chapelle
2003).

Years of cohort studies have led to the discovery that APC gene mutations are responsible for

the developmenof FAP by Groderet al. in 1991 and that thgast majority of gerniine

APC mutations involve truncating or nonsense mutations often leading to the alteration of the
reading frame. The location of those gdme mutations seems to be correlated with the

number of polyps present in the colorectunFOAR P pat i ent s: truncating
region of APC gene upstreamafd on 157 r es ul tFAR phenotypeewhithat t e n
involves delayed adenoma formation (reviewed in Samttad., 2004) and in general fewer
adenomas predominantly locatedfa proximal end of colon (Nagase and Nakamura, 1993)
whereas mutations in the otherpast§ t he gene 4 el #Rthernordithé assi ¢
mutations in APC gene have been identified in around 80% of early adenomas in sporadic

cases of colorectal caer (Nagase and Nakamura, 1993).

1.2.2.2 Hamartomatous polyposis syndromes

Hamartomatous polyposis syndromes are a heterogenous group of inheritegoplastic
conditions that encompasses Pelgghers syndrome, Cowden syndrome, Bann&ymy-
Ruvalcaba syndroe and familial juvenile polyposis (Eng andl908. All of those disorders

can be characterized by the overgrowth of normal tissue within the colon with a marked
expansion of cells derived predominantly from stroma. Although all of those syndromes are

rare and comprise a very small proportion of familial CRC, in particular two of them, notably
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PeutzJeghers Syndrome and juvenile polyposis are associated with a significantly increased
risk of gastrointestinal and other malignancies (de la Chapelle 2004).

Mutations in PTEN gene have been identified in both Cowden syndrome and Bannayan
Riley-Ruvalcaba syndrome and with only some subtle distinctions between the two and
considerable overlap in symptoms the argument exists that they épthsent same
syndrome(Lachlan andLucassen2007, Engand Li 1998. Furthermore as both lead to
development of benignon-neoplasticlesions which only in rare cases result in malignant
adenocarcinoma, the thorough involvement of Cowden syndrome and BaiRilgsan
Ruvalcaba sydrome in development of colorectal malignancies remains to be explored.

The main clinical criteria of Peutleghers syndrome in patients are multiple hamartomatous
polyps throughout the gastrointestinal tract as well as the presence of mucocutaneoins mela
deposition. Those polyps are frequently present in the jejunum and ileum, they are large and
pedunculated with entrapped glands containing mpecoducing goblet cells (Tomlinson and
Houlston, 1997)Germline mutations in tumour suppressor ger€B1 are responsible for

50% of Peutzleghers cases (Ligt al, 2003).

Juvenile polyposis syndrome involves the development from few to few hundred polyps in
the colorectum. These juvenile polyps possess a distinct histology from that of adenomatous
polyps preent in FAP patients where mucous cysts are surrounded by cells derived from
lamina propria. Several genes are known to be associated with JPS with approximately 20%
of affected individuals carrying mutations 8MAD4(Howe et al, 1998),another 20% in
BMPR1A (Howe et al., 2001). Both of those belong to the superfamily of transforming
growth factorbeta (TGFb ) i ndi cat imergof this sgnalling pathivay én the
development of colorectal cancer.

1.2.2.3 Hereditary nonpolyposis colorectal cancer syndrme

Hereditary nonpolyposis colorectal cancer syndrome is also commonly known as Lynch
syndrome due to the fact that it predisposes not only to CRC, but also several other cancers
such as endometrial cancer, ovarian and brain cancer. Depending uponitiaé adifinition

of this syndrome, it is responsible for 2% of all CRC cases (de la Chapelle 2004). Patients
with Lynch syndrome occasionally develop colon polyps that at the accelerated rate progress
toward CRC characterized by poorly differentiateshdours (Lynch and de la Chapelle, 2003)

and relatively late onset in comparison to other hereditary CRC syndromes (Hznapel

2005). Lynch syndrome is caused by mutations in the mismatch repair (MMR) genes MLH1,
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MSH2, MSH6 and PMS2 where mutations i.NL and MSH2 account for approximately

90% of all patient cases (Lynch and de la Chapelle 2003) with different levels of penetrance

of those disease alleles for various cancers ranging from 80% for CRC, 60% for endometrial
cancer and less than 20% for ather cancer types. Whereas the mutations in MLH1 and

MSH2 display no apparent differences in expressivity, MSH6 mutations result in an
Aattenuatedo form of Lynch syndrome disting!
onset however the mechanism behthis phenotype needs to be further explored due to very

low numbers of MSH6 mutations identified so far (de la Chapelle 2004). The deficiency in

the MMR mechanism leads to microsatellite instability which is known as the hallmark of

Lynch syndroméThibodeauet al. 1996, 1998 and therefore an excellent diagnostic marker.

Each of syndromes governing the inherited susceptibility to CRC described above involves a
separate class of genes that when mutated, contributes towards tumorigenesis. Aecording t

Kinztl er and Vogel stein (1998), there are 3 mai
Acaretakero genes. |l nactivation of gatekeepe
tumour suppressors leads to formation of benign neoplastic polyps. The pemétran

approximately 100% due to the abundance of those polyps throughout the colon as eventually
few of those growths will progress towards malignant degeneration. In case of defects in the
caretaker genes i.e. MMR pathway genes, the rate of polyp dewaomysimilar to that of

observed in the general population as in comparison to gatekeeper genes, those genes

suppress neoplasia indirectly. However those mutations lead to the mutator phenotype where
increases rate of mutagenesis eventually resultsviel@ment of CRC. The last class of

genes is represented by landscaper genes that lead to hamartomatous polyps in which the
abnormal microenvironment of bulk of stromal cells increases the risk of associated epithelial

cells to undergo neoplastic transf@ton and therefore becoming malignant.
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1.2.3 Major signalling pathways involved in the development, progression
and metastasis of CRC

As mentioned previously, hereditary cancer syndromes account for approximately 20% of all
CRC cases with the remainder ofea having a sporadic origin. However the genes and the
pathways found to be causative of those conditions are often found mutated in the sporadic

cases too.

Hereditary CRC syndromes and analysis of mutations occurs in sporadic CRC provide us
with a valwble insight into the signalling pathways involved in the complex nature of
colorectal tumours, their development and progression (reviewed in Sancho 2004).

1.2.3.1 wnt signalling
1.2.3.1.1 Human mutations in the Wnt pathway

The discovery that APC mutations are implicatethe development of FAP by Groden et al
(1991) provided one of the first hints towards the association between Wnt pathway and
CRC.

As previously described in (Chapted B The homeostasis in the intestinal epitheljuAPC

is a one of the crucial cqggonentso f  tcatenin @estruction complex where together with
GSK3b and Axi n i tcatenia phospherglaiionssubsdquent fibiquitindion

and degradation (Figure from pathways). Therefore any mutations leading to the loss of APC

and its functonwt hi n t he-céhe €tnn uwmc tcioonplfex resul-t in t
catenin levels in the cytoplasm as well as the failure to inhibit transcriptional activation of
downstream Wnt target genes (reviewed in Gileal. 2003, Foddet al, 2001).

Although APC mutations detected in FAP patients account for a very limited proportion of all

CRC cases, approximately 80% of CRC patients possess mutati®RE€ gene (Nagase and
Nakamura, 1993). Mutations @TNNB1g e n e e n-catemin aredourfd in 109 €RC

cases. In those patients, alteration of several important phosphorylation sites leads to inability

t o t acragteetnifn f or pr ot e as o ma-dcaterdnestghilizatioa (Mormn and
et al., 1997). Therefore activating mutations of the Yathway are found in over 90% of all

CRC cases, interestingly mutationsARC andCTNNB1genes are suggested to be mutually
exclusive insinuating that bcatenm stabflizatiorhamdn h a v ¢

activation of downstream elementsWwht signalling pathway. Nonetheless, some differences
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in tumour phenotype have be edcatenminatations eade as t
been identified in small adenomas in comparison with a small proportion in invasive
colorectal tumours. This ohsev at i on suggested t hat-catenmal | a
mutations are less likely to progress to large adenomas and invasive cancer raising the notion
that despitetAPC andCTNNB1lgenes performing si mi-taemn f unct
destruction,APC can possibly possess some other tumour suppressor functions yet to be

explored (Samowitet al, 1999).

Remarkably, mutations of the Wnt pathway components have been found in other cancers
types such as gastric, melanoma and ovarian. Mutations in Axialserdant expression of
several Wnt ligands have been identified amongst many others genetic alterations, however

their role in colorectal tumorigenesis appears to be minimal (reviewed inéGaés2003).

Activating mutations of the Wnt pathway haveebedentified as the only known genetic
modifications present in the early premalignant lesions in the intestine, such as aberrant crypt
foci and small polyps. In particular, the maintenance of the frequency of mutations in APC
gene throughout the sequerhtprogression from benign to malignant cancer further provides
evidence suggesting that aberrant activation of Wnt signalling is one of the initial stages in

the development of colorectal tumours.

Years of studies of FAP syndrome revealed that the eatnd position of gerfine APC
mutation account for a great clinical variability amongst the individuals with FAP. The most
common huma\PC mutations are located between codon 450 and 1578 resulting in stable
truncatel proteins. This genotypghenotypecorrelation gives even further insight into APC
related tumorigenesis where majority of CRC cases with APC mutations do not result in the
compl ete ablation of APC protein. As indica
APC must be impaired in &ery particular manner at the level sufficient for the
accumul adateninrbut atthe Same time below the threshold triggering the apoptosis.
In those CRC cases, one allele of APC is lost due to truncating mutations whereas the other
one acquires mother truncatig mutation or undergoes a loss loéterozygosity. Tis
hypothesis suggests the interdepemde of different mutations which allow for the
successive a-caenimaufficeent footumow progfession however limited to a
certain lerel in order to avoid programmed cell deéitlamlum et al., 1999, Albuquerqueet

al., 2002,Crabtreeet al.,2003).

1.2.3.1.2 Mouse models of alterations in the Wnt pathway
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As the molecular processes involved in development of hereditary cancer syndromes and thus
CRC have been of a great interest for many years numerous animal models comprising
mutations in Wnt pathway components have been generBibtedfirst model ofintestinal
tumorigenesis, named Multiple Intestinal Neoplasia was stably expressing a truncated APC
protein as a result of a nonsense mutation at codonM66. heterozygous for AP¥ show
changes which are characteristic -tatennaadar |l y p
expansion of proliferative compartment, developing a large numbadefomas in the
gastrointestinal tract which eventually leads to shortened lifespart(8l, 1992). Mice
carrying one allele with fruncating mutation in the codon 716Apcgene Apc®’ ) &re one

of the most extensively used mouse models to studf BAd CRC. Similarly toApd™
animals, they develop up to 100 adenomas with a vast majority of tumours arising in the
small intestine (Oshimat al., 1995). In contrast to the two models Apc mutations
describedabove, mice heterozygous fApc mutationat the codon 16383pc%*®Y) develop

only few intestinal tumourdhowever they display a large spectrum of exttastinal
phenotypes characteristic for FAP patients (Foeétleal., 1994) Another CRC model
characterised by a conditional deletion of exdnaof Apc gene using a colespecific Cre
recombinase Apc®®9 results in the adenoma formation within 4 weeks -pudiction
(Shibataet al., 1997). Intestinal adenomas also develop in aninetpressing oncogenic
forms of b-cateninas the activation of W signallingis a dominant driver of intestinal
neoplasiaConditional deletion of exon 3 @k cateninresulted in a phenotype similar to that

one observed iMApc®’ ! Animals (Haradaet al., 1999). Studies oApd"™™ have allowed
identifying two modifier bci of tumour development called Mom 1 (Modifier of Min 1) and
Mom2 (Modifier of Min 2) that can modify the number as well as the size of colon tumours
(Gouldet al.,1996,Silvermanet al.,2002).

1.2.3.2 TGF-b and BMP pathways

1.2.3.2.1 Human mutations in the TGFb a vidP pathway

As previously described, TG cytokines family comprises of TGE , bone mor phog:¢
protein (BMP) and activins molecules which are all ligands for type | and type Il serine
threonine kinase receptors and share SMAD4 as the common signatametieerefore,

both TGFb a nd B MPhaye aimilarvetiegt on the target tissue favouring apoptosis

and differentiation and opposing proliferation. Twpecific mutations- in a co-mediator

SMAD4 and a BMP receptor BMPR1 have been identified in fansilievith Juvenile

polyposis syndrome (Chowt al. 20095. A 4 base deletion in exon 9 &mad4gene is a
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mutational hotspot and resulting loss of growth inhibition and neopligitation in the

BMPR1 results in a receptor missing its intracellular settineonine kinase domaimalting

the signal transduction through SMADA4 eventualljhese two mutations account for
approximately 50% of JPS cases with the remaining cases of JPS possibly carrying mutations

in different components of BMP pathway (reviewed im&e 2004)Mutations in SMAD2

and SMAD4 generating truncated proteins are frequent in colorectal cégppertet al.,

1996) The most common mutation in TdF pat hway i s i nactivatior
( T GF bpregeht in the vast majority of micrastite instable (MSI) tumours as well as in

more than 50% of microsatellite stable (MSS) tumours. MSI tumours can be characterized by

the accumulation of mutations in a 10 bp coding polyadenine tract (6tadly1999).

According to the current hypothes about thgeneral tumour suppressalesof TGRFb a n d
BMP pathways in tumorigenesis, those two pathways are critical for the maintenance of
homeostasiby regulating the growth of nemeoplastic cells as well as cells that are already

progressing through early stages of tumorigen@&uaberts ad Orkin 2004).

1.2.3.2.2 Mouse models of alterationsinthe TGFb and BMP pat hway

Over the years umerous mouse models targeting FFRuperfamily were generated
Animals with heterozygous mutations inactivating the components of this family of cytokines
suchas TGl | i g a rbdl and-B & BEMAD2 havdailed to recapitulate the increase

in tumorigenesis in the colon with the homozygous mutations being embryonic lethal. The
exceptionto this rule seemed to be SMARI&ficient animals which survive until adultrtbo

and later develop metastatic colorectal carcino(@hs! et al., 1998) however this finding

was not confirmed by other studies on SMAD3 loss. Heterozygous mutation in SMAD4
results in the development of polyps in the stomach and duodenum of Skt
animals with intestinal polyps being similar to those observed in JPS patients (Bakdku
1999). Moreover heterozygous loss of SMADA4 leads to acceleration of progression of benign
adenomas carryingpc®’ 'Mutation to more aggressive carcinomas (Taletkal., 1998). In
similar manner, homozygous loss of TBFlin immunocompromised animatesults in the

more rapid progregsn of lesionstowards CRC(Engle 1999). Overexpression of the BMP
inhibitor, Noggin results in development of crypsembling structures on the sides of villi
and development of adenomatous polyps with enlarged proliferative compartment which is
identical to the phenotype observed in JPS patients (Haetrais2004).While resultsfrom

in vivo animal studiesmay not be able to fully recapitulate the effects of M5F si gnal | i n
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deficiency on intestinal tissue it has been repattetithe lossof TGFb and BMP si gna
is a frequent occurrence in the advance stages of CRC cancer (Markovalz 1995)

suggeting that the loss of signalling is a necessary step in the process of progressien of pre
neoplastic lesions towards CRC.

1.2.3.3 RasRaf-MAPK pathway
1.2.3.3.1 Human mutations in the RasRaf-MAPK pathway

In many cases of CRC, except genetic alterations in Wnt andbTGFp at hway, mut at
RasRatMAPK pathway are very common. Human Rat Sarcoma viral oncogene homology
(Ras) family consists of three genes: KirstenR&s), Harvey (FRas) and neuroblastoma
(N-Ras) with all of them encoding Giti#nding proteins that arenvolved in the signal
transduction from various receptor tyrosine kinage$K). Depending whether those Ras
proteins are bound by GDP or GTP, they can become activated or inactive. Upon the binding
of an EGF ligand to the extracellular portion of reoepyrosine kinase, the dimerization of
RTK subunits occurs which in turn catalyses the phosphorylation of both RTK suldun@ts
growth factor receptebound protein 2 (GRB2)inds to the phosphorylated RTK while SOS
proteins carbe activated by GRB2 artind membrandound Ras. Inactive Ras is GDT
bound however SO&atalyses the dissociation of GDP and binding of GTP to Ras leading to
the activation of RasOnce activated, Ras can bind and phosphorylate mamwpnsiream
effectors of this transduction pathmy such asRaf serirethreonine kinase which
consequently phosphorylate and activatéogen activated protein (MARRinase casaie
including Mek1 and 2, and ERK1 andThis kinase cascade translocates to the nucleus and
activates transcriptional factostich as gun and fos resulting in the expression of many
genes that control cell cycle. In the normal celldbBve Ras is inactivated immediately after

its activationby the GTPase activating protein (GARhich binds to the Ra&TP complex

and assistin the hydrolysis of GTRo GDP.With RasGDT complex being inactive, the

MAP signalling pathway is switched off.

The Ras oncogenes are often activated by point mutations that prevent the activation of GAP
with thosemutationsbeingvery frequent in CRQvith around50% of colorectal cainomas

and adenomasontaining some kind of Raswutation. More than 30% of CRCs display
activating mutations in thK-Rasgene(Bos et al. 1987)whereas another 20% of cases with
functional K-Rashave activating mutatioria B-Rafgene (Rajagopalaet al 2002). The vast
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majority of all mutations in Ras is found in the more advanced stages of CRC tumorigenesis

being very rare in the pmeeoplastic lesions (Vogelsteat al. 1988).
1.2.3.3.2 Mouse models of alterations in the RaRkaf-MAPK pathway

The role of Ras genes in the progression of CRC have been explored using several mouse
models.Transgenic animals that carry activating mutations -@®d¢ display no or very few
gastrointestinal tumours suggesting that Ras does not playirrahe initiation of CRC
(Coopersmithet al, 1997; Kimet al, 1993. However Jansseet al. (2002) observed that

over 80% of experimental animals that expresRaé (V12G) mutation under the control of
Villin Cre recombinase have developesv intestiral lesions. Detected lesions included a
wide spectrum of neoplastic structures ranging from aberrant crypt foci (ACF) to invasive
adenocarcinomas all characterized by the deregulated prolife(damsseret al, 2002).

What is specific for this particulanurine model is that expression ofRas from theVillin
promoter leads to constitutive activation as well as -expression of Ras oncogenes.
Another study investigating the effects ofR@sactivation from the endogenous promoter
failed to detect anyalterations such as misregulation of proliferation in the intestinal
epithelium (Guerrat al 2003). Whereas the expression eRids (V12) on its own have not

been associated with abrogation of intestinal homeostasis or intestinal tumorigenesis, when
comhbned with heterozygous loss of Ape a longterm study it leads to acceleration of
tumorigenesis as well asore invasive properties in comparison to animals with a functional

K-ras oncogenéSansonet al.,2006).

Although many mouse models with activatimutations in Ras genes have been generated
over the yearsthese results suggest thatré&s plays a minor role in the maintenance of
intestinal homeostasis and tumour initiation however together with other elements- of Ras
Raf-MAP pathway it plays a crual role in the progression of pexisting lesions.

1.2.3.4 PI3K pathway
1.2.3.4.1 Human mutations in the PI3K pathway

Phosphoinositid&-kinase (PI3K) pathway is one of the most frequently mutated pathways in
CRC however due to the number of different signalling traces involved as well as
various feedback loops it is still far from being understood. Similarly to MAP pathway
activation, PI3K signalling may be activateég binding of EGF to RTKs or it may also

become activated indirectly by-Ras. In first instancehe binding results in the dimerization
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and subsequent phosphorylation of both monomEhng. type of proteins that may bind
depends upon the different receptors such as insulin receptor substrate 1 (IRS1) may bind to
the activated IGF1 receptor with recepbound IRS1 functioning as a binding and activation
site for PI3K. Additionally in some cases, PI3K may bind directly to the phosphorylated
RTK. A different mechanism of PI3K activation is accomplished by Ras where PI3K binds
to the activated Ra&TP canplex. Migration of the active PI3Kand its binding to the
phosphatidylinositol 4 Bisphosphate (PI[4,5FP1P2) leads to the phosphorylation of PIP2

to phosphatidylinositol 3,4;Biphosphate (PI[3,4,5P(PIP3. Once PIP3 is formed, it can
activate sane/threonine kinase AKT whichpon further phosphorylation and full activation

is subsequentlgapable of activating mammalian target afg@mycin (mTOR)Downstream
effects of activated AKT involve many different substrates and processes such aomhibiti
of apoptosis by binding and preventing the activity of BAX, activation of protein synthesis
via mTOR and translation factor S6#t regulating proliferation by maintenance of low

concentrations of FOXO protein.

In normal PI3K signallingthe antagonistfahe PI3K,the phosphatase and tensin homologue
(PTEN) dephosphorylates PIP3 terminating PI3K signalliripwever n many cases of
cancer,PTENis mutated or lost leading to the accumulation of PMAGtations iInPTEN
gene have beempreviously identified in both Cowden syndrome and BannayRitey-
Ruvalcaba syndromigelonging to thdnamartomsous polyposissyndromes (Blumenthal and
Dennis, 2008)Sporadic mutationgn PTENgeneare associated witmany different types of
cancer such as skiprostate breas cancer as well as CR(Salmenaet al., 2008). With
exception to PTENnutations inAKT genewere found in 6% of CRCs (Carptenal.,2007).

1.2.3.4.2 Mouse models of alterations in the PI3K pathway

The germline mutations in PTEN tumour suppressor gene of PlgiKadiing have been
previously reported in Cowden syndrome which predisposes affected individuals towards
colorectal tumorigenesigarly studies on PTEN function showed tRé&gnis required during
murine embryogenesis whereas a small proportion of Rtmdzygous animals revealed the
presence of colonic carcinomas (Di Cristofat@l, 1998, Suzuket al, 1998).The etiology

of juvenile polyps developed by CS patients remained eldigiv@any yearsmplicating the

loss of PTEN in the stromal compa#nt as a contributing factofransgenic mouse model

of PTEN losgecapitulating the juvenile polyposis in the colonic epithelium reportedhbat

absence of requirement for stromal PTEN deletion for the formation of juvenile polyps
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further implicating tlat polyps found in the colorectum of CS patients eady precursor
lesions of neoplastic transformation (Marsh al., 2014). Furthermore the same group
previously showed that in the context of intestinal homeostasis loss of PTEN does not lead to
abrogaéion of normal cryptillus architecture however in the context of Apc loss and
aberrant Wnt signalling it accelerates the formation of adenocarcinoma through increased
activation of Akt levels (Marskt al.,2008).

1.2.4 Geneticmodel of CRC progression

Consdering the numerous molecules and signalling pathways involved in the maintenance of
intestinal homeostasigmdication by Foulds (1958) that cancer is a multistep process where
sever al irreversible changes #din peams & ber mo r
perfectly thoughtThe identification of molecular evendeterminant of the initiation as well

as progression of tumorigenesis required years of extensive research nowadays it not only
provides us with an insight into basics governing tumoeges but also is critical for the
development of novel therapies to treat can€arer 30 yearsafter Foulds Fearon and
Vogelstein proposed theigenetic model of colorectal cancer progression based on the
extensive study of genetic and histopathologitzth whichremains the most comprehensive

model until today (Fearon and Vogelstein 1990). At the core of this model lies the notion that

in regards to tumorigenesis seen as continuum, the accumulation of mutations in multiple
tumour suppressor genes arrdtp-oncogenes results in the transformation and progression

of tumorigenesis from early neoplastic lesions into advanced and invasive forms of tumour.
Importantly, although genetic alterations in particular genes frequently occur along the
preferred sequee, in regards to tumour progression it is the gradual accumulation rather
than chronological order of genetic changes that is responsible for biological features of CRC
tumours(Figure 1.9)(Fearon and Vogelstein 1990). Consistent with the proposed ofder
genetic alterationspnut at i ons i n the Wnt pat hwacgtenmuch a:
or most frequently loss of Apc tumour suppressor gene leading to the aberrant activation of
signalling lay are critical event for CRC initiation. As adenomesggess towards more
advanced stages of adenoma, they acquire activating mutations in KRAS onengene
allelic loss of chromosome 18q. Detailed mapping of this region identifieléted in
colorectal cancer(DCC) as potential candidate with tumour suppoesapacities however
transgenic studies later revealed that DCC does not predispose or accelerates the progression
of tumours in Apt¥'™ mice (Fazeliet al. 1997) In the absence of phenotype of DCC loss,

other genes such as SMAD2 and SMAD4 effectors@~b / B MP p mapped/ @ the
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same region on the chromosome 18qg have been suggested as tumour suppressoet (Eppert
al. 1996). Lastly, the loss of chromosome 17 short arm contaifi?locus encoding p53
tumour suppressor was one of the final stegSRE tumorigenesigvolving the progression

to malignant disease (Fearon and Vogelstein 198%9. mutations in p53 were reported in
over 50% of carcinomas and often coiradwith the allelic loss of 17peading to its
associatiorwith the progression diumours from adenoma to carcinoiiigro et al. 1989,
reviewed in lacopetta 2003).

Presented genetic model of CRC progression suggests that formation of carcinoma would
require more than five genetics events with adenoma arising as a result of fevegioatier
(Fearon and Volgelstein 1990) however taking into the account theionutate in normal
human tissue such a number of independent genetic changes is implausible to be achieved
(Kinzel and Vogelstein 1996)n regards to this, two other pathwaysQ@RC tumorigenesis

exist allowing for cancer progressidreviewed in Duitan et al., 2002) Microsatellite
instability (MIN) pathway involves alterations in timismatch repair system such as those
reported in HNPCC leading to a marked increase in mutat@ie and eventually
microsatellite instability. In contrast, chromosomal instability (CIN) pathway is characterized
by chromosomal lesions due to the escalation in the chromosomal rearrangements where CIN
is frequently associated with loss of Apc funotig-oddeet al.,2001). The predominant form

of genetic instability in CRC is CIN accounting f85% and MIN respectively for 15% of
sporadic CRC cases. Moreover, mutations found in CIN colorectal cangeeriitey involve

wnt, RasRat-FMAPK, TGRFb/ BMP and p53 pathways further

signalling cascades in the CRC (reviewed in iDanet al.,2002).
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Figure 1.9. Genetic model of CRC progression from adenoma to carcinoma. The stéfalin the CRC
tumorigenesis involving the transformation of normal intestinal epithelium into aden@ssoiciated with loss
of APC. As the tumour progresséswards more adveed stages it accumulates additional mutatiolesge
adenomas and early camomas acque mutations in th&KRAS followed by loss of chromosome 18q with
SMAD4and mutations iTP53 The original source of diagram: Walthetral.2009
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1.2.5 Colorectal cancer stemcell

The concept of colorectal cancer stem cafisthe meaby whichtumours are propagated

has becomef a great interest in the last few decades. Unveiling of such a mechanism would
in turn have major implications on the detection of cancer, therapeutic compound discovery
as well as metastasis amongst Wi¢haet al. 2006). Early observations of tumours revealed

the heterogeneity amongst them leading to the formulation of the stochastic model.
According to this model, all cell types ranging from stem cells to early differentiated cells
had equal capacity toecome cancegell of origin whereas the genomic instability of those
cells and microenvironment accounted for the differential phenotypical charactedtistics

et al. 2007). An alternative model, notably cancer stem cell model suggestethéhat
existence of a sp#ir subpopulation of cancer cells characterized by the-reeéwal
capacity and pluripotency that drive tumour progression and heterogeWeiy ét al.
2010).Consistent with this notion, targetind the cancer stem cells clinically would result in

the eradication of tumour in contrast to targeting other cancer cellst @e009).

The requirement for accurate markers of those cancer stem cells exist in order to pursue the
idea of developing the therapy specifically targeting this subpopulaticanaier cells. One

of the firstcolorectal cancer stem cells markatentifiedwas CD133 (Prominii). A study

using renal capsule transplantation into +otxese diabetic/severe combined immune
deficiency (NOD/SCID) mice found that only@D133 cells were capable of initiation of
tumour growth showing over 200 fold enrichment for cancer initiating cetemparison to
CD133 cells (O'Brien et al., 2007). The identification of other colorectal cancer stem cell
markers including CD24, CD29, CD166 and Lg#as based on their expression in the
CD133-derived culturegVermeulenet al.,2008).| n contr ast t oetaleports
(2007), Shmekov and his colleagues showed that CD133 is widely expressed in the human
and mouse metastatic colon cancers undeng its potential as colorectal cancer stem cell
marker (Shmelkowet al. 2008) Another study by Dalerbaet al. (2007) found that highly
proliferative cells capable of forming tumour morphologically resembling the original lesion
were characterised by thleigh expression levels of epithelial cell adhesion molecule
(EpCAM) and the presence of the cell surface marker CD44 suggédstingct as potential
cancer stem cell marker(®alerba et al., 2007 Whereas the identification of numerous
cancer stem cellsmarkerswould facilitate the targeting of this subset of cancer cells, the
qguestion of which of those cell surface markers are required for cancer cell survival remained

unresolvedRecent study by Barkest al. (2009) has provided strong evidence in suppf
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the notion that the intestinal cancer stem cell is a cell of origin of QRE.activation of
aberrant Wnt signalling through conditional loss of Apc in the Lagr&stinal stem cells but

not in progenitor or early differentiated cells resultethm rapid adenoma formatioBdrker

et al. 2009. Lineage tracing usingiulticolor Crereporter R26RConfettiby Scheperet al.
(2012) identified Lgr5 intestinal stem cell markeraamarker of adenoma cells traefuel

the growth of established intesdl adenomasScheperset al., 2012). Thisnotion indicating

that intestinal stem cell markers can equally be expressed in a subset of colorectal cancer
stem cellswas confirmed by an analysis of gene expression signaturbkebgsSuarez et

al. (2011) EphB2enriched intestinal stem cells were shown to be capable of tumour
initiation in immunodeficient animals together with the enrichment of cells characterised by
this gene expression signaturerecurrent and metastatic CRC ca@égrlosSuarezet al.,
2011).

In summary,whereastheseobservationssupport thecancer stem cell hypothesis, several
important questions including the nature of tumour relapse and the role of tumour
microenvironment will have to be addressed prioth® development of cancetem cell

targeted therapies

1.2.6 Mousemodels as a tool forecapitulating human colorectal
tumorigenesisand translational research

Due to the nature of CRC tumorigenesis comprising of an array of molecular changes in
different signalling pathways involved requires appropriate models to recapitulate all
aspects of the disease which would enable discovery and validation of novel compounds and
therapies in future. Use of human cancer cell lines for validation of potential candidates and
drug testing was anof the first platforms allowing for examination of some crucial cellular
features of cancer cells such as proliferation and apoptosis levels, clonal survival,
invasiveness capacities and in particular their ability to generate tumours in
immunocompromisg mice.Whereas human cancer cell lines provide relatively cheap means
of assessment ofirug validation there are several shortcoming worth considering.
Importantly, many of human cancer cell lirfesve been isolated many decades ago and since
then they hee been continuously propagated implicating that due to the native mutation rate
as well as some genomic instability they might no longer recapitulate the phenotype of their
tumours of origin. Another issue is the setting ofitheitro experiments as tlse cancer cells

are taken out of the context of their natural microenvironment and factorsvo. The
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mentioned limitations are ovemte partially by the use of method of transplantation of
cancer cells into immunodeficient animals howewgections ofcells into the skin flank do

not mimic their normal settingnlithe light of the importance and dependence of those cancer
cells upon the factors and interactions with microenvironnseich as with surrounding
stroma or immune systernhe absence of fullecapitulation of tumour microenvironment by
xenotransplant procedupgovides an avenue for cancer cells to become more susceptible to
anticancer therapies. Consequently this leads to significantly reduced pool of potential anti
cancer compounds after wddtion in appropriate murine models that are successfully applied
in human studies (Olivet al. 2009). Therefore the recapitulation of molecular events and
cancer phenotype of such a complex disease like colorectal cancer requires the development
of murine models of human cancers capable of mimicking both natural tumour environment
as well as being easily reproducibl@espite of some genetdifferences between humans

and mice, these aninsadre a great animal cancer model characterised by short refiveduc
period, the presence of wedlstablished transgenic techniques and similar gene expression
regulation. The use genetically modified mouse models (GEMMs) in CRC studies carries
some limitations revealed by early transgenic experiments showing thatttodteontrol of
transgene expression levels is somehow limited with expression levels of many proteins
surpassing those found in human counterparts. The localisation of intestinal neoplasia in the
murine models of CRC differs significantly from that foum humans with a vast majority

of lesions found in the small intestinal epithelium. Moreover the progression of CRC towards
more malignant phenotype according to the model propos€edrpn and Vogelste{f1990

hasnot been successfully recapitulatadice.

In summarywhereas the process of the CRC initiation have beendsstiribed appropriate

advanced murine models are required in order to overedirimitations imposed biyn vitro

studies or xenotransplantation approaClonsidering the inteedating roles of different

signalling pathways in CRC tumorigeni s , more MAhumani sedo model
would provide the better learning platform for understanding of cancer progression as well as

a validation platform for novel compounds.
1.2.6.1 Constitutive transgenesis

The generation of GEMMs recapitulating the phenotype of human cancers requires the use of
transgenic techniques in order to mimic the mutations that comprise of that particular

phenotype. The generation of first targeted deletioof hypoxanthineguanosine
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phosphoribosyl transferagelPRT) by Kuehnet al. (1987) set the stepping stone for the
decades of studies in generating mouse models of gene deétetroo. Numerous murine
models of constitutive gene deletion have been gexgesahce then providing a great deal of
insight into the redundancy and function of many genes in the embryogenesis. However this
technique carries some restrictions due to the nature of the gene deletions.

Most importantly, physiological functions of magenes have not been uncovered as they
have been found to be necessary for normal embryonic development whereas constitutive
loss of those genes resulted in the-ipnplantational or embryonic lethality. This have
subsequently led to situations where tthke of particular gene could not been investigated in
the context of adult tissue homeostasis and tumorigenesis due to its role in the early
development of the embryo such as in casBtehtumour suppressor losBi( Cristofanoet

al., 199§. Another limtation is the use of constitutive knedown is that the expression of
targeted gene is lost in the whole organism. Tispezific effects of gene deletion cannot be
investigated and accounted fos @omplications in other systems may lead to severe
pherotype besides tissue of intereStoreoverconstitutive deletion of a particular gene in all
cells of the organism might mask trextend of tissuspecific consequences through the

changes in other systems and tissue microenvironment.

1.2.6.2 Conditional transgenesis

Considering the limitations imposed by the constitutive transgenesis together with the fact
that in many cases heterozygous deletion of a gene is insufficient for tumour development, an
alternative approaches were requiredtfor investigaon of tissuespecific effects of gene
targeting. Conditional émsgenesis systems such asi sggecificrecombination using LoxP
sitesor Teton and Tebff systemensures more stringent control over gene manipulation.
CreloxP (Causes recombination @r- Locus of crossover of bacteriophage Pl (loxP))
involves the Cre, a DNA recombinase driven under the expression of a particular promoter
and LoxP siteshat are 34 base pair sequences from bacteriophage P1(Sauer and Henderson,
1988). Upon the inductionof Cre activity, the recombation between LoxP sites occurs
leading to the excision or inversion of flanked sequeReeombination may lead to loss of
tumour suppressor gene when LoxP sites flank the sequence necessaradovity. The
excision oftranscription stop cassettesults in the constitutive activation of an oncogene.
Cre-LoxP system is most frequently usem exploit inducible promoter that are normally

transcriptionally silenced however upon the induction with xenobiotic thegome
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expressed. One of the most commonly used inducible Cre recombinases is AhCre
recombinase consisting of a rat cytochrome P4501A1 gen€yplA) which is
transcriptionally silent in normal conditions whereas the administration of xenobiotic such as
b-naphthoflavone results in thieteraction with aryl hydrocarbon receptor, translocation to
the nucleus where it binds to the CyplAl promoter and initiates transcription (lezlahd
2004). The control of transgenesis at the translational level iseaehi by issuespecific
promoters. An example of such a promoter is Cré#Rsgene encodinGre recombinase
estrogen receptor fusion protein which is activated in the presenige estrogen antagonist
Tamoxifen The binding of Tamoxifen to the ER domaiof the protein allow for
translocation of Cre into theuclaus subsequently leading to the catalysfsecombination
between loxP sitedDual control at both transcriptional aposttranslational level ensures
stringent control over expression of tsgenewhich is illustrated by AhCreER transgene.

FLP/FRT is similar to Cre.oxP system of control of expression of gerfdsP? recombinae
is extracted fromSaccharomycegerevisiae (Dymecki, 1996and togetherwith FLP
recognition target (FR)Tsites areriserted into the genom®ne of the crucial limitations of

this mechanism ia substantial thermolability and limited activity

Overcoming of the main disavantages of both-QyeP and FLP/FRP systems which is the
irreversibility of the genetic alteratisndriven by the excision or inversion of targeted
sequence was generation of -bet and Tebff gene expressiosystemcontrolled by the
tetracycline Tet repressor proteintilized in this systenvoriginates fromEscherichia coli
(Gossen and Bujard, 1992nd t can induce orsuppress expression of target gene
response to administratioof the tetracycline derivativdoxycycline (Gossen and Bujard,
1992 Gossen et al., 1995).

1.3 Brm as a potential therapeutic target for Wntdriven
tumorigenesis
1.3.1 Chromatin structure and chromatin remodelling

DNA is tightly packaged into chromatin which importantly serves as a very important
mechanism of controlling the expression of genes within that sequence. The core unit of

chromatin structure is nucleosome consistingl4? base pairs of DNA that are wrapped
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around an octameric core of histone proteins: H2A, H2B, H3 and H4. These repeating
nucleosome structures are bundled together in order to form a Joiglegr organized,
condensed chromatin. Such a condense asserhBliNA prevents the interactions of some
DNA sequences with elements of transcription machinery, consequently regulating the gene
expression. However as the chromatin is a very dynamic structure capable of responding to
the external signals the process tedrchromatin remodelling may later the level of DNA
packaging. The chromatin remodelling may be achieved by three different mechanisms: DNA
methylation, histone modifications or AJdependent chromatin remodelling. DNA
methylation is one of the major medns epigenetic signalling and it involves the addition of
methyl groups to cytosine residues by DNA methyltransfereses converting them from
cytosines into Snethylcytosines. Usually those methylated cytosine residues are adjacent to
guanine residues formg methylated CpG sequences dispersed across the whole length of the
genome with exception of CpG islands comprising of large clusters of CpG sites that remain
unmethylated. The methylation of those CpG islands results in inappropriate gene silencing
such as silencing of the tumour suppressor gene sequences and it is therefore widely
recognized as an important component of cancer development. Histzhfying enzymes
catalyze the changes attBrminal tails of histone proteins such as methylation, acitylat
phosphorylation, ubiquitination, sumoylation and ABBosylation. Those modifications
affect interactions between the negatively charged backbone of DNA and the positively
charged residues within histones and hence tighten or loosen the chromaturesti=inally,
ATP-dependent chromatin remodelling complexes are regulating the gene expression by
being capable of moving, ejecting and stabilizing nucleosomes. Each complex comprises of
an ATPase subunit which together with the energy from ATP hydsogsables them to
perform their function.

1.3.2 Mammalian SWI/SNF and its subunits

SWI/SNF chromatin remodelling complex was initially identified 8accharomyces
cerevisiaeand subsequent purification of complexes containing homologousdapéndent
nucleosomaemodelling activity identified related complexesDmosophila melanogaster
and mammalians (Wanet al., 1996). SWI/SNF chromatin remodelling complex is one of
four families of SWilike, ATP-dependent chromatin remodelling complexes which share an
evolutonarily conserved SWike ATPase catalytic domain with other functional domains

being unique to particular familythe main function of SWI/SNF complexes is coordinated
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regulation of gene expression playing a crucial role in devedopnand stem cell

pluripotency.

The main components of mammalian SWI/SNF complexes are catalytic ATPase subunits:
brahma (BRM; SMARCA2) or brahmzlated gene 1 (BRG1; SMARCA4) which are
mutually exclusive. Thessomplexes also consist of a minimunhighly conserved suburst
referred as Brm or Brgassociated factors (BAFs) such as BAF47, BAF1BAF170

BAF53, BAF57, BAF60A, BAF250 orBAF180 and othervariant subunits that are
contributing towards targeting, assembly and regulation of those complexes (Muchardt 1999).
Wherea 13 BAFs have been identifies so far, no SWI/SNF complex containing all of those
subunits exists. The number of mammalian SWI/SNF components greatly exceeds those
found in Drosophik and Saccharomycesuggesting exceeding structural and possibly

functiond diversity (Wanget al.,1996).

Recently SWI/SNF complexes have become a novel link between chromatin remodelling and
cancer development as alterations in chromatin structure can lead to changes in gene
expression leading to tumorigenesis in some cadettions in subunits of thes®mplexes

have been found to be present in different types of cancers and suggest having an effect on
the tumour suppression (Coledtal., 2010, Glaroset al.,2008, Sevenett al., 1999, Suret

al., 2007, Wilsonet al.,2011). One of the core members of SWI/SNF, SNF5 (BARMI1)

has been identified asona fidetumaour suppressor gene that is ldsine allele of BAF47

being deleted whereas the other allele is mutated or silenced by methyilaticegrly all

cases opaedatric malignant rhabdoid tumws (Biegelet al., 1999, Versteeget al., 1998)

and currently is used as a marker gene for thoseurario the field of diagnostics. Mice
heterozygous for SNF5 gene develop rhabdoid tumbistologically resembling thoseuiod

in humanscharacterized by high aggressiveness and invasiveness and frequent metastasis to
lungs and lymph nodegdelBoveet al., 2011, Guidiet al., 2001, Klochendleet al., 2000,

Roberts 2000)Heterozygous deletion of BAF47 subunit has been detectenany cases of
chronic myeloid leukemia (CML) (Granet al., 1999) and conditional inactivation of one
allele in mice results in lymphomas or rhabdoid tumours with 100% penetrance (Roberts
2002). BAF60A has been found to bind p53 and has been linkedgaancer risk (Hsiaet

al., 2003, Gorlovet al.,2005). Furthermore BRG1 heterozygosity confers mice being more
prone (10%) to develop mammary tumours indicating that its haplosufficiency of that gene
can drive tumorigenesis (Bultmaat al., 2007). Furthermore, approximately 10% of human

45



primary lung tumours are deficient in both Brgl and Brm indicating a poorer prognosis than
patients whose tumours express either of ATPases (Reistnain 2003, Fukuokeet al.,
2004).

Strong evidence exists suppagithe role of SWI/SNF complexes in a number of processes
that are critical for selfenewal and proliferation, cell cycle control, and cell differentiation
whose abrogation is essential for tumour development and growth suggesting SWI/SNF

complexes to fuction as potential tumour suppressors.

1.3.3 Comparison between paralogues Brm and Brgl

Human Brmcatalytic subunit is highly homologougth Brgl (75% in humans) in its amino

acid sequence and possesses highly conserved structures. At theNBiefiinus betwen
residues 2282 we find a region with high sequence divergdnmm corresponding region of

Brm. Within that particular region between the residues-Z84 Brm contains a polyQ
domain encoding about 33 glutamines which is absent from Brgl (Reetrahr2009). The

role of this polyQ repeat has not yet been explored however the data from C33 and SW13 cell
lines revealed the presence of the variable length polyQ repeats among those cell lines. Brgl
contains 99 base pair extocated between 1236334 bpthat is unige to this protein and

not present in BrnfKadam and Emerson 2003, Reyes 1998).

The other six conserved domains in Brm and Brgl include: QLQ domain, a gioline
domain, ahelicaseSANT-associated domain, an ATPase domain, abiRbing donain and

a Bromo domain. At the ferminus QLQ domain (Brm 16808, Brgl 17€200aa) contains
conserved glutaminkeucineglutamine motif and is believed to mediate the proepetein
interactions. A prolingich domain is distal to the polyQ domain of Band proximal to

HSA domain of both Brm and Brgl (Brm 2855, Brgl 216345aa). The ATPase domain of

Brm and Brgl consists of helicase and DEAD box domains which are the main elements of
ATP-dependent DNA unwinding mechanism. The free energy released fremATP
hydrolysis stimulates the translocation of those helicases along the length of DNA which in
turn unwind the duplex DNAhelicasebANT-associated domain (Brm 4&D0, Brgl 475
525aa) is often associated with helicase activity and DNA binding. Rbid@oaprises of
LxCxE motif (Brm 1356, Brgl 1292aa) which is essential for binding to members of the Rb
tumour suppressor family. At the-t€rminal, a bromo domain is present (Brm 13&00,

Brgl 14551575aa) functioning as a binding element for acetyl&istbnes and it is an
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important element securing the association between SWI/SNF remodellingeges and

chromatin (Figure 1.10

N-terminal ATPase domain C-terminal
A |_ |
BRG1 | I ;1647
0 o =
BRM | ] 1570
(aia [ vova [ v [ =
1-282 123;1334

Figure 1.10Structural domais of Brgl and Brm ATPase subunits include six common domaias afre
evolutionarily conerved: QLQ, prolingich, HSA, ATPase, RB and bromodomain. Proximal to QLQ domain,
polyQ domain is present exclusively in Brm whereas a 99bp exon located before the LXCxXE Rb binding
seguence is unique for Brgl

Taken together, Brm and Brgl subunits drarsig multiple domains within their structure
most of which are evolutionarily conserved however -homologous region near -N
terminus and 99bp unique exon which may account for some differences in functions of those
two ATPases.

Biochemical activity of Bm and Brgl differs significantly as deletion of Brgl but not Brm
results in aberrant chromatin organisation involving redistribution of histone modifications
and dissolution of pericentromeric heterochromatin domaimirgo et al., 2009. These
differenes in biochemical properties may account for difference in severance of the
phenotype of murine knockout of Brm and Brgl as those ATPases are likely to possess
distinctive roles in chromatin remodelling as well as regulating different downstream genes
(Bultmanet al.,2000. Homozygous deletion of BRG1 is embryonic lethal wherea rtinat

lost both copies of Brrare still viablebut interestingly thegxpress veryittle or no CD44
(Banineet al., 2005, Reyeset al., 1998) The lack of strong phonotype the Brm mutant

may be due to the ability of Brgl to compensate for Brm deficiency (FRews1998).

Previous studies of SWI/SNF chromatin remodelling complexes during male meiosis suggest
that Brm and Brgl may have complentary, nofredundant rolesKim et al., 2012.
Contrary to this observation, Brm is unable to compensate for loss of conditionally deleted

Brgl allele in developing hematopoietic and endothelial cells questioning the functional
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redundancy between Brm and Brgl ATPases in vigff{ n et al.,2008. Similarly, in vivo

study of a retinoblastorAaduced growth arrest of human melanocytic nevi supports that
notion. Cell culture studies of osteoblasts have also suggested the distinctive roles of those
two ATPases as Brm negatively regekatosteoblastlifferentiation and in contradrgl
promotes this process (Floweatsal.,2009).

It has been showthat both ATPase subunits of SWI/SNF complex Brm and Brgl can have
distinct roles in regulating transcription as they associate with diff@r@moters as well as
preferentially bind distinctive classes of transcription factors in response to signalling
pathways BRGL1 binds zinc finger proteins via domain that is not present in BRM but BRM
can uniquely interact with ankyrin repeats which Hssin differential promoter targeting
(Kadam and Emerson 2003). Those two proteins that belong to the ankyrin family, ICD22
and CBF1 play a crucial role in as regulators of Notch signalling pathway and therefore can
inhibit differentiation, and thus altéate of the proliferating cells.

Both, Brm and Brgl proteins are involved in the regulation of cell cycle. In SW13 cell line
expression of either of proteins induces growth ari@shéiefet al.,1994,Shanaharet al.,

1999, Stroberet al., 1996 which has been indicated as an effect of the interaction between
those ATPases and tumour suppressor and cell cycle control Rb (retinoblastoma) protein
(Asp et al., 2002 . Functional Brm protein is necessa
and binding of Rb protein to chromatin during cellular senescence in vivo.

Brm and Brgl are also capable of inducing the changes in DNA methylation at the promoter
sites of CD44 and {€adherin genes in order to promote transcriptional activation.
Hypermethylation of those two promoters is observed in cells that have lost Brm or Brgl but
restoration of ATPase activity by transfection with either Brm or Brgl induces loss of
methylation,activation of transcription and CD44 andc&dherin expression in those cells.
Proposed mechanism by which Brm and Brgl could influence the methylation of the
promoters may involve recruitment of demethylase to those promoter sequenbgs or
blocking the nethyltransferaes Banineet al.,2005. Previous studies have shown that Brm

and Brgl proteins possess the ability to enhance transcription mediated by the glucocorticoid
receptor Muchardtet al., 1993 Wanget al., 1996), the estrogen receptor (Chib®4pand
retinoic acid receptoChiba 1994.
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1.3.4 Physiological functions of Brm

Murine studies of spermatogenesis and oogenesisodstrated that a decrease in the
methylation of CpG islands within Brgromotercorrelateswith an increase in expression of

Brm (Nagraniet al., 2011 which facilitates its transcription. Brm is actively recruited to
cyclin A promoter bycyclin A bipartite repressor sequenaed consequentlgnaintains the

state in which cyclin A promoter is tightly wrapped around nucleosogpesssing cyclin A
expression. Moreover quiescent cells that are deficient for Brm fail to repress this promoter
suggesting that Brm isecessary for repression of cyclin A dgyiearly phases of cell cycle
(Coisyet al 2004.

In NB4 resistant cell line (retinoidmaturationresistant NB4-LR1 subclong CD44
expression is silence due to the methylation of CpG islands and underacetylation of H3 at
CD44 promoter. Theeversing CD44 gene silencing and thereferexpression offunctional

CD44 signalling pathay is facilitated by cAMP which recruits Brm andun to the sites at

the CD44proximal promoterwhere Brm is shown to be involved in theosstalk between
transcription ad RNA polymerase |l processing and atlse binding of phosphorylated RNA

Pol Il to the proximal promoter region of CD4Abercassist al., 2008. In the same cell

line, UV-irradiation induced apoptosis leads to the cleavage at carboxyl terminus of Brm by
cathepsin G. The subsequent removabm@imodomairnof Brm leadsto the disruptionof its
association with nuclear matrix and inactivation of Brm proteirit amnnot perform its
functions in a same manner as felhgth Brm. This rapid inactivation of Brmesuling
indicates possible mechanism by which cells are becoming apoptotispnse taDNA
damageBiggset al.2007).

Brm has been reported to lentributing towards the crosstalk between transcription and
RNA polymerase Il processing of numeraene such as CD44, fadherin and cyclin D1.
Furthermore it is also found to kessociated with elements of spliceosome and ERK
activated enhancer of variant exon inclusion Sam68 facilitating the recruitment of the splicing
machinery and eventually inclusion of their variable exons of those g&bescassist al.
2008,Batscheet al. 2006.

It has been found thabifmation of the complex between cEBP and Br m -i nhi bi
driven gene expression and therefore proliferation of hepatic progenitor cells leading to
decline in regenerative capacity of aging liv€lo(boyet al., 2005. Smilar interaction
between cEBRJ and Brm has b e-& breast bancer cellelidehererthe MC F
stimulation of hVDR transcription by binding betweeBEBRU a n d is Bhibited by
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mutation in Brm ATPase domaiiphawanet al.,2009. Brm has beemlso shown to form
complex with MeCP2 in methylatiemediated gene silencing of gene promoters ABCB1 and
THBS1 in cancer cell lines suggesting its ATPase activity is playing important role in co
repressiommechanism(Harikrishanet al.,2009

1.2.4.1Brm interaction with Notch signalling

As previously mentioned in section 1.2.3 ChIP analysis of both ATPase subunits of SWI/SNF
chromatin remodelling have detected an exclusive interaction of Brm but nevewiingl
ankyrin repeatsdomains which results in dfierential promoter targetingKadam and
Emerson 2003). The two proteiitentified belong to the ankyrin family, ICD22 and CBF

play a crucial role in as regulators of Notch signalling pathway and therefore can inhibit
differentiation, and thus alter fatef the proliferating cells.This data suggest that
manipulations of Brm levels may have an effect on Notch signalling which regulates multiple

processes in the intestinal epithelium.

1.3.5 The role of Brm in mammalian development

Brgl null animals similarly t&SNF5deficient mice are embryonic lethal whereas Brm null
mice are viable suggesting a differential role of Brm and Brgl in mouse development.
early development of murine embryo Brgl is expressed during thémplantation
development and Brm expressilevels are detectable from blastocyst stage onward which
also marks the first cell fate decision event. During this first differentiation event, cells within
blastocyst saalled inner cell mass are destined to become a proper embryo and external
cells give rise to the trophectoderm that forms the embryonic part of placenta. Brm is
uniquely restricted to inner cell mass however it becomes expressed-igpeeBpecific
manner after the differentiation of embryonic stem cells (LeGouy 1998).

In adult ammals, Brm is preferentially expressed in cell types such as brain or liver which do
not undergo continuous seknewal and proliferationBrm is dispensable for thymic
development, does not contributéswards the phenotype as well as beungable to
conmpensate for loss of Brgl in T cells (G#ti al., 2003, Gebuhet al., 2003). Enzymes of
SWI/SNF chromatin remodelling complex are necessary for activation of transcription of

musclespecific genes but are redundant for cell cycle arrest (de la Serna R®6pus data
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on embryos deficient for both Brm and Brgl showed no exacerbation of vascular phenotype

over that seen in single Brgl mutant (Griféhal.,2011).

1.3.6 The role of Brm as tumour suppressor

Consistent with the roles of both Brm and Brgl inuteing transcription of numerous genes
contributing towards processes involved in cell cycle, it implicates the importance of the
presence as well as functioning of those ATPases on cancer developrrentvimandin

vitro studies.

Furthermore, ammonpoint mutation in Brm has been detected in basal squamous carcinoma
and basal cell carcinomad Zwaanet al., 2010. Brm deficiencyis shown to potentiate
tumour developmeninduced by lunespecific carcinogen ethyl carbamdadng to an
increase in nuivers of adenomas (Glaras al., 2007). Additionally, Brm expression is
absent in approximately 15% of human tumours such as bladder, ovarian, esophageal, breast
and lung (Glaroet al.,2007). Further analysis of primary lung carcinoma cases revealed that
independently of Brgl status Brm low expression or loss correlates with poor prognosis
suggesting that Brm loss may accelerate poorer cell differentiation andeliepith
mesenchymal transition KET) eventually leading to even more malignant phenotype
(Matsubaraet al., 2013). Similarly Brm loss in mammary epithelial cells promotes the
mal i gnant phenotype byYyepédmrdemtdutct amsc roifptC/ol
(Damiano 2013). Expression levels of Brm but not Brgl were significantly lower in grimar
hepatocellular carcinoma (HCC) and alike in lung carcinoma cases correlated with overall
poor prognosis.

Previous studies conducted in our laboratory lookihdgml loss showed thatpon the
activation of Wnt pathway due to Apc Igsaultiple adenomasofm within small intestinal
epithelium however Brgtleficient cells are selected against leading to suppression ef Wnt
driven tumorigenesisin comparisonjn Whnt-activated large intestine, Brgl deficiency is
tolerated in adenomas and Brm is overexpregs@&igl deficient tumour lesions

Consistent with the data, similarly to Brgl and BAF47 (SNF5), Brm is believed to function

as tumour suppressor. Whereas many tumour suppressor genes are inactivated in cancer by
mutations, Brm deficiency is caused by sdmg and therefore its expression could be
restored (Glarost al.,2007). Taken together, Brm-expression may therefore be a valuable

clinical target in many solid tumour types but regrettably interactions of Brm subunit with
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signalling pathways suchsaVvnt, Notch or BMP pathway responsible for maintaining tissue

homeostasis remaasyet unknown.
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1.4 Aims and objectives

The main objective of this thesis to explore theole of an active SWI/SNF chromatin
remodelling complex containing Brm catalytsubunit in the small and large intestinal
epithelium The enzymatic activities of Brm towardsicleosomaemodelling and therefore
the role of Brmin the control of transcription of genes involved in cell cycle and
differentiationimplicates its functiorin the maintenance of normal homeostasis as well as
during the cellular transformation during cancer development and progre&tiomng
evidence exists supporting the notion that aberrant activation of Wnt signialliagkey
initiation step in intestinatumorigenesishowever nodirect links between Brm and Wnt
signalling have been identified in contrast toteractions between Brm artthe Notch
pathway (Kadam and Emerson(&). This project aimdto further explore the possibility of
modulation of phenotpe observedh the small and large epithelium in the contexacititely
activated Wnt signallingn context of Brm loss which might be possibly mediatedBlom
effect onNotch pathway components changesn the expressiorof Brm paralogue Brgl
Upreguldion of Brm expression has been reported in Bigficient human cancers,
implying that a level of SWI/SNF chromatin remodelling is maintained, possibly through

compensation mechanism between the Brm and Brgl ATPases.

Initially, Brm null mouse model wilbeused tanvestigate theole of Brm ATPase subunit in
the small and large intestine by assessmeeffetts of Brm deficiency on the maintewa

of homeostasis withinormal, norneoplastidntestinal epithelium. This part of the project is
outlined inChapter 3 Furthermorel will assess the consequences of Brm deficiency in the
context of aberrant Wnt signalling dhe epithelium ofsmall and large intestinehich are
described in Chapter. 4astly, the consegences of combined deficiency lboth Brmand
Brgl catalytic subunitsvill be analysedwith respect to normdiomeostasisral acute Wnt
signalling activation in small and large intestinal epithelial allowing for the differentiation
between dependency on Broontaining complexes, Brglcontaining complexes or
synergistic effect of active SWI/SNF including both Brm and Brgl on the intestinal
phenotype in the epitheliunThis part of the project is being addressed in Chapter 5 of this
PhD thesis.
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Chapter 2

Materials and Methods

2.1 Experimental animals

All the animalwork conducted during this PhD studies have been carried out in accordance
with UK Animal Scientific Procedures Act 1986 aktK Home Office regulations under
valid personal(Joanna KrzystyniaB0/0673 and project licensedrof Alan R Clarke, year
20102015, 3/2737)

2.1.1 Transgenic constructsand animal models used in the project

A number of different transgenic mouse lines have beed imsethe needs of this project

with all mice being maintained othe mixed background. Some of mice have not been
carrying a Cre recombinase due to Bren allele being constitutively knockeaut with no

need for such a transgendlice carrying the Tg(Cyplalcre/ESR1)1Dwitransgene
(abbreviated in the text as AhCreER) are ind
napthoflavone which drives the recomaiion in small intestine, esophagus, stomach, liver,
gall bladder and bladdeg(Cyplaicre/ESR1)1Dwicreated by Douglas J Wintois a
trangene insertion 1 afytochrome 450@yplal rat promoter that drives thexpression of

cre recombinase fused withsEogen receptor I'he control over the Cre activity is greatly
improved in comparison tdg(Cyplaicre)lDwitransgene (abbreviated as AhCre)itas
regulated at two level$ by the transcriptionalkcontrol of AhCre promoteand by the
requirement forTamoxifen bindingto the fusion protein containing mutatedstrogen
binding domain This type of dual control at the transcriptional grdtein levelensures
tightly regulated tissuspecific recombinationkKemp 2004. Animals used for thex vivo

studies were bearing g(Vil-cre/ESR1)23Sytransgene (abbreviated VillinCre)here fusion
protein consisting of Cre recombinase and oestrogen receptor is transcriptionally controlled
by Villinl promoter and requires a binding of synthetic ligand of Tamoxi&rMarjou

2009). Animals carrying targeted disruption Bfm allele where the exon a has been replaced
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by neomycin resistance cassette together watigetedBrgl allele with lox P sites are
flanking exons 2 and 3 were provided by Christian Mucha&dlyés 998) (Figure 2.1a, 2.1
b). The targetedpc allele bearing the lox P sites present in the intronic sequences on both

sides of exon 14 wasaintainedn our laboratoryShibata 199y (Figure 2.1c)

55



Transcription

A 1kb
EcoR |
Xbal exon a Sma |
BamH | EcoR 1 Ncol Sac | Neol Xbal Ncol Ncol  Sac| EcoRI Xbal
' —_— ' . ORIGINAL LOCUS
TN X BamH | | &Xonb
/ ! Apal
F ; : = { 14 kb
i Ncol Sacgl \ Xb‘;)u_
s "\,
[ g - "1 neo } L KNOCK OUT CONSTRUCT
BamH | E)
probe 5° probe 3° EcoR |
Xbal Smal
BamH | EcoR 1 Neol Sacl Xbal Ncol Ncol  Sac!| EcoR| Xbal
T ——
' — e —_ ' - KNOCK OUT LOCUS
BamH | Xho | BamH |
Apal
I i 95k
1 23 4 56
+/+
B . Brg"/* __ L ] H—
| 1 | [
— —
RecFw GenFw GenRev/RecRev
ff 1 2 3 4
Brg" | > | | D | L
S . LI
—> N > «~
RecFw ™ Gepfw GenRev/RecRev
| A 56
Brg”fcret I W I I I »
— «—

RecFw GenRev/RecRev

Figure 2.1 Schematic representatadrihetargeted disruption d8rm geneandloxP targetedBrgl andApc
alleles anaheir primer positions. (Aexon a of the endogenoBsm locus has been replaced by the targeting
vector containingneomycin phosphotransferase (P-@&0) gene and thymididénase (PGKtk) gene both
linked to the phosphoglycerate kinase (PGK) promoter placed in seewéentation relative to Brm
transcription. Primers specific to the regions on the either side of exon a and vetgeme are indicated as 1,
2 and 3 ashte oligos used for genotyping of animbisPCR(B) Two loxPsites are placed in Brgl geime

order toflank exons 2 and 3. Primers specitd regions either side ttie second loxP site (GenFH@enRev)are
the oligos used for genotyping of animals by PCRumilchinose et al., 1997JC) Two loxP sites arplacedin

a way to flankeither side of exon 14 &pcgene. Primers spedaifto regions either side of thedt loxP site
(GenFwGenRev) are the oligos used for genotyping of anitf&tishata et al.,1997).
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2.1.2 Animal husbandry

2.1.2.1Colony maintenance

All animals were housed in tleemibarrieral facility and have been fed the Harlan standard
diet (Scientific Diet Services, RM3(E)) and water.

2.1.2.2Breeding

All animals were maintained asitbred Adult animals (68 weeks old) of a known genotype
were bred mainly as pairs (one male and one femedegly in trios (one male and two
females).Pups were left with their mother until they were capable of feeding independently.
Those pups weresually weaned at 4 weeks of age unless they were too small which meant

the risk of postveaning mortality was high.
2.1.2.3ldentification by ear biopsy

At the time thapups were weaned, the male and female littermates wezd sex separated
accordingly The method of animal identification involved ear clipping and the tissue sample

obtained through this procedure was used for DNA extraction and genotyping.
2.1.3 Experimental procedures

All experimental animals were aged until 70 days of age (10 weeks) befogesbijected to
any procedures. Intraperitoneal injections were performed using 1 ml syringe (&pdXan
and 26G needle (BD Mictance).

2.1.3.1Injection of Tamoxifen

Animals carryingthe VillinCre transgenewere induced by administration of Tamoxifen
(Sigma) in corn oil according to the high dose protocol of falaily IP injections of 80
mg/kg Tamoxifen in the powder form was measured out and added to amber glass bottle
containing corn oil to the final concentration ofh@/ml. The solution was then heatep to

80 °C with continuous stirring of the in order to aid the Tamoxifen to dissolve and finally
aliquoted appropriately and stored-20 °C. At the timeof the procedure, the solution was

briefly defrosted and heated up to 8D in the water bath and keat that temperature until
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immediately prior to the injection. At the end of the procedure, the remaining solution of
Tamoxifen was rdrozen and was further defrosted and used up to 3 times to minimize the

risk of Tamoxifen dgradation.
2.1.3.2 Injection of Tamoxifena n dnafithoflavone

Animals expressing the AhCreER transgene were inducted by administration of Tamoxifen

a n dnapbhoflavone solutiorCre recombinase activity and expression was achieved by five
bi-daily IP injections 080 mg / k-rmppthioflavone combined with 8dg/kg Tamoxifen at

the interval o f 12 hours b et wapthdlavoeeaamdh | nj €
Tamoxifen were dissolved in corn oil to obtain final concentrations omgdml. The

solution was then heatedp to 80°C in the water bath and furthetirred on the heated

magnetic stirrer until complete dissolution of both componeBdtstained solution was stored

at-20 °C and a single batch was used during thddily induction protocol which included

repeated cycles of defrosting andfireezing.
2.1.3.3 Injection of 5 -dBromo-2-deoxyuridine

Selected experimental animals were administered with a single IP injectio2sohlo f - 5 6
broma2-deoxyuridine at the concentration of big/ml (BrdU, Amersham Biosciences).
This procedure was conducted 2 hours or 24 hours prior to thettssef the animal in
order as a means to labelling all of the cells in thgh&se of the cellycle at that discrete

point of time.
2.1.4 PCR genotyping

All animals were genotyped by PCR using DNA extracted from the ear biopsies at the
weaning age of four weeks and furthermore all experimental animals were genotyped again
upon their death to confirm tigenotype. Majority of the primers were provided by previous
publications however if this was not the case they were designed using primer3 software at
http://fokker.wi.mit.edu/primer3/input.htm, checked for specificity using BLAST engine
against Ensembl adabase (http://www.ensemtoltg/Multi/blastview) and synthesised by

Sigma Genosys.
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2.1.4.1DNA purification

At the time of the ear biopsy, the tissue sample taken was placed in a 1.5 ml eppendorf tube

and stored at20 °C until analysis. DNA isolation was performed usthg 0 ¢ | of Cell
Solution (Gentra) and 5 ¢l of 20mg/ ml Prote
tissue and incubated with agitation at ‘€7 overnight. The following day the tube contests

wer e cooled to room temperature, then mixed
(Genta) and centrifuged at 13000 RAM 10 min in a microcentrifuge. The supernatant was
collected and placed in a fresh sdprog;molamnd eppe:i
centrifuged at 13000 RPNbr 15 min. Resulting supernatant was carefully removed and
discarded leaving the tubesao-d r y f or 1 hour . Purified DNA
PCRgr ade water (Si gma) and 2. Sed wlperfarh PGRh e s o

reactions.
2.1.4.2Generic protocol for PCR genotyping

PCR reactions were performed in a tiall 0.2 ml strip tubes (Greiner BiOne) or thin
wall 96-well plate and run using GS1 {&orm) thermal cycler. All the pipetting of the
reagents andNA samples was carried out using filtered pipette tips to avoid aerosol

contamination.

2.5 ¢l of genomi c DNA extracted from--ear b
channel pipette followed by the additianf 4 7 . prepared mastenix (Table 2.1)

containing all the remaining components of the reaction (distilled water, GOTaq 5X PCR
buffer (Promega), 25 mM Magnesium Chloride (Promega), 25 mM dNTPs (Bioline), Primers
(SigmaGenosys) and either GOTag (Promega) or Drdaop (Fermentas) DNA
Polymense) Striptubes were closed using caps (Greiner-Bite) whereas 9@ell plates

were sealed with aluminium foil tape ensuring that no air bubbles were present in the

mixture.

Reactions were run using cycle conditions outline@iahle 2.1.
The primer segences used for genotyping of the particular transgenes and the size of

respective products are providedTiable 2.2.
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2.1.4.3Visualization of PCR products

After the completion of PCR reactions the products were visualised using agarose gel elecrophoresis.
The reactions using colourless 5X PCR buffer (Promega) were mixedswitre | of DNA
loading dye (50% Glycerol (Sigma), 50% distilled water, 0.1% (w/v) BromophBlua

(Sigma)) while the reactions usis Green PCR buffer (Promegaere loaded without the

addition of loading dye. All samples along with an appropriate marker (e.g. 100 bp ladder
(Promega)) were loaded on#8%6 agarose gg¥ g agarose (Eurogentech), 200 ml 1X Tris
BorateEDTA ( TBE) buffer (Sigma), 10 ¢l 16f ¢e10 m
Safeview (NBS Biologicals))Gels were run in 1X TB buffer at 120 V for 30 minProducts

were visualised in UV light usin@hembDoc MP apparatus (BioRad).
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Table 2.1 Genotyping PCR reaction components and cyclin conditions

Cre/LacZ Responder ApcLoxP BrglLoxP Brm null
PCR Reaction Components:
DNA extract See section 2.1.4.1 2.5¢ | 2.5¢ | 2.5¢ | 2.5¢ | 2.5¢ |
Master Mix:
PCRgrade H20 (Sigma) 31.5¢ | 31.7¢l 31.7¢l 31.7¢l 31.6¢l
GOTaq PCR Buffer (56X, Promega) 10¢l 10¢l 10¢l 10¢l 10¢l
Magnesium Cloride (25 mM, Promega) 5el S5¢l S5¢l 5¢l 5¢l
dNTPs (25 mM, Bitine) 0.4¢l 0.4¢l 0.4¢l 0.4¢l 0.4¢l
Forward Primer (100 mM, Signtaenosys) 2 x 0.1¢l 0.1l¢l 0.1l¢l 0.1¢l 0.1l¢l
Reverse Primer (100 mM, Sigma Genosyj 2 x0.1¢l 0.1¢l 0.1¢l 0.1¢l 2 x0.1¢l
Taqg Polymerase 0.2¢l 0.2¢l 0.2¢l 0.2¢l 0.2¢l
Taqg Polymerase Brand GOTaq DreamTaq DreamTaq GOTaq DreamTaq
Total Reaction Volume: 50¢l 50¢l 50¢l 50¢l 50¢l
Cycling conditions (Time; Temperature) Cre/LacZ Responder ApcLoxP BrglLoxP Brm null
Initial denaturation 3 min; 94 °C 5 min; 94 °C 2.5 min; 95 °C 2.5min; 95°C 2.5 min; 95°C
Cycle number 30 30 30 35 35
Step 1 (Denaturation) 30 sec; 95 °C 20 sec; 94 °C 30 sec; 95 °C 30 sec; 94 °C 30 sec; 9£4C
Step 2 (Annealing) 30 sec; 55 °C 20 sec; 57 °C 30 sec; 60 °C 30 sec; 60 °C 30 sec; 61C
Step 3 (Elongation) 1 min; 72 °C 30 sec; 72 °C 1 min; 72 °C 1 min; 72 °C 1 min; 72°C
Final Extension 5min; 72 °C 5min; 72 °C 5min; 72 °C 5min; 72 °C 5min; 72 °C
Hold 1;15°C 1;15°C 1;15°C 1;15°C 1;15°C
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Table 2.2Primer sequences and size of productsenbtyping PCR reaction

Name Forward primer Reverse primer Product size

Cre specific TGACCGTACACCAAAATTTG ATTGCCCCTGTTTCACTATC 1000 bp

ROSA26:LacZ CTGGCGTTACCCAACTTAAT ATAACTGCCGTCACTCCAAC 500 bp

ApcLoxP GTTCTGTATCATGGAAAGATAGGTGGTC CACTCAAAACGCTTTTGAGGGTTGATTC WT at 226 bp; Targeted 814 bp

BrglLoxP CCAAGGTAGCGTGTCCTCAT CACTGCTCAGCTTCACTTGC WT at 407 bp; Targeted at 500 bp

Brm~ CCTGAGTCATTTGCTATAGCCTGTG CTGGACTGCCAGCTGCAGAG; WT at 310 bp; Targeted at 700 bp
CATCGCCTTCTATCGCCTTC
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2.2 Tissueharvesting and processing

2.2.1 Tissue harvesting

All experimental animals were culldaly cervical dislocation which was chosen amongst
schedule 1 approved methods of culling mice. The animals were dissectedi@sitireated
surgery room using a student migissection kit. The fumlong the ventral axis of the
animal was sprayed using 70% ethanal arcisions were made along the niide of the
abdomen, initially through the skin, then through peritoneal wall followed by two horizontal
incisions on both sides of the r¥ide in orcer to expose all contents of abdominal cavity.
The standard protocol of intestinal tissue harvesting was applied to all amireateption to
animals harvested fax vivostudies. Stomach together with about 0.5 cm of esophagus was
separated from theemainder of gastrointestinal tract. It was cut open in the middle with its
contents flushed away with running cold tap water. Once emptyotbstomach was folded

over the glandular stomach along the ridge separating respective parts and together with
esophagus they were fixed using surgical microtape. The small intestine from the pylorus
junction to the caecum was separated and it contents flushed away using syringe filled up
with ice cold 1X PBS (Invitrogen). The first 9 cm of the small intestine weserabled as a
Aswi ss r olal 9cm wdreecut@pen longitudinally, spread on the flat surface with
the intestinal epithelium sidep, rolled from the pylorus junction down using the forceps and
securing this conformation by piercing it throughtw3G syringe needle (BD Microlance).
Following 8 cm of the small intestine were cut into 4 eepiz¢ pieces and bundled together
with surgical microtapelhe tissue for RNA and protein extraction was taken from the next 5
cm of the intestinal epitheliurwhich were cut into 23 mm piecesplaced in areppendorf

and snap frozen in liquid nitrogen. Following 6 cm of the small intestine were cut into 3 equal
pieces and bundled using microtape. The remainder of the small intestine down to caecum
was fiswe dTde enticellength of the largetestinewa s fi s wi expectfrom!| | ed 0
the first 5 mm of the caecum and last 5 mm of rectum that were cut into half, the tissue

placed in an eppendorf and snap frozen in liquid nitrogen for RNA and protein extraction

The samples fromother abdominal cavity tissuasich as liver, pancreas, spleen, kidney and

bladder were takefor histological analysis as well as snap frozen in liquid nitrogen
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2.2.2 Tissue fixation

All the tissue samples collected for histological analysis were immersed in the ice cold
formalin (4% neutral bufferetbrmaldehyde in saline, Sigma) and quick fixed for 24 hours at
4 °C. In case of samples that could not be processed straight awayxattienf the tissues

were transferred into 70% ethanol and stored°& dntil processed.

2.2.3 Tissue processing for light microscopy

2.2.3.1Tissue dehydration

All the tissue samples collected during dissection were appropriately arranged in the
histocassettes amqfocessed by automatic processor (Leica TP1050). The dehydration of the
samples occurred as a sequential process involving increasing concentrations of ethanol (70%
for 1 hour, 95% for 1 hour, 100%x 1 hour 30 min, 100%or 2 hour3, xylene 2 x 1 hour

and eventually paffin 1 x 1 hour and 2 x 2 hour®©nce the dehydration process was

completed, tissue samples were embedded in paraffin wax.
2.2.3.2Tissue sectioning

5 em thick sections were cut from paraffin blocks using microtome (Leica RM2135). Those
pre-cut section were then floated on slides coated with+helysine (PLL) and baked at 58
°C for 24 hours.

2.2.4 Tissue preservation for DNA, RNA and protein

2.2.4.1Tissue collected for DNA extraction

The tissues collected for DNA extraction were placed in 1.Bppendorf, transported on ice
into laboratory and stored &0 °C until required for DNA extraction.

2.2.4.2Tissue collected for RNA and protein extraction

As previously brieflyexplained insection2.2.1tissue samples collected for RNA and protein
extraction vereremoved, cut into small pieces and transferred into a clean 1.5 ml eppendorf.
The tissue was arranged around the walls of an eppendorf in a way to avoid the single pieces
touching one another. This method was implied in order to enable the trarsfeglefpieces

of tissue once required for extraction without the need of defrosting whole block of tissue
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collected. The eppendorf was immersed in the liquid nitrogen as quickly siblpptater on
transferred onto the dry ic® be transported betweesemibarrieredanimal facility and

laboratory and eventually stored-80 °C until needed.

2.3 Histological analysis

2.3.1 Haematoxylin and Eosin staining (H&E)

Tissue sections have undergone the dewaxing and rehydration step as described in section
241land were i mmersed in Mayerbés Haemal um (R.
then washed under the running tap water for 5 min followed by staining in 1% aqueous Eosin
solution (R.A. Lamb). The excess of Eosin stain was briefly washed off using byafiey

second washes. Stained sections were subsequently dehydrated and mounted as described in

section2.4.9.
2.3.2 Quantitative histological analysis of H&E sections

Histological quantification of stained sections of tissue was carried out usi@iyarpus

BX43. The images representing histological traits analysed were taken using Moticam 5000
(5 megapixel, Motic Insuments) aided with Motic Images Advanced softwaesrgion3.2

Motic China Group).

2.3.2.1Scoring of crypt length

The crypt length was scored by counting the number of cells frorbabe of the intestinal
crypt up to the crypvillus junction where the bottormost cell was indicated as #1. Crypt
length was counted per half crygtlus and minimum of 50 crypts wereaed per animal.
In order to mairdinthe consistency dhe epithelium scoredhe proximal ensl of bothsmall
and large intestine werhoserfor the analysis.

2.3.2.2Scoring of villus length

The villus length was determined by counting the number of callm fthe crypivillus
junction all the way up to the tip of the villus. Similarly to crypt scoring, villus scoring was

conducted on half cryptillus axis and minimum of @ villi were scored per animal. Parallel
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to crypt length scoring mentioned above, \dlliength was scored for the epithelium at the

proximal end of small intestine.

2.3.3 Quantitative of histological traits using specific stains and

markers

2.3.3.1Alkaline phosphatase staining

The combined microvilli on the entire epithelial surface form the bhmider Alkaline
phosphatase is a brush bordpecific stain used as a differentiation marker to measure the
abundance of mature enterocyt&dides with tissue were dewaxed and rehyedl as
described in section 2.4dnd placed in the humidified chamb@&issue sections were then
covered with Liquid Permanent Red solution (DAKO) (1 drop of Liquid Permanent Red
Chromogen in 3 ml of Liquid Permanent Red Substrate Buffer) and incubated for 20 min at
the room temperature. The excess of staining solutiorrevasved and tissue sections were
washed indHOf or 5 mi n. The slides were counterst
seconds, washddr 5 min under running tap water and mounted using glycerol (Sigma).

The localisation and intensity of staining as well as the thickness of the brush border were
visually assessed using light microscopy and representative photograph of appropriate

structures were taken.
2.3.3.2Lysozyme staining

Lysozyme is one of Paneth cellsspecific secretions therefore ahfsozyme
immunohistochemistr{section 2.3 wasused to detect those cellSell numbers as well as

cell position were scored within the small intestinal epithelium. The Paneth cell
guantification was assessed as numbegetif displaying positive lysozyme staining scored

in 50 half cryptvilli per tissue section. Furthermore the average number of Paneth cells
across those 50 cryptlli was calculated for each animal in that cohort and analysed as
described in sectioR.7. Paneth cell position was counted from the base of the intestinal crypt
up all the way up to the villus tip where the bottarost cell was indicated as #1. Paneth
cells positions from all animals belonging to the same experimental cohort were pooled

togeher and analysed as described in se@i@n
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2.3.3.3Alcian Blue staining

Mucin-secreting goblet cells have been identified using Alcian Blue staiSindes with

tissue were dewaxed and rehydrated as describedction2.4.1 andimmersed in Alcian

Blue solution (1%w/v) Alcian Blue (Sigma)jn 3% (v/v) Acetic acid (Fisher Scientificjor

30 seconds. Stained slides were washed under running tap water for 5 min and counterstained
with 0.1% Nuclear fast red (Sigma) for 5 min. Theess of countstain waswashed off

under running tap water for 5 min asections were subsequently dehydrated and teduas

described in section 2.4.9.

Tissue sections were assessed for the presence of positive staining and the number of goblet
cells wa scored in 50 crypitilli for each animal. The average number of goblet cells per half
cryptvillus axis was calculated for each animal and further analysed as described in section
2.7.

2.3.3.4Grimelius staining

Enteroendocrine cells have been identified within the intestinal epithelium using Grimelius
staining which detects argyrophilic celRrior to the beginning of staining, all glassware to

be used was carefully rinsed 3 times in ultrapure dediskdled (dd) H,O. Slides with tissue

were dewaxed and rehyded as described in section 2.4 ke silver solution was prepared

by dissolving 1% (w/v) silver nitrate (Sigma) in Acetate bufiet5.6 (0.02M Acetic acid
(Fisher Scientific), 0.02M sodium acetate (S&nm ddH,0) and heated to 65°C in ao@lin

jar in the water bath. Tissue sectsowere subsequently insertedyplin jar was sealed and
wrapped in tin foil to avoid any expoguto light, water osteam. Slides were incubated at 65

°C for 3 hours and then transferred into freshly prepared reducing solution (0.04M sodium
sulphite (Fisher Scientific)).1ghydroquinone (Sigma) in dtO) preheated to 43C in the

water bath. Sections were incubated for 5 min or until the tissue degtaldpasive yellow
colour. Tissue sections were subsequently dehydrated and mounted as described in section
2.4.9.

Grimelius stained tissue sect® were examined to identify temoendocrine cells and the
number of those cells was scored in 50 half ewtlitfor each animal. The average number
of enteroendocrine cells per half crypllus axis was calculated for each animal and further

analysed as described in sectibn.
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2.3.3.5Ki67 staining

Proliferating cells within the tissuehave been identified usingantiKi67
immunohistochemistr{section 2.3 The numbers as well as position of Ki67 positive cells
were scored within thentesinal epithelium where the cell position of those cells was
indicaive of the localization and size of proliferative comparttmeithin this tissue. The
number of proliferating cells was assessedsowted in 50 half cryptilli per tissue section.
Furthernore the average number of Ki67 positicells across those 50 cryptli was
calculated for each animal in that cohort andlgsed as described in sect@. Position of

those proliferating cellaras counted from the base of the intestinal crypt up all the way up to
the villus tip where the bottormost cell was indicated as #1. Ki67 positive cpbsitions

from all animals blonging to the same experimental cohort were pooled together and

analysed as described in sectibi.
2.3.3.6BrdU staining

5-bromo2-deoxyuridine(BrdU) can be incorporated into the newly synthesized DA
replicating cellsduring the S phasef the cell cycle substituting for thymidine By
performingantiBrdU immunohistochemistry we are capable of detecting all cells that have
been actively replicating their DNA. Therefore BrdU as well as Ki67 is a marker of

proliferating cells however due to being lted to S phase, it is more specific.

Experimental mice were injected with BrdU at 2 or 24 hours prior to dissection and tissue
harvest. Staining with anBrdU antibody wa conducted according to genepcotocol
described in sectio.4. The nunbers aswell as position of Brdositive cellsat both 2

hour and 24 houtime pointwere scored within the intésal epithelium. This quantification
allowed for evaluation obverall proliferation activity as well as cell migratiowithin the
tissue. The numbeof proliferating cells was assessed and scored in 50 half-alipper

tissue section. The average number of Butiditive cells per50 cryptvilli was calculated

for each animal in that cohort and analysed as described in s2cfiorfPosition of those
proliferating cells was counted from the base of the intestinal crypt up all the way up to the
villus tip where the bottoamostcell was indicated as #1. Brdubsitive cell positions from

all animals belonging to the same experimentabdoere pooled together and analysed as

described in sectioR.7.
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2.3.3.7CleavedCaspase3 staining

Immunohistochemistry against cleaved caspase 3 was used to identify apoptotic cells in
which caspase 3 is activated. Staining with-algaved caspase 3 antdyowas conducted
according to generic protocol described in secigh The number of cells in which positive
staining was detected was scored in 50 half eniptper tissue slide. The average number of
apoptotic cells per half cryptillus axis was clgulated for each animal and further analysed

as described in sectidh?.

2.4 Immunochistochemical staining (IHC)

2.4.1 Dewaxing and rehydrating of tissue sections

The tissue sections were dewaxed by the immersion 2 min in the xylene (Fisher
Scientific) followed by the series of rehydration steps in decreasing concentration of ethanol
(Fisher Scientific): two 3 min immersions in 100%, one 3 min immersion in 95% and one 3
min immersion in 70% ethanol. After the slides éareached 70% ethanol they were

transferred into dbD prior to antigen retrieval step.
2.4.2 Antigen retrieval

Depending upon the primary antibody usedwell as how long time ago the sections were
cut, different methods of antigen retrieval were applidd of those have involved using
citrate buffer: eitherlX Citrate Buffer (LabVision) or custoimade citrate buffer (10 mM
sodium Citrate (Sigma) at pH 6.0ylost commonly applied method of antigen retrieval
involved boiling water bath where the Coplin jar (Rlfamb) filled up with citrate buffer
was placed in cold water bath and then gradually heated up ®tC1@nce this temperature
was reached the dewaxed and rehydrated sections were immersed in-tieatedebuffer
and incubated at this temperature fotirae specified in the protocolléble 23). Another
method involved using microwave either using a plastic box or pressure cookerhteapre
the citrate buffer for 5 min at 900 W. Once {beated the slides were submerged in the
buffer andincubated for3 cycles of 5 min aBOO W with occasional shaking of the rack
containing sections. For the pressure cooker, after the slides were immersed in the heated
buffer, the pressure cooker lid was firmdlosed and short cycle of 2 mat 900 W was

applied untilwe have observed the rise in pressure in the pressure cooker, followed by
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decrease in the power to 300 W for the remaining 15 min of the antigen retrieval cycle. After
the antigen retrieval process was complete, the slides were left in the citratetd e

down for minimum 30 min. Slides were briefly wadhim dH,O followed by 3 x 5 min
washes in wash buffer: either 1X TBS (Signea 1X PBS (Invitrogen) irdH,O with 0.1%

(viv) TWEEN-20 (Sigma)ccording to the protocol @ble 23).

2.4.3 Endogenousperoxidise activity block

The activity of endogenous peroxidises was blocked by incubating tissue sections with
hydrogen peroxide. Depending upon the particular primary antibody used, different
concentrations and incubation times have been used indicate@iable 23. Either
commercial peroxidise block solution (Envision+Kit, DAKO) or 30% hydrogen peroxide
(Sigma) diluted to an appropriate concentration in distilled water. In cases whemradely
peroxidise block was used, the excess of wash buffer was/eshiby tapping dry, tissieea

is circled with wateiresistant pen and placed in the humidified slide chamber and tissue was
overlaid with enough solutiorDtherwise when using hydrogen peroxide made up from 30%
stock solution, slides were placed in tBeplin jars containing enough solution to fully cover
the tissue. After slides were incubated for required amount of time with blocking solution, the

solution was removed and washed 3 x 5 nminvash buffer.
2.4.4 Non-specific antibody binding block

In order toreduce the nospecific antibody binding, tissue sections were incubated with
normal serum (DAKO) or BSA (Sigma) which was diluted to a correct concentration in wash
buffer. The specific blocking agent, its concentration and incubation time in regards to
particular primary antibody is detailed in Tabl&.2

Generally, the serum from the species that secondary antibody was raised is used prior to
primary antibody incubation (i.e. if a secondary antibody was raised in goat, normal goat
serum is used as kb against nosspecific binding). In cases when peroxidise block was
performed using 30% stock solution, the tissue sections were circled withresittant pen

prior to covering the slide surface with 200 of blocking solution a
indicated inTable 23.

2.4.5 Primary antibody
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Subsequens t ep after i ncubation is the removal o]
antibody diluted in the blocking serum solution was directly overlaid without washing
sections in wash buffer. The dilution and incubation time and temperature for particular
anibodies are outlined in Table2 After the incubation, the tisssections were washed 3 x

5 minin wash buffer.

2.4.6 Secondary antibody

The slides were removed from Coplin jars an
of an appropriate secondary wasplied.

Depending whether the signal amplification was necessary for the specific protocol, different
types of secondary antibodies were used. When signal amplification was needed, an
appropriate biotinylated secondary antibody (DAKO) was diluted 1:@06ldcking serum

solution. Otherwise, an appropriate Horserad@roxidae (HRP) conjugated secondary

antibody (Envision+Kit, DAKO) was applied directly onto the slides.

Detailed information about secondary antibodies applied and their incubation iimes
provided in Table 3. After the incubatin, slides were washed 3 x 5 nimwash buffer.

2.4.7 Signal amplification

For those primary antibodies where Envision+Kit (DAKO) could not be used additional step
including signal amplification was introduced irttee protocol. The AvidisBiotin Complex

reagent (Vectastain ABC kit, Vector labs) was prepared as indicated by thefrmarc t ur er 6 s
instructions 30 mirprior to application and stored at room temperature. Tissue was then
covered with 20 | ABQ reagent ath left for 30 minincubation at room teperature,

followed by 3 x 5 mirwashes in wash buffer.

2.4.8 Signal visualisation using DAB

Primary atibody binding was visualised by colourimetric detection with -3,3'
diaminobenzidine(DAB). Tissue sections wereemovel from humidified chamber and
placed on the blue tissue roll and then covered withe2@® DAB solution (2 drops of DAB
chromogenn 1 ml of DAB substrate (Envision+ Kit, DAKQ)). Slides were incubdiads-

10 min until a sufficient level of staining wabtained followed by a 5 min wash dH,O.
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2.4.9 Counterstaining, dehydration and tissue mounting

Tissue sections were placed in the slide wrack and counterstained in Mayers Haemalum
(R.A. Lamb) for 1 min and subsequently washedasrrunning tap water for sin. Slides

were then transferred into 70% ethanol and dehydratembihgecutivavashes in increasing
concentrations of ethanol (1 x 3 min 70%, 1 x 3 min 95%, 2 x 3 min 100%) and 2 x 5 min

washes in xylene until the tissue was mounted using DPX (R.A. Lamb)
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Table 2.3 Antibodyspecific conditions for immunohistochemical staining

Primary Manufacturer Antigen retrieval Non-specific Wash Primary antibody Secondary antibody Signal
antibody staining block Buffer incubation amplification
Anti-b- BD Transduction Labs 20 min, 100°C, Peroxidase block 3 x5 min 1:300 in 10% NRS o/n, Envision + HRP N/A
catenin #610154 WB, citrate buffer (DAKO) 5 min, RT; TBS/T 4°C conjugated artmouse
(Thermo) 10% NRS, 30 min, (DAKO), 30 min, RT
RT
Anti-BrdU BD Biosciences #34758( 20 min, 100°C, Peroxidase block 3x5min 1:150in 1% BSA, 1h, RT Envision + HRP N/A
WB, citrate buffer (DAKO) 5 min, RT; PBS/T conjugated artimouse
(Thermo) 1% BSA, 30 min, RT (DAKO), 30 min, RT
Anti-Brgl Santa Cruz (&): s¢ 20 min, 100°C, Peroxidase block 3x5min 1:200in 10% NRS o/n, Envision + HRP N/A
17796 WB, citrate buffer (DAKO) 5 min, RT; TBS/T 4°C conjugated artmouse
(Thermo) 10% NRS, 30 min, (DAKO), 30 min, RT
RT
Anti-Brm Santa Cruz (NL9): s¢ 20 min,100°C, Peroxidase block 3x5min 1:200 in 10% NRS o/n, Biotinylatedantigoat =~ ABC Kit
6450 WB, citrate buffer (DAKO) 5 min, RT; TBS/T 4°C (DAKO), 1:200 in 10% (Vector Labs)
(Thermo) 5% NRS, 30 min, RT NRS, 30 min, RT
Anti-CD44  BD Pharmigen #550538 20 min,100°C, 1.5% H0O,, 15 min, 3x5min 1:50in 10% NRS, 1h, RT Biotinylated antirat ABC Kit
WB, citrate buffer RT; 10% NRS, 30 TBS/T (DAKO), 1:200 in 10% (Vector Labs)
(Thermo) min, RT NRS, 30 minRT
Anti- Cell Signalling Boil in PC, 15 3% HO,, 10 min, 3x5min 1:200in 5% NGS, 2 days, Biotinylated antirabbit ABC Kit
Cleaved Technology #9661 min under RT; 5% NGS, 1h, RT TBS/T 4°C (DAKO), (Vector Labs)
Caspase 3 pressure, citrate 1:200 in 5% NGS, 30
buffer (Thermo) min, RT
Anti-Hes5 Millipore: AB5708 20 min, 100°C, Peroxidase Block 3x5min 1:200 in 5% NGS, o/n Envision + HRP N/A
WB, citrate buffer (DAKO) 5 min, RT; TBS/T 4°C conjugated antiabbit
(Thermo) 5% NGS, 30 min, RT (DAKO), 1h, RT
Anti-Ki67 Vector Labs #VPK452 20 min, 100°C, 0.5% H,0,, 20 min, 3x5min 1:20 in 2% NRS o/n, 4°C Biotinylated anti ABC Kit
WB, citratebuffer RT; 20% NGS, 30 TBS/T mouse(DAKO), (Vector Labs)
(Thermo) min, RT 1:200 in 206 NGS, 30
min, RT
Anti- Neomarkers #RBB72-A 20 min, 100°C, 1.5% H0,, 15 min, 3x5min 1:100in 10% NGS, 1 Envision + HRP N/A
Lysozyme WB, citrate buffer RT; 10% NGS, 30 TBS/T hour, 4°C conjugated antrabbit
(Thermo) min, RT (DAKOQO), 30 min RT
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2.5 Gene expression analysis

During all procedures involving RNA handling and processing additional care was taken to
ensure that all plasticware and glassware was RNA free. All solutions used within the
protocol were prepared using RNAse free water (Sigma) and steriletiptewee used
throughout.

2.5.1 RNA extraction from tissue

2.5.1.1Homogenisation of tissue

Frozen at80 °C tissue samples were removed and adequate amount was placed-cagcrew
tubes containing 1.4 mm ceramic beads (Lysing matrix D tubes, MP Biomedical) overlaid
with 1 ml Trizol (Invitrogen). Prepared samples were homogenised in the Pr2dellys
homogeniser (Bertin Technologies) at 6500 RPM for 2 x 45 second cycles followed by the
centrifuging of tubes at 11000 x g for 10 min at 4 °C. The centrifugation step is necessary in

order to pellet the ceramic beads and tissue debris created duringdmsadion.

2.5.1.2RNA extraction

The supernatant created after centrifugation was carefully transferred without disturbing
ceramic beads into a fresh 1cootedanice chlprgfaerm d or f
(Fisher Scientific) was added. The conseat tubes were shaken vigorously for 30 seconds

and allowed to stand at room temperature for 3 milneppendorf tubes were centrifuged at
11000 x g for 15 min at 4 AC. The top, aqgu:
RNA was transferred into ésh eppendorf tubes containin ® ¢ | of i sopropat
were gently invertg until all contents mixed well and incubated at 4 °C over night. The
following day tubes were centrifuged at the maximum speed for 15 min at room temperature.

The supernatantvsa car ef ul l'y di scarded and tcbhoked pel | e
70% ethanol. The tube contents were centrifuged at the maximum speed for 5 min at room
temperature and the resulting supernatant was removed leaving the pellet to air et for 5
mn.The pell et was then di B (@igwa,maced on tizhéat ¢ | of
block at 65 °C for 10 min followed by quenching on ice. While sample were on the ice, the

purity and concentration of extracted RNA was determined ublago/ue Plus (GE
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Healthcare) RNA samples were stored €80 °Cwi t h except iRNAwhmbch 10 ¢

underwent further DNse treatment

2.5.1.3DNase treatment of RNA samples

DNase treatment of extracted RNA was peried usingRQ1 RNase~ree DNase (Promega)
according to th@rotocol described at
http://lwww.promega.co.uk/~/media/Files/Resources/Protocols/Product%20Information%20S
heds/G/RQ1%20RNasEree%20DNase%20Protocol.pdf

For each digestion reaction 10 e©€g of extract
RNaseFr ee DNas e, 5 -Fe¢DNade 10K QdactiGhNBaffereand made up to 50

el wi t h RI)DASgea).fThesoertents of tubes were placed on the heating block at
37°Cf or 30 min foll owed by addition of 5 ¢l o]
DNAse digestion reaction. Tubes were incubated on the heating block at 65 °C for 10 min in
order to inactivate e DNase. All samples were quenched on ice and the purity and
concentration of DNAs#reated RNA was determined usiNgnoVue Plus (GE Healthcare)

RNA samples were stored-&0 °C until needed.

2.5.1.4 Determining of RNA quality

The quality of total RNAextracted its integrity and some initial information about the yield
was assessed by elecrophoresis on a denaturing agarose getrédeedies Qiagen Bench
Guide (Q agen) . The aliquot of RNA samples cont ¢
appropriateamount of RNA 5X buffer (0.25% Bromophenol blue (Sigma), 4 mM EDTA
(Sigma), 0.9 M formaldehyde (Sigma), 20% glycerol (Sigma), 30.1 % formamide (Sigma),
4X FA gel buffer (instructions bellow)). Samples were incubated at 65 °C-%omn,
guenched on ice,oflowed by loading onto a denaturing agarose (Elo agarose
(Eurogentech)in 1X FA gel bufer (20 mM 3(N-Morpholino) propanesulfonic acid (MOPS,
Sigma), 5 mM sodium acetate (Sigma), 1 mM EDTA (Sigma), 0.22 M formaldehyde
(Sigma), 0.1eg/ml Ethidium bronde (Sigma) in dHO)). Preparedyel was run in FA gel
running buffer (20 mM 3(N-Morpholino)propanesulfonic acid (MOPS, Sigma), 5 mM
sodiumacetate (Sigma), 1 mM EDTA (Sigma), .l formaldehyde (Sigma) in d) at 50

V for 1 hour. RNA products were vidised in UV light using ChemiDo®IP apparatus

(BioRad). Intact total RNA run on a denaturing gel should result in clear and sharp 28S and
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18S ribosomal RNA bands therefore the gel was carefully assessed for the presence of
appropriate ratio between 288NA band and 18S rRNA band intensiveness and lack of any
smeared RNA bands.

2.5.2 Preparation of cDNA

cDNA synthesis waperformed using Superscript Il Reverse Transcriptase (Invitrogen)
according to the protocol described at

http://tools.lifetechnologiesaen/content/sfs/manuals/superscriptlll_man.pdf

Firstst rand c¢cDNA synthesis was done in strip tu
05 ¢ 00 gk random primergPromega)l ¢ L0 mMfdNTPgYBioline) and made up

to 13 ¢l wiHO(Signt)ARFepared reacton volume was incubated at 65 °C for

5 min and then quenched on ice for at least 1 min. The contents of tubes were briefly
centrifuged to collect all the volume to whigh ¢ | enzyme mi x was adde
Strand BOofteM, DIT g ifrée HOISigRNAs & ¢ | Super Script
uni ts/ el) per each reaction stri [ypipetmg . Al l
and incubated at 25 °C for 10 min, 50 °C for 1 hour, 70 °C for 15 mirhalkdat 4 °CAt

theend of the incubation 20 lof DNAsefree dHD wa s a d d eotbmeofaea@idh ¢ |

and 1le¢ lof the resulting cDNA was useger reaction in quantitative RFCR. Negative

control cDNA samples were synthesisedhe same mannas mentioned above however

Superscript lllenzymewas addedo the enzyme mix.

2.5.3 Quantitative real-time PCR analysis

2.5.3.1Primer design

Primers used for gRPCR analysis that have not been previously published were designed
using Primer3 software hitp://fokker.wi.mit.edu/primer3/input.ntim Moreover BLAST
engine [ittp://www.ensembl.org/Multi/blastviewas used to check for any mispriming of
those primers followed by primer synthesis by Sigma Genddysefore wvhile designing

and selecting for sets of primers some general guidelines were folldwegrimers have to

be specific to the target gene with no amplification of pseudogenes orreliied genes.

The primer should span one or more introns to avoid amplification of sequences in genomic

DNA. In order to obtain the most efficient and the most consistent resujiconswere
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designed to yield PCR products of 100200 bp The annealig temperature should be
between 5860°C.

All primers designed should be testeds@dectthe ones that have the highest sigt@hoise
ratio. The primer and probe sequences used for-BRR are listed in Table4.

Table 2.4 Primer and probe sequenfoegiRT-PCR analysis

Name Forward primer Reverse primer

Brm CGGGATGTGGACTACAGTGA AGCCGTACCTCCTCTTCCAT
Brgl Probe pe-designed cat n: 4331182 Probe pe-designed cat n: 4331182
b-catenin AGTCCTTTATGAATGGGAGCAA TCTGAGCCCTAGTCATTGCATA
c-Myc CTAGTGCTGCATGAGGAGACAC GTAGTTGTGCTGGTGAGTGGAG
CD44 ATCGCGGTCAATAGTAGGAGAA AAATGCACCATTTCCTGAGACT
Cyclin D1 ACGATTTCATCGAACACTTCCT GGTCACACTTGATGACTCTGGA
E-cadherin CAGATGATGATACCCGGGACAA GGAGCCACATCATTTCGAGTCA
Hesl TCATGGAGAAGAGGCGAAGG GGTTCCGGAGGTGCTTCAC
Hes5 TCAGCTACCTGAAACACAGCA  TAGTCCTGGTGCAGGCTCTT
Math1 ATGCACGGGCTGAACCA TCGTTGTTGAAGGACGGGATA

2.5.3.2Setting up of gRT-PCR reaction

Reactionsset up in the 9&vell plate were run on StepOnePlus réghe PCR system
supplemented witlstepOne softwareersion2.2.2 (Applied Biosystemsyvhereas reactions
loaded onto 384vell plate were run on QuantStudio 7 Flex aided with QuantStudio 6 and 7
Flex RealTime PCR System Softwareession1.0. All reactions were run as triplicates and
minimum of four biological replicates were run per each ¢RIR. Samples lacking cDNA
were set up as negative contrgisorder to be able to detect possible contamination or non
speci fic ampl i eaotin housekeepihgegene waa ased as anrefegdmeefor
each gRTPCR run.

All gRT-PCR reactions were run using eithiéast SYBR Green Master Mix (Applied
Biosystem}¥ or TagMan Universal PCR Masteri¥(Applied Biosystems) according to the
manuf act ur e rindtlee 384wel PORplateé (Agplediosystems) TagMan assay
was specifically used for intestinal stem cell kaas such as Ascl2, Lgrdnd Olfm4where
instead ofprimers, custom designed TagMan probes for those stem cell markers were used.

Each TagMan probe comprisedigonucleotide witha r epor t er dye at
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guencher d y e Duang thé teactiofBTagMan mbbe undergoes cleavage by
AmpliTag Gold DNA Polymerase which resultsseparation of dyes at their respective ends

of the probeand consequently increases theofescence of the reporter. This increase in
reporter florescence is recorded as it is a direct indication of the amount of PCR product that
becomes accumulaté€Bigure 22). In contrast, the SYBR Green assay takes advantage of the
chemistry of SYBR Greehdye as a way of detecting the PCR product due to the binding of

this dye to the newly generated doubteanded DNA(Figure 22). The primer sequences
andprobes used for gRIPCR reactions using SYBR Green and TagMan assay are indicated

in Table 2.4. For all reactions using SYBR Green assay, appropriate forward and reverse
primers (100 mM) were mixed in equal quantities and further diluted to concentration of 10
mM with 0.5 €I of this primer mix used for e
Master mixcor i ni ng 5 ¢l o f Mig or TdgdanMibxS Y BIR ¢Gr ém®n RNAS ¢
HO and 0.5 ¢l of @@rpM)a pagMaa prebddf mM)mas preparedx

and each reaction well on the 38€ll PCR platewas | oaded with 9 ¢l
Subsequentlyl ¢ | o f wasDiddded to individual wells and plate was sealed with
optically clear sealing film (Applied Biosystems). Plate was centrifuged at 8000 RPM for 1

min.

All reactions using SYBR Green were run under following thermocycler condi8érfC

for 10 min followed by 40 cycles (95C for 15 seconds, 6€C for 30 seconds, 72 °for 30
seconds)In case of runningagMan reactionghe cycling conditionsverefollowing: 50 °C

for 2 min, 95°C for 10 min followed by 40 cycle®5 °C for 15 seconds, 6TC for 1 min).
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Figure 2.2 The differences between SYBR Grbagedand TagMarbased gRIPCR reactions. The diagram
was taken from
http://www.lifetechnologies.com/uk/en/home/ligeience/pcr/redime-pcr/gpcreducation/tagmaassays/s-
syhkr-greendye-for-gpcr.html

2.5.3.3Analysis of gRT-PCR data

The data collectechutomaticallyby StepOneSoftwarefrom samples with reproducible cycle

time (C) values were analysed

For thedataanalysis all G values were examined manually from raw datemsure all

replicates of the reaction can be used.ef di f f er ence i;maludgsiwere cycl e
calculated between cohorts of experimental animals by normalising each readsantin

C: values for that reactionb-actin was used as a reference gkmeall reactions performed

using either SYBR Gr een ovaluésaerdtalculatddsesachy . T h e
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cohort of experi mentaés ware testea forssignficant diffeterccase  C
using ManAWhitney U test.In order to compareC; v al ues of a -actnr get g
reference gene a sdataforfeaclidiogidal grotipavas éurthereanalysgdC

usingthe formula:2®®<(Livak and Schmittgen, 2001Yhe data showing fold changealues

were graphically represented as bar graphs using Microsoft Office Excel.

2.5.4 In situ hybridization

In situ hybridization method was used as a means of examining the expression-of Wnt
independent intestinal stem cell markdfm4 using antisense RNAprobes forOlfm4which

are complementary to the its mRNA sequence and labelled with digoxigenin (DIG). The
binding of the probe visualised the presence of purple staining within the tissue was detected
using antidigoxigenin antibody conjugated to alkaiphosphatase. The probe @ifm4was

a gift from Hans Cleversés group (Hubrecht |
riboprobe all the glasswangsed in this protocol was treated at 200°C overnight in baking

oven whereas di® was treated with DEPC (Sigma).
2.5.4.1Probe synthesis

The OIfm4 ribeprobe was synthesised through the process of linearisation of plasmid DNA,
RNA polymerase reaction from the T7gaghr omot e
plasmid DNA was linearised usm Notl restriction enzymeNEB) according to the

manuf act ur eindgasDNA required was then extracted using phemdbroform

method (as described in section 2.5.1tB§ concentration was determined usiNgnoVue

Plus (GE Healthcareand dissb ved at concentration of legl/ ¢
Prepared linear plasmid DNA was as a template for probe transcription using T7 RNA
polymerase (Roche) followed by the DIG labelling of riboprobes.

The labelling of riboprobes was performed for 2 hatr87°C using components enlisted in

Table 2.5. DNA template was DNase treated by incubation with 20 units of DNase |
(Ambion) for 15 minutes at 37 AWEDTA(PhH8Dwed by
Ethanol precipitation was performed to purifyaip r obes and 10 ¢l aliqu

were stored ai80°C until needed.
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Table 2.5 Components of protabelling reaction

Compound Volume
RNasefree H,O 12 ¢l
Transcription buffer 10X (Roche) 2 ¢l
DIG RNA labelling mix (Roche) 2 ¢l
RNA polymerase T7 (Roche) 2 ¢l
RNase inhibitor (Promega) 1 ¢l
DNA at 1 eg/ ¢l 1 ¢l

2.5.4.2Probe hybridization

Tissue slides were dewaxed in 2 x 10 min xylene followed by the rehydration step involving
immersion in the decreasing concentrations of ethanol: 2 x T00%min, 95%, 85%, 75%

50% and 30% all for 30 sec. The slides were transferred to 1X saline for 5 min and then
washed in 1X PBS for 5 min. Endogenous alkaline phosphatase activity was blocked by the
immersion of slides in 6% hydrogen peroxide solufioriX PBS for 30 min followed by

rinsing off in 1X PBS for 5 min. Iceold 4% RNasdree PFA paraformaldehyde (Sigma),

DEPC HO, 1 M NaOH in 1X PBpwas used for fixation followed by two washes in 1X PBS

for 5 min. Next step involved incubation for 5 nmimProteinase K (Roche) (1 M Tris pH 8.0,

0.5 M EDTA, 20 ¢ g/ mlOFandestibsequerd sve 5 nkin wiaghes MBEX C H
PBS. The disintegration of tissues on the glass slides was prevented by postfixirgoill ice

4% PFA for 5 min. The slides wermsed in DEPC dkD for 2 min and immersed infbEA

HCl/acetic anhydritesolution 0.01 M acetic anhydrite (Sigma) in 0.1 M triethanolamine
hydrochloride (Sigm3g)for 10 min. Slides were then washed in 1X PBS for 5 min and 1X
saline for 5 min followed by the dehydration in preparation for probing in increasing
concentrations of ethanol: 30%, 50% for 30 sec, 75% for 5 min, 85%, 95% for 30 sec and
finally twice in 1@% for 30 sec. Slides were 4lried for 3060 min and transferred to dark

boxes in which overnight incubation of probe was performed. Those boxes were lines with 3
mm paper saturated with moisture buffer (5X saline sodium citrate buffer (SSC) (Sigma),
50% v/v formamide (Sigma) in d¥D). The probe preparation included heating of probe at

80°C for 3 min followed by quenching on ice. Hybridization bufféX (SCC, 50%
formamide, 1% SDS, 0.05 mg/ml heparin (Sigma), 0.05 mg/ml calf liver tRNA (Merck) in
dHO)was heated to 80AC and then mixed with prc
e | of hybridization buffer. Prepared -mi xtur
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covered to avoid the evaporation. Dark boxes were then sealed with electrical tape and

incubated at 65°C overnight in the water bath.
2.5.4.3Posthybridization treatment

Following overnight incubation with probe, tissue slides were incubated in tveapneed to

65°C 5X SSC buffer for 15 min and then immersegde in prewarmedsolution [(50%

formamide, 5X SSC, 1% (v/v) SDS(Sigma)) at 65°C for 15 min. Next step involved 3 washes
at room temperature in solution 1l (0.5 M NaCl (Sigma), 0.01 Tris pH 7.5 (Sigma), 0.1%
TWEEN-20 (Sigma)) and subsequent digestion of unhybridized probe by incubation wi
RNaseH (Roche) for 45 min at 37°C. A series of washes: two 5 min washes in warm solution
Il at 65 °C followed by another 2 x 30 min in solution 11l (50% formamide, 5X SSC) at 65°C
and two 10 min washes in 1X PBS preceded application ofl@i€lled antbody. Slides

were blocked usin@0% heainactivated sheep serum (DAKO) in PBS/T for 3 hours. Anti

DIG antibody (Roche) was piwbsorbed in 1% sheep serum containing 3 mgimall

intestinal powder for 3 hours at 4°C mixed using rotor. The antibody wasliloéed to

1:2000 concentration in 1% sheep serum in PBS/T whereas slides were washed in PBS/T for
5 min followed by adding of 100 ¢l of ©prepar

incubation at 4°C.
2.5.4.4Signal detection

After probebinding and series of pehibridization washes, the next step involved signal
detection using BM Purple (Roch&lides were washed 3 times in PBS/T for 5 min and then
again washed in PBS/T twice for 30 min. Preconditioning of slides in NTMT (0.1 M sodium
chloride, 0.1 M Tris pH 9.5, 0.05 M magnesium chloride (Sigma), 0.1% v/v TWHEIR M
Levamisole (Sigma)) by three 5 min washes proceeded applying of BM purple substrate
(Roche) and incubation in the dark boxes for a required amount of time. Once itkd des
level of signal was detected, slides were washed in PBS/T for 10 min followed by wash in
dH,O for 30 min. Counterstaining using Eosin Y Solution (Sigrfa)5 seconds was
followed by rinsing in dHO for 5 min, airdrying of slides for 30 min, immersioin xylene

for 10 seconds and finally mounting using DPX mounting media (R.A. Lamb)
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2.6 Protein analysis

2.6.1 Protein extraction from collected tissues

The samples of selected tissues: small intestine, large intestine and liver were remowved from

80 °C storage and kept on dry ice until ready to be used to avoid defrosting and degradation

of the tissue. Fresh cell lysis buffer consisting & Tris-HCI, pH 8.0, 0.5V EDTA pH 8.0,

10% NPR40 (Sigma), ddbD with additionof proteasenhibitors (cOmplete MinProtease

Inhibitor Cocktail Tablets, Rochep n d phosphatase i nhi b-itors
glycerophosphate (Calbiochem), 0.5 M sodium fluoride (Sigma), 200 mM sodium
pyrophosphate (Sigma), 20M Cal ycul i n A fr om Dwas greparedr mi a
prior to the extraction of the proteir200 ¢ | of ice cold Ilysis buff
SpinLyse tubes placed on jdessue samples were briefly removed from dry ice and small

pieces of frozen tissue were dropped iptepared tubes. All tubes were pladgedrecellys
homogeniser and span at maximum setting (2 cycld$ skecat 6500 RPM). Once the froth

was settld out, the cell lysate was transferred into fresppendorf using 1 ml syringe and

23G needle and passed through neeebetitnes. The tubes we briefly placed on ice prior

to being centrifuged in the peooled catrifuge at 13.3 x g for 10 miat 4°C. The obtained
supernatant was transferred into a fresh eppendorf and centrifuged at the same settings again

in order to remove any insolubleshd collected supernatant was aliquoted into three separate

0.5 ml tubes:10e | pirotein assay, 100 | and all remaining volum

were snap frozen in liquid nitrogen and storeeBat’C.
2.6.2 Quantification of protein concentration

To determine the protein concentration in the extracted tissue sample | have used Pierce BCA
assay (Thermo Scientific). BSA was provided as a stock solati@img/ml and was further

diluted tothe concentration af 0 0  esirgtiierodll lysis buffer. Theerial dilutions of BSA

(from5¢ g/ ml ¢ @) in3A% PBS along with blank solutions containing 0 o f 1X
PBS were loaded in 9%ell microtitre plate. 1@ | al i quot of the cell I
ice and serial dilutions (1:100, 1:200, 1:40QLk PBS) of the proteimvere also prepareah

the plate. All of the solutions: BSA, blanks and protein extracts were loaded in duplicates.
BCA kit reagents A and B were mixed at the ratio 50:1 andel00 of obtai ned so

added to each well and mikewell by pipetting. The plate was sealadd wrapped in
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aluminium foil and incubated for 1 hour at 32 prior to the plate being read at 590 nm on a
microplae reader (BioTek). All data werentered in Excel (Microsoft Office 2007) and
standard curve was plotted on the basis of BSA serial dilutions. In respect to the standard
curve, the protein concentrations of the extracted tissue samples were calmdatber

with respective volumes dfie lysatetocontain3®g of pr ot ei n.

2.6.3 Analysis of protein levels by Western blotting

2.6.3.1Preparation of protein samples

Previously frozen and stored &0 °C protein extracts were placed on ice to defrost. The
calculated volume of the protein extract tontain 30e g o f protein was
transferred into fresh 1.5 ml eppendorf. Appropriate amount of cell lysis hudfeadded to

the protein extract to the total vol ume of
(Sigma) were added. The samples together witilecular weight rainbow markewvere

heated to 98C on the heat block for 10 min and then quenched on ioetprihe loading.

2.6.3.2Casting of SDSPAGE gels

SDSPAGE gels were casted in MiRrotean lll (BioRad) gel casting apparatusing 1.5

mm spacers. Prior to the gel casting, all casting plates were well washed to remove any
remaining gel, wiped with 70%thanol and left to air dry. Depending upon the expected
molecular weight of the target protein, solutions for resolving gels at different concentrations
were prepared along with solution for 5% stacking gels according to the Tabl®2&ce the

gel casting apparatus was clean and assembles, the required amount of TEMED was added to
resolving solution and the mixture wasmediately poured using stripette in between the
casting plates up to about 1.5 cm from the top of the short plate. The resaVisgugion

was overlaid with 1 ml of dd¥D to prevent the gel from drying. The gel was allowed to set
and then the water was drained off onto a tissue paper. TEMED was added and mixed with
stacking gel solution which was again immediately poured intog#iecast until it was
overflowing the edge between two plates. The 1.5 miwédlDcomb was carefully inserted to

avoid any bubbles to be formed and the gel was left to set. Once completely set, the plates
containing gels were removed from the gel castpppeatusand kept wrapped in cling film

to avoid drying and shrinking of gel.
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Table 2.6 Gels and solutions used for quantitative protein analysis by Western blotting

10% resolving polyacrylamide gel (2 gels) 5% stacking polyacrylamide gel (2 gels)

6.8 m dH,O 6.9 ml dHO

8.4 ml 30% acrylamide/bisacrylamide (Sigma) 1.7 ml 30% acrylamide/bisacrylamide (Sigma)
9.4 ml 1 M TrisHCI pH 8.8 1.3 ml 1 M TrisHCI pH 6.8

250¢l 10% (w/v) SDS (Sigma) 100¢l 10% (w/v) SDS (Sigma)

72 ¢l 25% (w/v) Ammoniunpersulphate (Sigma) 66 €l 25% (w/v) Ammoni u
13.2 ¢l N, N, N, Ntetramethylethylenediamin 13.2 €l N, N, N, Ntetramethylethylenediamin

(TEMED, Sigma) (TEMED, Sigma)

5X Running Buffer 1X Transfer Buffer

950 ml dHO 800 ml dHO

15.1 g Tris base 2.9 g Tris base

94 g Glycine 14.5 g Glycine

50 ml 10% (w/v) SDS (Sigma) 100 ml Methanol (Fischer)

2.6.3.3Protein separation using SDSPAGE gels

The precasted gels were assembled onto the Miean 1l (BioRad) electrophoresis tank
which was filled with 400 ml of 1X running buffer (Table 2.6). The combs were carefully
removed from the gels and each well was rinsed with running buffer by repeated pipetting up
and down to remove any unwanted pieces of the gekr&ufje Rainbow moletar weight
marker (Amersham)cell lysate control angrepared protein samples were loaded into the
appropriate wefl. Gels containing 7% or 10% resolving gel were run at 130V and 15% gels

at 200V until the dye run out of the end of the gel.
2.6.3.4Protein transfer onto nitrocellulose membrane

As soon as the protein elecrophoresis was completed the gels were released from the plates
and submerged in the transfer buff@alple 2.§. The wet electroblotting system (Flowgen
Biosciences) was placed in the pofysne box filled up with ice ready for the assembly. The

blots were set up by placing a geaked in transfer buffer elements on the top of plasiic

holder in the following order: sponge, 2 sheets &fid blotting paper (Whatman) and the

gel. The Amesham HyboneECL nitrocellulose membrane (GE Healthcare) was carefully
placed on the top of the gel to avoid any air bubfdéswed by another 2 sheets of blotting
paper, sponge and plastic blot holder. All assembled blots were placed into the
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electrobldting tank in a correct orientation and filled up with transfer buffer. The transfer
was run at 100V for hour for all target proteins with exception to Brgl run forHdirsat
65 mA.

2.6.3.5Generic protocol for membrane probing

Once the transfer was completéide membrane was removed from the sandwiehemients

of blotsand placed in the vessel to be blocked in 5% milk powder in TBS/T for a minimum
of 1 hour at RT with agitation. Primary antibodies were diluted according to the manufacturer
recommendationsni 5% blocking buffer or <6% BSA in TBS/T and the membrane was
incubated with the antibody with agitation in the conditions specified in the Table 2.7. At the
end of incubation with primary antibody, the membrane was removed afavd x 15nin

in TBS/T. Remaining primary antibody was placed in the Falcon tube and froZ20f@tto

be reused in future experiments. Secondary HiRBjugated antibody was diluted in the
blocking buffer(Table 2.7, applied on to the membrane and incubated wafgitation. The
secondary antibody was poured off and the membrane was washed 3 x 15 min inTH&S/T
membrane was drained off the excess TBS/T and appropriate ECL detection reagent kit
( Amer s ham) was used according odpdohe membraneact ur
depending on the abundance of the target protein and the specificity of primary antibody
used. After the incubation with ECL reagents, the membrane was briefly drained and placed
in the plastic pocket inside of the cassette ensuring ndulibles formed between the

membrane and the pocket.
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Table 2.70utline of atibody-specific conditions for Western blotting

Primary Manufacturer Primary Ab Secondary Ab conditions
antibody conditions
Anti -active-b- Millipore clone 1:20@ in 5% milk in HRP-conjugated antimouse (GE Healthcare)
catenin 8E7;#05665 TBS/T; o/n at 4°C 1:2000 in 5% milk in TBS/T, 1h at RT
Anti -total-b- Cell Signalling; 1:3000 in 5%milk in HRP-conjugated antrabbit (GE Healthcare)
catenin #9562 TBS/T; o/n at 4°C 1:2000 in 5% milk in TBS/T, 1h at RT
Anti-Brgl Santa Cru£G-7); 1:200 in 5% milk in HRP-conjugated antimouse (GE Healthcare)
#sc17796 TBS/T; o/n at 4°C 1:2000 in 5% milk in TBS/T, 1h at RT
Anti-Hes1 Millipore; #ab5702 1:1000 in 5% milk in HRP-conjugated antiabbit (GE Healthcare)
TBS/T; o/nat 4°C 1:2000 in 5% milk in TBS/T, 1h at RT
Anti-Hes5 Millipore; #ab5708 1:2000 in 5% milk in HRP-conjugated antrabbit (GE Healthcare)
TBS/T; o/n at 4°C 1:2000 in 5% milk in TBS/T, 1h at RT
Anti-Math1 Abcam; Gterminal ~ 1:1000 in 5% milk in HRP-conjugated antrabbit (GE Healthcare)
#ab137534 TBS/T; o/n at 4°C 1:2000 in 5% milk in TBS/T, 1h at RT
Anti-Notchl ICD Abcam;# ab8925 1:500 in 5% milk in HRP-conjugated antiabbit (GE Healthare)
TBS/T; o/n at 4°C 1:2000 in 5% milk in TBS/T, 1h at RT
Anti-b-actin Sigma; A5316 1:5000 in 5% milk in HRP-conjugated antimouse (GE Healthcare)

TBS/T; o/n at 4°C

1:2000 in 5% milk in TBS/T, 1h at RT

2.6.3.6Signal detection

Enhanced leemiluminescen{ECL) signal produced by the secondary antibdayund HRP
enzymewas detected by radiograph exposure. The piece-rafyXilm (FujiFilm Super RX

blue background) was exposed to lthets in the dark room for various amounts of time until

we obtained good quality image¥he exposed film was fed into and processed by an
automatic xray film processor (Xograph Compact X4). Processed films were placed back in
the cassette containing the original blot as the identification of target protein is possible after
correct labeling of the position of molecular weight markers on the film and comparing it to
expected molecular weight described by the primaryad$i manufacturer. ie membrane

was washed 3 x 15 min in TBS/T, placed in 50 ml Falcon tube of TBS/&taned at £C

until needed again

2.6.3.7Evaluation of protein levels and densitometry analysis

Each membrane probed with specific targatikmdy was then rprobed with b-Actin
antibody a house keeping gene ensure the equal loading of the extracted proteins. The

processed film were scanned using Gelldod assess by densitometrsing ImageJThe
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amount of the target proteinas normalized o t h e JAdivwehictsensures that any
errors can be caected for.The quantity of protein was represented pser@entage relative to

control

2.7 Statistical and quantitative analysis of data

2.7.1 Quantitative analysis of histological traits

Histological quantification of stained tissue sections was carriedsing anOlympus BX43

light microscope. Initially the tissue of interest was assessed for sectioning artefdcts
regionsof epitheliumto be scored were carefully selectsimeans to maintain consistency

of quantificationwhere proximal ends of botmall and large intestine were chosen for the
analysis.All histological traits that were quantifiabkeuch as crypt length, villus length,
number of proliferating and apoptotic cells, number of differentiated cells were scored on the

appropriately stainetissue slides. Minimum of 50 crypts or 50 cryiti were assessed per

mouse and at least 4 experimental animals of the same genotype were analysed. Individual

scores for crypt or cryptillus were totalled and averaged out to generate the values per

mouse. Furthermore the scores from all animals of the same genotype were used to generate

the score per experimental cohort and standard deviation for that experimentalTdrisup.
data were represented as histograms where the average score for experivhentalas

plotted together with error bars representing standard deviation for that group. The values per

mouse have been used to test the significance difference between the averages for particular

experimental groups. Microsoft Office Excel 2007 was priyrprogram used to graphically
present the data.

2.7.2 Comparison of means

Initially all quantifiable datawere tested for normal distribution using the R statistical
software. Normally distributed data was then tested for significant difference between
averages of experimental groups using Wey ANOVA in SPSS softwarelgM SPSS
Statistics 2D In cases where meithan two experimentabhortswere compared, in addition

to OneWay ANOVA, PostHoc Tukeybs test yweses compsrsahs t o
between those cohorts.
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Data that have been initially fodmot to be normally distributed wetested for significain

difference using Martwhitney U test.

All mentioned above statistical testere performed using SPSS software and a significant
difference between the means was accepted if p value was equal or less th&ta@iigal
significance of the datawasdi cat ed on the histograms repre

where p value was equal @sk than 0.05.
2.7.3 Kolmogorov-Smirnov Z Test

Differences in the distribution between two ds¢ds were tested using KolmogotSmirnov

Z test. Datasets tested includsall types such as distribution of Paneth cells as well as some
histological traits like proliferation markers such as BrdU positive and Ki67 positive cells.
Positions of the above mentioned cells were recorded in a specific manaevlicrosoft
Office Excel spreadsheet wheeach half cryptwillus structure was represented as a single
column of ascending numbers. Cells were counted from the base of the intestinal crypt with
the bottoramost cell was indicated as #1, all the way up to the villus tip wéelke particular

row meant cell position within half crypillus counted. Positive cells were recorded as 1
whereas negative cells were recorded as 0 for 50 half-etliigier experimental animal. For
each row corresponding to cell position, the sum egdsulated per mouse and thenthbse
sums from animals belonging to the same experimental cohort were pooled togkther.
pooled data were used in SPIBM SPSS Statistics 3Qo construct graph of cumulative

frequency of positive cells.

In order tobe able to test for the difference in a distribution between different cohorts of
experimental animals, data recorded and pooled in the Excel spreadshetansformed

using KST (Kolmogorosdsmirnov Transformationcustomdesigned program written by
Aliaksei Holik (http://bio.bsu.by/t/temp/holik/KSY/ The number of instances of positive
cells at a position was transformed into a sequence of numbers corresponding to this
particular position which in turn & tested using twiailed KolmogorovSmirnov Z testA
significant difference between distributions was accepted if p value was equal or less than
0.05.
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2.7.4 Kaplan-Meier survival analysis

KaplanMeier method was used for analysis of survival as weljeseration of survival
curves and was performed using SPPS softwH®l (SPSS Statistics 30 Cohorts of
experimental animals were tested farstatistical significance of survival time between
groups of those animals using L&8ank test. A significant dérence in the survival

possibility was accepted if p value was equal or less than 0.05.
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Chapter 3

Investigating the effects of Brm loss in the
epithelium of small and large intestine

3.1 Introduction

Subunits of the SWI/SNF chromatin remodelling complex have been implicated in regulating
transcriptional activation and repression of genes controlling a variety of processes from
embryonic development to cell apoptosis. Due to the very high sequenceoggrnetween

Brm and Brgl ATPases (~75%), it was speculated that those subunits might be redundant due
to sharing of many cellular functions. However numerous studies conducted on both ATPases
revealed that the catalytic subunits interact with differergsela of transcription factors and

bind different promoters, indicating they are recruited in response to specific signalling
pathways by unique interactions with different protein domains (Kadam and Emerson 2003).
As previously mentioned, Brgl is involvad direct interaction with the Wnt pathway
through its capacity of regulating Wnt target genes such as Cyclin D1 and CD44, whereas
Brm exclusively interacts with the ICD22 and GBFelements of Notch pathway (Baketr

al. 2001, Kadam and Emerson 2002, 200Bhis transcriptional specificity discriminating
between Brrrcontaining SWI/SNF complexes and Brgdntaining SWI/SNF complexes in
performing cellular functions has additionally been shown to be tsse@fic. Moreover,
mouse model studies of loss oither ATPase revealed further differences with Brgl
emerging as dona fidetumour suppressor gene whereas Brm loss not being capable of
inducing tumorigenesis but rather potentiating tumour development when combined with a
known carcinogen (Bultmaet al. 2000, Bultmaret al. 2008, Glarost al. 2008). Specificity

and often exclusivity of interactions between Brm and Brgl together with an observation that
Brgl is ubiquitously expressed throughout development whereas Brm is expressed at high
levels in diffeentiating cells may indicate the possibility that remodelling complexes
containing a particular ATPase are preferentially recruited to a specific subpopulation of cells
(Muchardtet al. 1998).

Considered as putative tumour suppressor genes, both BrBrghaatalytic subunits of the
SWI/SNF chromatin remodelling complex have been detected to frequently be lost in cancers
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of the lung, esophagus, pancreas, skin, ovaries and breast (Reisah&2009). However in
contrast to Brgl, in many types of canBem was found to be epigenetically silenced rather
than mutated suggesting Brm as a potential therapeutic target (étaab2007, Kahaliet

al. 2013). Moreover Brm loss has been correlated to poor prognosis in majority of those
cancers suggesting that Brm expression may play an important role in modulation of cancer

phenotypes.

The intestinal epitheliugrdue to its complex architecture and dymaselfrenewa) has been

known to require a complex interplay between signalling pathways such as Wnt, Notch,
Hedgehog and TGF b/ BMP to maintain homeost
importantly, the maintenance tifie stem cell niche is highly depdent upon the active
signalling of Wnt and Nott pathways (Reya and Clevers 20&%hl and Kihl 2013) with

Notch signalling in particular playingn important role in the regulation of cell fate and
differentiation of intestinal epithelial cellyan Eset al. 2005. Moreover, mouse intestinal

epithelium is the most commonly used model tissue to study human colorectal cancer.

In contrast to Brgl, due to the lack of evidence supporting interactions of Brm with the Wnt
pathway, targeting Brm may have lemdverse effects on those of tissues that in a great
degree are dependent on the active Wnt signalling. To evaluate the capacity of Brm as a
potential therapeutic target for cancer including colorectal cancer, it appears appropriate to
investigate the congeences of Brm loss in the normal intestinal epithelium and therefore a

possible role of Brm in maintenance of its homeostasis.

This chapter will aim to characterise the effects of Brm deficiency on the small and large

intestinal epithelium.

3.2 Results

3.2.1 Brm null mice are viable and not prone to tumorigenesis

Mating of heterozygous mice yielded pups at the exgubdtlendelian ratio of wikdype,
heterozygous and homozygo#sirther crosses using®mull mice have resulted in litters of
normal size witmo lethality i pre or postweaning observed. The viability of Brm null mice
contrasts to the respective knemlt mouse model of its paralogue, Brgl, as Brgl null is

embryonically lethal. Howevesome fertility issues have been encountene8rm null mice
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but this was only in the case of Brm nuibmozygousbreeding couples. Moreover the
sterility seems to affect males only ggpeoximately15% of those failed to produce a litter

over a period of 3 months whereas the coupled Brm null femedess successfully pducing
offspring once mated with other homozygous males. The genetic background does not seem

to affect this partial sterility as all mice used in these stuate®f the mixed background

Similarly to Reye<t al. we have not obserdeany differencesni the weight of homozygote
animals in comparison to their witgpe littermatesBrm null mice have beealsomonitored
for signs of illness or tumour formation, twice a week for a period of a year but no

abnormalities were observed.

3.2.2 The complete loss oBrm in Brm null mice

Conversely to Brgl which is expressed in tissues undergoing high cell turnover, Brm is
actively expressedn low proliferating organs such as brain, liver, fiboromuscular and
endothelial cell Additionally, in the cell line study by Mucharét al. (1998) it has been
observed that noedifferentiated cells contain predominantly Brgl whereas Brm accumulated
uponin vitro differentiation Furthermore as mentioned previougie loss of Brm in Brm

null mice occurred without the need of induction of Cre recombinase as the Brm gene was
constitutivelyinactivated(refer to Methods section 2.1.13 LoxP flanked allele would have
been preferable for this study, as combined with a Cre recombinase specifice
epithelium of the gastrointestinal tract, it would have alleviated any possible effects of Brm
deficiency in other tissues and systems. However, such a strain does noteaigierl to
overcome the issues resulting from the very low expres&wveld of Brm in the small
intestinal @ithelium, liver and spleenvere chosen as internal controls of Brm loss in further

investigationof the expression of Brm in the gastrointestinal tract.

Firstly, in order to investigate the pattern of expression rof B1 murine tissues, control
(Brm*"*) and Brm null (Brrit) animals at 70 days of age were sacrificed and a number of
different organs from the abdominal cavity were taken including stomach, small and large
intestine, liver, spleen, kidney and bladd@&he immunohistochemical analysis of Brm
expression in various tissuesnfirmed itsconplete loss of expression investigated tissues

of Brm null animals(Figure 3.1).The presence of a minor population of cells characterized
by a positive Brm stainingni Brm null tissues is due to the crassctivity of antiBrm
antibody with Brgl. The same experiment showed different patterns of expression of Brm in

individual organs with no detectable staining within the intestinal epithelium in control mice
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cohort. The only Brmpositive cells in the small intestine of control animals were present in
the lamina propria except from some repecific staining of Goblet cells in both Brm null

and controls (Figure 3.1d). The nuclear staining of cells of lamina propriahsasit from
tissue sections of Brm null animafSo-immunofluorescence for Brm and its paralogue Brgl

in both control and Brm deficient animals further allowed the identification of-Brm
expressing cells as well as the examination eflistribution of thos proteins in the same
tissue slice(Figure 3.2) Due to the previously detected nspecific staining of some
differentiated cell types within the epithelium thie small intestine, spleen samples present

on the same tissue section were treated as ihisnaok for staining.The staining of spleen
sections confirmed the presence of nuclear Brm expression iyntp&oid germinal centres

and sinusoidal cells in red puip controlanimals a staining pattermwhich was lost in Brm

null (Figure 3.2h. As previously observed Brgl was found to be ubiquitously expressed in all
epithelial cells of small intestine in both control and Brm null animals (Holik A. unpublished
observations) (Figure 3.2a). In comparison to Brgl, we have been able to detect Brm
expresion in the small intestinal epithelium of controls for the first time and found it to be
expressed at very low levels. Brm expression appears to be stronger in stromal cells of the
lamina propria than in epithelial cells however this positive stainirgpgisared in the Brm

null animals with only some nespecific Goblet cell staining still present within the tissue
samples(Figure 3.2a). Furthermore, no Bipositive cells were found in the crypts of
Lieberkihn with the expression being limited to low nembf early differentiated or mature

epithelial cell types.

Immunohistochemicataining of subsequent tissue sections with Brgl confirmethtsaic
expression of both catalytic subunits of SWI/SNF in control aniffadgire 3.3. In theliver
of controlanimals (Figure 3.3amall neighbouringclusters of Brm an@®rgl positive cells
were detected-urther immunofluorescence analysis detestey weak immunofluorescent
signal for both Brm and Brgl incapacitating the analysis adiswibution of those teins

in the liver cells

Brm null animals have an overall higher proportion of Brgl positive ¢eds controls
(Figure 3.3b)which is consistent with presus data Reyeset al, 1998 showing the
upregulation of Brgl in case of Brm logsowever notall of the liver cells are expressing
Brglin case of Brm loss (Figure 3)3meaning there are some that are expressing neither of
the ATPase catalytic subunits.
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Figure 3.1 The complete loss of Brm in Brm null knaxk mice. Brm null animals along with Brifi controls

were dissected at 70 days of age. Immunohistochemical analysis of Brm expression revealed 100% loss of Brm

in all tissues investigatedA) kidney, (B) liver, (C) spleen and (D) smatitestine in comparison to normal
expressiondvels of Brm incontrol cohort. White arrows mark napecific positive staining of cells whereas

black arrows positive Brmpecificstained cellsSome positive nospecific staining was detected in cells of

secretory lineage in small intestinal sections of both Brmandl control animals. No Brstained cells were
detected in control animals. Scale baiblackenredisoglnt s 10 (
where scale bar represents 50 &m.
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Figure3.2 Theexpression pattern of Brm in the small intestinal epithelrm null animals along with Brri{*

controls were dissected at 70 days of agd immunofluorescent staining was conducted on harvested. tissue
Blue channel corresponds to DAPI nuclear staining, green channel to Brm staining and red channel to Brgl. (A)
Immuflourescentanalysis of Brm expression revealed 100% loss of Brooirtrolorgan of spleertHowever in

contrast to the small intestinal epithelium, high levels of ereastivity between Brm and Brgl have been
detected in red pulp of spleen resulting in Buositive staining in Brm null tissu@) Small intestinestaining

reveded lower levels of Brm expressidn comparison tespleen.Brm expression levelsvere low incontrol

cohort limited to few cells and located outside of the crypt compartn@he positive nospecific staining

was detected in cells of secretory lineagsmall intestinal sections of both Brm null and control animals. Scale
bar represents 100¢gm.
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Figure 3.3 The mosaic expression of Biand Brglin liver. (A) Immunohistochemicahnalyss of expression
patterns of Brm and Brgl on the sequential sectionBrin ** animals at day 70 of age revealed a-non
overlapping pattern of nuclear localisation of Brm and Brgl subuwvitite arrows mark individual cells
stained with antBrm antbody whereas black arrows indicate the same cells stained witBradtiantibody
present on the serial section of the same tissue (B) Immunohistochemical analysis of Brgl and Brm in liver
sections from Brni’* control cohort and Brm null cohort shows igter proportion of Brgdositive cells in

Brm null animals in comparison to control$ie scale bar represerits<0 0 & m.
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On the basis of the immunohistochemical data, | assessed whether the Brm loss affected the
levels of Brgl protein in the liver byveestern blotting. Previously obtained tissue from the
livers of control and Brm null mice (n=4)aveused for protein extraction and Western

blotting analysigFigure 3.4a)Quantitative analysis of those protein samples further

confirmed the higher levelof Brgl in Brm null animals in comparison to conti@s0.03,

n=8, Figure 3.4b)

A

wt wt wt wt null null null null
Brgl T MR e a——— —
210 kDa

45kDa

0.8
0.6 -
0.4 -
0.2 -

Densitometry relative to control

Control Brm null

Figure3.4 Brm loss affects the expression levels of Brgl. (A) Western blotting analysis for Brgl confirmed the
presence of upregulated levels of Brgl in Brm null animals in comparison to controls (B) Densitometry was
carried out to quantify the differences obse e d . The resul t sactiwleadieg contwot ané | i s e d
represented as a value relative to controls (p=0.03, n=4, Mann Whitney U Test)
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3.2.3 Brm loss has mild effects on the small intestinal homeostasis

Although Brm null intestinal epithelium dichot show any obvious morphological
abnormalitiesthat could be assessed on H&E sectiangntitative analysis of histological

and some basic functional parameters detected some subtle differences between Brm null and
control animals. The results of qudative analysis of those histological parameters are

summarized in Table 3.1.

Crypt and villus lengths have been assesseHi&E stained sectionss the average number

of cells (x standard deviation) from the bottom of the crypt of Lieberkihn till the-eitiys
junction and from the cryptillus junction till the very top of the villus where the cell
shedding occurs respectively. Both, crypt and villus size are found to be altered in the Brm
null small intestinal epithelium with a small increase in citgpgth in experimental animals
versus control (22.56£0.16 and 21.62+0.92, p=0.008, n=8, Figure 3.5a). Conversely, the
guantification of the villus length showed a small decrease in the villus size (71.67+1.48 and
73.40£1.48, p=0.03, n=8, Figure 3.5b).

Both apoptosis and mitosigerescored on the basis of immunohistochemicahstg using
specific markers:Cleaved Caspasg for sequential caspase activatiamascadein cell
apoptosis and Ki6protein expressed in all active phases of the cell cyclepgxX&e Scoring

of apoptosis detected a trend of lower apoptosis levels in Brm null mice in comparison to
control animals. However, the trend was not significant (0.866+0.06 and 0.744+0.33, p=0.17,
n=8, Figure 3.5c). Quantification of the cells scored astipe for Ki67 marker revealed no
difference in the levels of proliferation between control and Brm null animals (13.51+0.70
and 13.40+0.76, p=0.74, n=8, Figure 3.5d).

A further marker of cell proliferation was used to quantify the number of cellpimse of

the cell cycle. Brm null and control mice were injected with BrdU labelling reagent 2 hours
and 24 hours prior to dissection and the obtained tissue sections were stained using an anti
BrdU antibody.In parallel to the previous levels of proliédion detected by Ki67, there was

no difference between the numbers of Bidbelled cells in the half cryptillus between
controls and experimental animaisthe 2 hour time point (5.07+1.61 and 6.06x08%.40,

n=4, Figure 3.5 Further, scoring at th&4 hour time point showed the expected,
approximate doubling of the number of cells kpl&ase in comparison to 2 hour time point

and detected a significant increase in the number of falitive cells in Brm null animals
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in comparison to controls (10.45.82 and 14.31+2.13, p=0.026=4, Figure 3.5e) however
this result should be considered with a great care due to the significant effect of Brm on the

crypt length.

Therefore in the context of complete Brm loss, the quantitative analysis of basicrfahctio
and morphological factors detected some very mild effects including a small increase in crypt
length, a decrease in villus length and subtle changes in the shape of the proliferative

compartment within small intestinal epithelium. However, the intakliomeostasis appears

to be maintained and not affected by these small changes.

Parameter Cohort
Cryptlength ~ Control 21617 092  0.008
Brm null 22.564 0.156
Villus length Control 73.402 1.478 0.029
Brm null 71.669 1.476
Caspase Control 0.866 0.061 0.170
positive cells Brm null 0.744 0.338
Ki67  positive Control 13.395 0.762 0.744
cells Brm null 13.513 0.702

BrdU positive

cells

2 hours Control 5.070 1.605 0.400
Brm null 6.064 0.950

24 hours Control 10.157 1.822 0.026
Brm null 14.305 2.131

Table 3.1 Quantitative analysis of the effects of Brm loss on the small intestinal histBlaithelium from

+/+

small intestine from CieBrm ™" (marked as Control) and Cr8rm null (marked as Brm null) was harvested
from animals at 70 days of age. Histological parameters including crypt and villus length, apoptosis,
proliferation and BrdU incorporation were quantified and comparison between those two cohorts was conducted

usingstatistical software.
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Figure 3.5Histological analysis of the effects odnstitutiveBrm loss in the small intestinal epithelium. Control
and experimental Brm null animals were harvested at day 70 of agehigtological parameters such @9
cryptlength (B) villus length were counted on H&E sections for control and Brm deficient anifted average
number of (C) Cleaved Caspase 3 (D) Ki67 (BdB 2h and 24h-positive cells was scored on the
corresponding immunostained sectiokstor bars represent standard deviation and asterisk symbol indicates
those histological parameters thatwid a statistically significant difference (p value < 0.05) between cohorts
of mice. Exact values, standard deviations, p values are provided in Table 3.1
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Cumulative Percent of Ki67-positive cells

3.2.4 Brm loss changes the shape of proliferative compartment in the epithelium of

small intestine

The distribution of Ki67 positive cells was analysed to assess any possible changes in the

shape of the proliferative compartment within epithelium of small intestine. Analysis of the

cumulative frequency of Ki67 positive cells detected a significant éhanghe position of

proliferating cellsalong the length of the intestinal crypith a small but significanthange

in Ki67-labelled cells towards the top of the crypt suggesting an increase in activity within

that region of the epitheliufiKkolmogorov+Smirnov Z test, p=0.03, n=8, Figure 3.6).

— Control

= Brm null Control

100.0%"
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Figure 36 Immunohistochemical analysis of Ki67 staining of control and experimental animals at day 70 of age
detected no gross differences in distribution of Kiaitive cells within the epithelium. Cumulative frequency
analysis of Ki67 positive cells revealedatiyes in the shape of proliferative compartment (Kolmogorov
Smirnov Z test p=0.03, n=8) with an expansion towards the top of the intestinalScgj#.car represents 100

€ m.
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3.2.5 Brm loss does not affect the cell migration in the small intestinal epithelium

BrdU labelling reagent is used not only as a cell cycle phpseific proliferation marker in
addition to Ki67, but also to visualise the migration of the cells within that-erjus axis of

the small intestine. All Brm null and control animals at day 70 of age were administered with
BrdU by intraperitoneal injection at either 2 hour or 24 hour prior to being sacrificed.
Immunohistochemistry against BrdU was carried out #edposition of all BrdU positive

cells along a half cryptillus axis was scored on the small intestinal sections in order to
assess the effects of Brm loss on the migration capacity of epithelial cells of the small

intestine.

The cumulative frequency &rdU positive cell position at 2 hours prior to dissection showed
that all of the BrdU labelled cells were confined within the intestinal crypt which is in
agreement with the existence of proliferation zone. Although there is a trend of BrdU positive
cells being present in the lower cell positions along the evilpts axis in small intestinal
epithelium of Brm null mice this trend is not significant in comparison to control animals

(Kolmogorow+Smirnov Z test, p=0.619, n=4, Figure 3.7a).

BrdU injection 24hours prior to dissection showed an expansion of the migration area of
labelled cells within cryptillus axis outside of the intestinal crypt. Similarly to 2 hours
experiment, the cumulative frequency of BrdU positive cells at 24 hours revealed aftrend o
BrdU labelled cells being positioned lower within the cryifiis axis in Brm experimental
mice compared to controls yet again this trend is not significant (Kolmogimosnov Z

test, p=0.281, n=4, Figure 3.7b).

Although the cumulative frequency cervor both 2 hours and 24 hours appears to be shifted
suggesting that the migration of the cells along ewfhis axis is slower in the Brm null, this

effect is not significant in comparison to control animals.
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Figure3.7 Brm deficiency does not affect the population of BrdU positive cells and the migration pattern of
those cells remains unchanged. Cumulative frequeralysia of BrdU immunostaining 2 hours (ahd 24

hours (B) post labelling revealed no significacttanges between Brm null and control aningélsimogorowv
Smirnov Z test, p=0.619, n=4 and p=0.281, n=4, respec}ively

3.2.6 Brm loss affects the differentiation of the certain intestinal epithelial cell types

The network of signalling pathways maintaining the homeostasis in the intestinal epithelium
is also responsible for regulating cell proliferation and differentiation procegses.
evidenced before, Brm loss has some effects on the crypt and villus lengtéllzas the
proliferative compartment in the epithelium. Accordinglyantitative analysis ahe four

main differentiated cell types found in the small intestinal epithelias conducteth Brm

null and control mice at day 70 of age in order totartcharacterise the effects of Brm loss

on the maintenance of small intestinal homeostasis.

Enterocytes are the only differentiated cell type of absorptive lineage nevertheless accounting
for the majority of the cells presemtthe villus. To assess theundance and the distribution

of enterocytes in the Brm null epithelium, alkaline phosphatase staining was performed,
which marks brush border of the enterocytes. No difference in the intensity or thickness of
the staining was observed within the epitheliof Brm null and control animals (Figure 3.8)
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The most abundant cell type of the secretory lineage in the small intestinal epithelium is a
goblet cell. Alcian Blue staining was carried out to assess the frequency of goblet cells in the
small intestine inBrm null and control animals (Figure 3.9). Scoring of the Alcian Blue
stained cells showed the increase in the number of goblet cells in the experimental animals
per half cryptvillus in comparison to controls (7.40+0.30 and 6.37+£0.19, p<0.0001).

Another nember of the secretory lineage, Paneth cells, are present only in the crypts of
Lieberkihn. To quantify the numbers of this cell type, lysozyme staining was carried out on
the sections of small intestinal epithelium (Figure 3.10). The quantification dPaheth

cells showed no difference in the number of cells present in thedyalf between control

and Brm null animals (1.84+0.26 and 1.73+0.15, p=0.31, n=8).

Enteroendocrine cells are the final differentiated cell type belonging to the secretory.lineage
Those cells are identified within the small intestinal epithelium by Grimelius staining as
enteroendocrine cells take up the silver ions present in the staining solution. Scoring of the
enteroendocrine cells have detected an increase in the numbds giosgiively stained with
Grimelius in Brm null mice compared to controls (2.24+0.05, 2.14+0.08, p=0.009, n=8)
(Figure 3.11).

The quantification of differentiated cell types in the small intestinal epithelium revealed that
Brm loss affects differentiatn of two secretory lineages leading to an increase in the number

of both goblet and enteroendocrine cells.
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Figure 3.8 Alkaline phosphatase staining detected the normal brush border pattern corresponding to the
membrane of differentiated enterocytes. The small intestinal sections of control and Brm null mice dissected at
day 70 of age were stained with chromogen for alkaphosphatase. Staining revealed no changes in the
alkaline phosphatase expression in the small intestinal epithelium of control and Brm experimental animals. The
localisation of differentiated enterocytes and therefore polarisation of the epitheliwimgsemormal in control

and Brm null cohort. The scale bar represents 100¢em.
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Average number of goblet cells
per half cryptvillus

Figure 3.9 Alcian Blue staining was used in order to mark goblet cells within small intestinal epithd&lhen
small intestinakections of control and Brm null mickssected at day 70 of age and stained using cell specific
stain detecting mucin secreting celBdack arrows indicate individual goblet celtaining revealed no chges

in the localisation of Alcian Blue stainedlts inthe small intestinal epithelium of control and Brm experimental
animals The number of Alcian Blue positive cells increased in Brm null animals in comparison with controls.
The scale bar represents 100¢&gm.
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Figure3.10Immunohistochemistry against lysozyme was carried out in order to mark Paneth cells within small
intestinal epitheliumThe small intestinal sections of control and Brm null ndissected at day 70 of age and
stained using cell specific stato reveal the number and localisation of Paneth .cBlBck arrows indicate
individual Panethcells Staining revealed no chges in the localisation of lysozyme positive cellshiea small
intestinal epithelium of control and Brm experimental anim&8lsbsequent scoring of Paneth cells showed no
change in the number of lysozyme positive cells between Brm null and control afielscale bar represents
100¢e m.
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Figure 3.11 Grimelius staining of small intestinal sections weerried out to visualize the number of
enteroendocrine cells amall intestinal sections of control and Brm null mitgsected at day 70 of age. Black
arrows indicate individual enteroendocrine cells within the epithelium. Staining reveal normalatowalisf
enteroendocrine cells in Brm deficient animals in comparison with controls. The scoring of numbers of cells
detected significant increase in numbers of enteroendocrine cells in Brm null in comparison to control animals.

The scale bar represents016 m.
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3.2.7 Brm loss does not affect CD44 expression

Although complete loss of Brm does not have a tumorigenic effect on the small intestinal
epithelium, immunohistochemical analysis of the Wnt target gene CD44 was conducted on
the tissue sections from Brmlhand control mice harvested when they were 70 days of age.
Analysis of the CD44 staining in the small and large intestine detected no perceptible
differences between Brm null and control animals (Figure 3.12a). In contrast, previous data
from Reismaret al. (2002) showed that Brm loss leads to loss of expression of CD44 in
multiple organs such as gut epithelium, lungs, brain and liver. The expression levels of CD44
were assessed by gFPICR. mMRNA was extracted from small intestinal tissue samples of
Brm ndl and control animals at day 70. gHPICR analysis of mRNA levels revealed no

significant changes between Brm deficient and control mice (p=0.29, n=8, Figure 3.12b).

Given our data contrasted with published report, a collaboration was initiated with Prof
Bernard E WeissmanLipeberger Comprehensive Cancer Center, University of North
Carolina, Chapel Hill, North Carolipaco-author of Reismaet al. (2002), which resulted in
immunofluorescent staining for CD44 of control and Brm null tissue sections sent by myself.
The staining again showed no difference in CD44 expression in the small intestinal
epithelium of control and Brm deficient cohorts comiing previously obtained data from
immunohistochemical staining (Figure 3.13&)milarly, no substantialdifferencesin the
expression of CD4#ave been observed the epithelium of stomach ahahg tissugFigure
3.13b, 3.13k A decrease in the CD44 pression was detected in the liver of Brm null
animals compared to control animals, however Cpdditive signal distribution was not
even across the tissue sample with some areas characterized by high expression and other

areas low or negative (Figure 3d).
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Figure 3.12Analysis of the expression of CD44. Immunohistochemical staining against CD44 revealed no
differences in expression of CD44 in the intestinal epithelium in Brinimabmparison to contr@nimals

Scal e bar r e pThe saascripttonabeVel af 8D44 WaB quantified by quantitativeties-PCR
(QRT-PCR as shown in bar graph forffihe datafromqgRPP CR ar e n o r +acil(n=8).eAdayswioft h b
levelsof CD44 mRNA further confirmed the lack of differences between control and experimental afingals

data is presented as a fold change (initial Ct values were plotted with error bars)
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Figure 3.13 Immunoflorescent staining for CD44 for (A) small intestinal epithelium (B) stomach (C) lung (D)
liver. The analysis of the CD44 expression revealed no differences in the small intestine, stomach or lung tissue
between Brm null and controls harvested at 70 daygef A decrease in the expression of CD44 was detected

in the liver however the staining of whole tissue lacks the consistency of positive Sitriaing and CD44
expression analysis conducted by Prof B. E. Weissman (LCCC, Chapel Hill, 88&lg bar reggsents 100

e m.
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3.2.8 Brm loss does not directly interact with Wnt signalling

Brm null experimental animals did not show any signs of illness or tumour formation which
confirms previously published data (Rey#sal.,1998) but as its paralogue ATPase Brgl is
widely considered a tumour S U p p-catesirsio the Ther
epithelium to look for any evidence of a direct interaction between Brm and Wnt signalling.

| mmunohi st oc he micateaih in @ndayls pld ¢ostrol @rfd Brn null animals
detected a significant di fcdteain ia the snalliintestibah e e x
epithelium (Figure 3.14a). | n-cabnintislobs@wedrat d e f i C
the cell membr ane of intestinal epicatétnm| i al C
in cellto-cell adhesion as adherens junction component however the staining was
significantly stronger i-paterecnowad detedted withim tima | s .
bottom third of the cryptsuggesting that some cells within thiers cell niche express

nucl -eatenin. b

The observation of e |-catenm tinglek cytoplasra bnsl nuoldus is t a b i
following disruption oft h ecatdmin destruction complex is one of the first hallmarks of
activated Wn t signalling. The v adatentha t i on
immunohistochemical staining between control and Brm null animals and therefore nuclear
accumul adatmio was mfestigated quantifiably by Western blotting in Brm null and

control animals at day 70 (n=4) (Figure 3.14b). This analysis of levels of active

( dephos phaatepih adteeteld) no Bifference between control and experimental
animals (p=0.355,#4, Figure 3.14c). At the same time, | have also assessed the total levels
of-cAtenin including its endogenous -@aennr essi o

showed no difference between control and Brm null animals (p=0.343, n=4, Figure 3.14c

The data above show that complete Brm loss does not lead to changes in the downstream
effector of -d8tenin, ferthey suggesting that any possible effects of Brm on
Wnt signalling ar e n-edenimstabilizaidmaedaccamulatiornbeit | e v e

may occur somewhere downstream the pathway.
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Figure 3.#The anal ysi s -catenindxsmall etestinal@pithebum infBrm null and Brm wijge

animals harvested at 70 days of agk)  mmuno hi st oc he micatemih revealed prgssncesof o f b
staining within the membrane and decreased expression in Brm null in comparison to control animals. Nuclear
b-catenin staining was detected in the dartzells within crypt compartmenB] We st er n -batemnn f or D
forms: totatatendionyeamwmd s doatenm.Brevioesimmurehiseochenfical analysis does

not allow for quandatfémrmian, o pr edhtenihneveeledaseddldy Westerrb

blotting. (C)The analysi®f blotting by densitometry revealed no differences in protein levels between Brm null

and control animals indicating no effects -oateniBrm | os s
Thersul t s wer e n oactndohding @mntrol tndl représentecbas a value relative to controls (p=
0.355, n=4 and p=0.343, n=4, Mann Whitney U Test). TAh

117



3.2.9 Brm loss leads to changes in Notch signalling

Both Wnt and Notch signalling are responsible for controlling crypt cell proliferation,
directing the differentiation of progenitor cells towards secretory or absorptive lineages and
maintaining the intestinal stem cell niche. The immunohistochemical ssmalgported
changes in the number of identified differentiated cell types observed in Brm null animals
suggest that the homeostasis between different signalling pathways maintaining the
proliferation and migration of the cells within the small intestiggithelium is somehow
disturbed. The Notch pathway and its effectors belonging to the bHLH (basieldogx

helix) family of transcription factors play a crucial role in the progenitor cell fate
determination. NICD (Notch intracellular domain) which iseased upon the Notch ligand
binding translocates into the nucleus to form an active complex withj Rbfth mediator in

order to stimulate the expression of Notch target genes. Hesl is one of those target genes and
it acts as a major effector of Notchysalling. During normal intestinal homeostasis Hesl
promotes the progression of progenitor cells into enterocytes whereas Hesl loss shifts the
differentiation and specification of progenitors from absorptive lineage cell type into a
secretory Goblet celate. Other two hairy and enhancer of split (Hes) family members, Hes3
and Hesb, have been shown to act cooperatively with Hesl in regulating the cell fate of
intestinal progenitor cells and repressing the expression of epithelial cell fate determination
genes such as Math@Ueo et al 2012, van Es et al 2008)athl is another member of the
family of bHLH transcription factors which is essential for intestinal cell differentiation into
secretory lineagdvan Es 2010)Because of the crucial role of Notch rsdling on the

mai nt enance of i ntestinal homeostasi s, t he
elements such including Hes1, Hes5, Notch 1 ICD and Mathl were closely investigated by
Western blotting. The target proteins have been specificallgechas they are present in
different parts within the signalling cascade to enable thevatap analysis in determining
whether any and which particular parts of the Notch signalling pathway are affected by Brm

loss.

The analysis of Notchl ICD proteieVels which is a receptor for membray@und Notch

ligands Jaggedl, Jagged 2 and Deltal showed no significant changes (p=0.686, n=4, Figure
3.15b). Similarly, the levels of main Notch signalling effector downstream of NICD binding,
Hes1 did not detect arghanges (p=0.114, n=8, Figure 3.15b).
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Immunohistochemical analysis of Hes5 expression in the small intestinal epithelium of Brm
null and control animals detected Hegsdsitve cells to be localised predominantly at the
crypt base neighbouring with Panetélls with some rare positive cells present within the
bottom two thirds of the crypt (Figure 3.16a). Therefore there is no difference in the
localisation of the Hespositive cells between Brm deficient and control animals. Despite no
changes detected the pattern of expression of Hes5 within the small intestinal epithelium,
notable changes in the level of expression of Hes5 were observed. In the control tissue, Hes5
positive cells were present in each crypt whereas in Brm null only a small percensags|of
intestinal crypts contained Hegbsitive cells. Assessment of Hes5 protein levels conducted
by Western blotting detected a significant reduction of Hes5 protein levels in Brm null tissue

samples compared to controls (p<0.05, n=8, Figure 3.16lx)3.16

Finally, the levels of Mathl were investigated by Western blotting and revealed a slight
increase in Mathl protein in Brm null samples in comparison to control tissue (p<0.05, n=4,
Figure 3.15b).

In order to assess whether the observed changes @argiong at the transcriptional, protein
level or both, the expression levels of Hesl and Mathl were assessed -BCEFRMRNA
was extracted from small intestinal tissue samples of Brm null antbtanimals at day 70
gRT-PCR analysis of Hes5 mRNA leveisvealed no significant changes between Brm
deficient and control mice (p=0.287, n=6, Figure 3.17aj inkrease in MRNA of Hes1 in
Brm null animals was observed however this trend was not signifiéagtré 3.17b,
p=0.054, n=6) This wasin contrast taMlathl mRNA where we found a markedcirease in

Brm null in comparison to control cohofigure 3.17bp=0.031, n=6).

Although Brm loss does not affect either the receptor Notchl or thechweestcterized
effector of Notch signalling cascade Hes1, sigaiit changes in Hes5 at the protein level

and in Math1 at both transcriptional and protein level have been detected.
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Figure 3.15(A) Western blots for numerous elements of Notch signalling such as Hesl, Math1, Notchl ICD.
(B) Analysisof protein levels of Hes1 and Notchl ICD revealed no changes due to Brm loss comparing Brm
null and Brm wildtype animalgp=0.114, n=8 and p=0.686, n=4, respectivelpwever the increased protein
levels of Math1 were found in Brm null animals in compani to control§p<0.05, n=4)
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Figure 3.16Analysis of Hes5 expression in the small intestinal epitheli@dnlmmunohistochemistry against

Hes5 showed that Hes5dgpressed with intestinal crypt compartment and detected a decline in number of Hes5
positive cells in Brm null animals in comparison with cont@sWestern blot analysis was perform in order to

confirm the observation from immunohistochemical staimhiptestinal section§C) Analysis of protein levels

of Hes5hby densitometrghowed loss of Hes5 in Brm null animals in comparison to normal levels expressed in

Brm wild-type animalgp<0.05, n=8, Mann Whitney U Test) Scal e bar represents 50¢m.
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