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Identification and characterisation of potential stem cell markers in the

gastrointestinal tract in health and following injury

Daniel Clyde

Abstract

The gastrointestinal tract is in a constant state of renewal mediated by stem cells

which are postulated to be located towards the isthmusof gastric glands and the

bottom ofintestinal crypts. However to date, no definite molecular markers exist

with which to identify these cells and their properties have mostly been inferred

from studying the epithelial response to radiation injury. Therefore this thesis

aims to assess whether the glycoprotein CD24 is a potential stem cell marker in

the gastrointestinal tract, to identify novel candidate stem cell markers using

proteomics techniques and to investigate epithelial-mesenchymal interactions

during clonogeniccell-mediated epithelial regeneration following radiation injury.

CD24 has been suggested as a candidate stem cell marker protein in the

gastrointestinal tract following previous work, which showed that CD24 is

expressed in the lower half of laser-bisected colonic crypts; and that CD24

expression is confined to the proliferative zone of rat stomach glands and small

intestinal crypts. Although its function in other tissues such as the immune

system has been well characterised, the function and localisation of CD24 within

the gastrointestinal tract is currently largely unknown. CD24 expression was

investigated in a panel of gastrointestinal cell lines; and following siRNA-

mediated gene knockdown of CD24, apoptosis was increased and proliferation

was decreased in HT29 colon cancer cells. CD24 expression patterns were also

investigated in mouse stomach, small intestine and colon. Results showed that

CD24 is expressed by specific differentiated cell types, implying that CD24is not

solely a stem cell marker in the gastrointestinal tract. The effect of CD24

(1)
knockout in vivo was assessed using CD24” mice. CD24 deletion caused
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increased gastrointestinal susceptibility to apoptosis and reduced crypt survival

following radiation injury.

To generate novel candidate stem cell markers, CS7BL/6 mice weretreated with

12Gy y-radiation to sterilise the crypts of the small intestine, which were then

allowed to regenerate from the few surviving clonogenic cells (thereby

theoretically enriching the population for stem cells). Regenerating epithelium

was compared to control epithelium using 2D SDS-PAGEandproteins found to

be up-regulated in regenerating epithelial cell protein lysates were investigated

further. Mortalin-2 and Keratin-19 were selected as likely stem cell marker

candidates from literature searches on the basis of their known functions. Both

proteins were found to be expressed in several cell types in both small intestinal

and colonic epithelia and are therefore unlikely to be solely stem cell markers in

these tissues.

As the regeneration process is thought to result from complex interactions

between the epithelium and surrounding tissue, the pericryptal fibroblast sheath

was studied in response to radiation treatment. We showed that myofibroblast

numbers increased during the course of epithelial regeneration, but this did not

occur as a result of cell division; and that FGF-2 is likely to be involved in

mesenchymal-epithelial signalling during healing of the colon following radiation

injury.
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1.1 Structure and function of the gastrointestinal tract

1.1.1 Overview

The gastrointestinal (GI) tract functions to digest and absorb food; and also to act

as a protective barrier between the body and the external environment. The GI

tract may be considered as a muscular tube lined with mucosa which stretches

from the mouth to the anus. The structure of the mucosallayer of the tract varies

between organs, allowing for specialised digestive processes to occur.

1.1.2. The stomach

The stomach has an early role in digestion as well as acting as a ‘reservoir’ for

recently ingested food. It is connected proximally to the oesophagusanddistally

to the duodenum and maybe sub-divided into the corpus (the body of the stomach

which produces digestive acids) and antrum (which connects distally to the

duodenum andis the site of hormone production).

There are four tissue layers to the gastric wall, the innermost being the mucosa;

whichis the site of stomach acid and digestive enzyme production. The mucosa

is supported by the sub-mucosa, which is composed of connective tissues. The

muscularis propria is adjacent to the sub-mucosa and consists of three muscle

layers which churn food. Thefinal gastric tissue layer is the serosa — a transparent

continuation of the peritoneum (which lines the abdominal cavity) which itself

maybefurther divided into the serosa and sub-serosa (Redel and Zweiner, 1998).

The mucosais lined with gastric glands, which have base, neck, isthmus and pit

regions (Figure 1.1). These glands are arranged in tubular gastric pits and secrete

gastric juices. Gastric glands have different morphologies in the antrum and

corpus (body) of the stomach. Antral glands are shorter and have smaller base

regions; consequently the isthmusis relatively closer to the gland base. Within

each gastric gland are specialised cell-types: parietal cells which secrete

hydrochloric acid and intrinsic factor and are the most numerouscell type (found

in the corpus only), chief cells which secrete pepsinogen (the precursor of the

digestive enzyme pepsin), mucous neck and surface cells which secrete mucus;
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and enteroendocrine cells which are hormone-secreting cells and include sub-

populations such as enterochromaffin-like (ECL) cells which secrete histamine,

D-cells which produce somatostatin and G-cells which secrete gastrin (and are

found in the antrum only). Finally there are undifferentiated (stem) cells which

are thought to constantly replenish the gastric gland cell population.

Pit

    

  

 

  
   

.. fibroblasts
capillary 

isthmus ‘ : |precursor cells

|mucous neck cells

Gland parietal cell

enteroendocrine
(APUD)cells

chief cell _—
Figure 1.1: Schematic representation of a gastric corpus gland showing the

location of the cell types. Adapted from

http://navigator.medschool.pitt.edu/duker01_files/image002.jpg

1.1.3 The small intestine

Digestion of disaccharides, peptides, fatty acids, and monoglycerides occurs in the

small intestine. The proximal end is called the duodenum, which functions to

receive digestive enzymes from the liver and pancreas together with bicarbonate

to aid food breakdown and neutralise stomach acids respectively. The duodenum

is connected to the much longer jejunum and ileum. The small intestinal structure

is that of layers of muscle lined with a tubular epithelium folded to give
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invaginations knownas crypts (of Lieberkuhn). In the small intestine these crypts

surround the base of villi: long protrusions which give a large surface area for

absorption from the lumenofthe intestine and are composed ofthe differentiated

cells of the organ (Figure 1.2). Several crypts supply each villus with fresh cells.

In the mouse, there may be as manyas 14 crypts per villus, due to the high rate of

cellular turnover in this tissue (Potten, 1990); with approximately 250 cells per

crypt (60% of which progress through the cell cycle each day (Potten, 1997)).

The tissue layers of the small intestine are similar to those of the stomach, with

the absorptive mucosa being adjacent to the lumen and containing the functional

cell types. The sub-mucosain the small intestine contains many blood vessels to

receive absorbed nutrients. The muscularis propria is composed of thick circular

muscle and thinner longitudinal muscle layers which provide peristaltic action to

movefood alongthe tract. Like the stomach,the serosais the final tissue layer.

There are six cell types located within the mucosal layer of the small intestine:

enterocytes to absorb nutrients into the villi from the lumen, scattered

enteroendocrine cells which may be further sub-divided into specific hormone-

producing populations, mucus-secreting goblet cells, scattered microfold cells (M-

cells) which endocytose antigens and transport them to lymphoid cells to initiate

an immune response to foreign organisms in the GI tract (Neutra er al., 1996),

undifferentiated cells (including stem cells) which are responsible for the high

cellular turnover of the small intestine and finally Paneth cells. The Paneth cells

are located at cell positions 1-4 and have an unknown function. Theories include

chitinase-producing activity (as Paneth cells are more numerous in some

insectivore species such as anteaters) and bactericidal activity (as granules within

the cells contain lysozyme-like proteins (Ayabeet al., 2000)).
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Panethcells

Figure 1.2: Schematic representation of murine small intestinal crypts and

villi showing the location of the cell types.

1.1.4 The colon

The colon has a larger diameter than the small intestine, but is shorter in length. It

functions to reabsorb water and electrolytes from the GI tract and to removesolid

waste. The caecum connects the colon to the small intestine via the ileocecal

valve and is usually referred to as the beginning of the large intestine and part of

the colon. Functionally the caecum is believed to aid the breakdown of plant

material by acting as a bacterial store, hence in carnivores the caecum is greatly

reduced in size. The distal end of the colon is connected to the rectum and anus,

for removal of waste as faeces.

The colonic and small intestinal epithelia differ in structure, as the colonic mucosa

lacks villi as the large surface area required for absorbing nutrients is no longer

required. The colonic mucosa is therefore lined only with crypts. The tissue

layers of the colon are the same as the stomach and small intestine: an absorptive

mucosal layer (which is smoother than the small intestine due to lack ofvilli), a

dense sub-mucosa, a muscularis propria with an especially thin longitudinal
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muscle layer (apart from muscle bundles from 3 thick bands, which ‘invade’ the

thick circular muscle at intervals and allow sections of the colon to contract

independently) and a serosa.

Thecell types (Figure 1.3) found in the colon are also similar to those of the small

intestine, although the enterocytes in this tissue are known as colonocytes. The

stem cells are thought to be located at the base of each crypt as there are no Paneth

cells in this tissue. Goblet cells are more numerous than in the small intestine;

especially towards the colonic table as more mucusis required to move the more

solid mass of waste. In total, there are thought to be up to 400 cells per colonic

crypt in the mouse; and the crypts are longer than those found in the small

intestine (Potten, 1995).

Cells shed from colonic table

Colonocytes

Gobletcells

Endocrinecells

Proliferative zone

 } Stem cell zone Migration

Figure 1.3: Schematic representation of a colonic crypt showing the location

of the cell types.
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1.1.5 Non-epithelial cell types in the mucosa

1.1.5.1 Gut-associated lymphoid tissue

The gut-associated lymphoid tissue (GALT) is a continuation of the immune

system into the epithelium of the intestine. This is an importantpart of the body’s

immune system, as the intestine is one of the major routes for pathogens to enter

the body (Vighi et al., 2008). Therefore the mucosa of the GItract includescells

associated with the GALT such as intraepithelial lymphocytes (IELs) as well as

approximately 80% of the body’s plasmacells. Each villus of the small intestine

contains an associated lacteal running throughout the lumen; which is a lymphatic

capillary that absorbs digested fats.

1.1.5.2 Blood vessels

As the intestine is the site of nutrient absorption, a highly intricate network of

blood vessels is required to transport the products of digestion to other regions of

the body. These blood vessels are tightly associated with the smallintestinal villi

and colonic crypts, allowing digested food to be readily absorbed into the

bloodstream for distribution (Abbaset al., 1989).

1.1.5.3 Myofibroblasts

Myofibroblasts were first identified and characterised by Gabbiani in 1971 and

since that time they have generated significant interest in a variety of areas.

Myofibroblasts are specialised cells which possess characteristics of both

fibroblasts and smooth muscle cells. They are thought to arise from

transdifferentiation of either one of these cell types (Lipperet al., 1980), or from

differentiation from primitive stem cells (Seemayer ef al., 1980) via interaction

with platelet-derived growth factor (PDGF) and/or stem cell factor (Powell et al.,

1999). They are characterised by the presence of contractile stress fibres within

the cytoplasm, muchlike muscle cells (Gabbiani, 1992). They may be identified

by expression of the mesenchymal marker vimentin, as well as alpha smooth

muscle actin (a-SMA). Other markers of smooth muscle cells such as desmin are

present in subpopulations of myofibroblasts in sometissues, but not others. In the

intestine, myofibroblasts have two distinct cell-shapes: flattened discoid and
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stellate. They express a-SMA, contain receptors for endothelins and natriuretic

peptides and paracrinally secrete prostaglandins (Valentich et al., 1997).

Myofibroblasts have been implicated in the healing of wounds and inflammatory

insults (such as ulceration) due to their contractive ability (Gabbiani and

Badonnel, 1976; Desmouliére, 1995). This has been documented in the gastric

mucosa (Rosin et al., 1976; Chai et al., 2007) and the colon (Jobson et al., 1998;

McKaigetal., 1999).

Myofibroblasts secrete many paracrine factors which influence adjacent epithelial

cells. In the intestine, the myofibroblasts are present subepithelially from

oesophagus to anus, surrounding the crypts in a layer known as the pericryptal

fibroblast sheath (PCFS — Figure 1.4). In the crypt region, they are typically

discoid-shaped, becoming morestellate towardsthe villi in the small intestine and

colonic table in the colon. Neal and Potten (1981) estimated the numbers of

myofibroblasts in the murine PCFS to be 124 per small intestinal crypt and 38 per

colonic crypt. The PCFS is weighted towards the bottom ofthe crypts, consistent

with the putative stem cell location, suggesting that an important functional

interaction between the twocell types mayexist.
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Figure 1.4: Organisation of the PCFSin the small intestinal (a) and colonic

crypt (b). F = PCFScell, M = mitotic cell, G = goblet cell, L = lymphocyte, P =

Paneth cell, A = apoptotic cell, I = indeterminate cell, LV = light vacuolatedcell,

DV = dark vacuolated cell, C = columnar cell. Adapted from Neal and Potten

(1981).

Intestinal development begins with organogenesis, where the tissue layers, crypts

and villi form from the midgut, foregut and hindgut; and the cytodifferentiation of

specific cell types takes place from stem cells. The myofibroblasts are

increasingly believed to be in involved throughout, by regulating the processes of

adhesion, proliferation, migration, differentiation and apoptosis.
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1.2 Stem cells and the crypt/villus hierarchy

1.2.1 Overview

Each crypt and the villi it ‘feeds’ with cells in the small intestine function as a

proliferative unit which maintains the structure of the mucosal surface. Newcells

are formed in the crypt from tissue stem cells by asymmetric cell division.

Daughter cells migrate longitudinally up the crypt, proliferating as_ transit-

amplifying cells and finally differentiating on the villus into one of the specialised

cell types described in Section 1.1.3 (the exception being Paneth cells, which

migrate to the crypt base). After approximately 5-7 days in the mouse, the

differentiated cells are shed intact into the lumen ofthe intestine (Potten, 1995) at

a rate of approximately 10'° cells per day (Watson, 2004). It is therefore said that

the intestinal mucosa possesses a ‘polarity,’ with younger cells being located at

the base of the crypt and older cells occurring towards the top of the villus

(Marshmanet al., 2002).

As there are no definite molecular markers of stem cells to date, their

characteristics have been mostly inferred indirectly using radiation studies. Al-

Dewachi et al. (1980) and Potten et al. (1990) showed that the regenerative

response of the epithelium following injury may be attributed to the cells located

within the putative stem cell niche at the bottom of crypts. Similarly, Hendry er

al. (1989) demonstrated using short-range '475romethium -irradiation that when

the crypt bottoms only were irradiated (with the mid and upper crypt regions

being spared irradiation), the surviving cells could initiate the regenerative

response.

It has been estimated that each murine small intestinal crypt contains 4-6 ‘actual’

stem cells, which are thought to be located at cell position 5 (in the small

intestine) and the crypt base (in the colon); from which all other differentiated

cells of the crypt (andvillus in the small intestine) ultimately descend (Booth and

Potten, 2000). These cells are thought to divide asymmetrically to produce one

daughter cell, while the remaining stem cell is capable of further division. Stem

cells capable of this ‘clonal growth’ have therefore been termed ‘clonogenic’
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(Potten, 1998). As the daughter enters the transit-amplifying portion of the crypt,

stem cell characteristics such as pluripotency and regenerative capacity over

several generations are lost; usually by 2 generations out of a total of 6 in the

small intestine and 2 of 8 in the colon (Potten, 1998). These cells are believed to

be the ‘actual’ or ‘ultimate’ stem cells as they have been shownto readily undergo

apoptosis (see Section 1.5) following y-radiation doses of >1Gy (Potten, 1977).

This apoptosis likely occurs to delete DNA-damaged stem cells in order that

mutations are not accumulated in the epithelial cell population (which maylead to

malignant transformation). In the small intestine, there appear to be

approximately 6 apoptotic cells at the postulated stem cell position following 1Gy

y-radiation. With increasing doses of radiation, no further cells undergo

apoptosis; suggesting that there are indeed 6 radiosensitive stem cells in each

small intestinal crypt (Potten, 1998). Interestingly, following radiation doses of

>9Gy, the murine small intestinal crypt appears to gain an additional 6 clonogenic

cells of low radiosensitivity in addition to the 6 ‘actual’ stem cells of high

radiosensitivity. These are capable of DNA self-repair and may replace the

readily deleted ‘actual’ stem cells if they are damaged and hence regenerate the

crypt (Roberts et al., 1995). The more severe the damage, the more clonogenic

cells appear to be present within both small intestinal and colonic crypts

(approximately 36 at >9Gy radiation (Hendry ef al., 1992)). Therefore at high

doses of radiation, the epithelium may be considered to be ‘enriched’ for

clonogeniccells.
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Stem cells are usually defined as possessing several characteristics (Brittan and

Wright, 2002; 2004). GI stem cells:

e Possess the capacity to generate the entire adult cell complement within

their indigenous tissue by means of asymmetrical division.

e Are self-renewing by means of symmetrical division.

e Maintain homeostasis.

e Up-regulate cellular turnover concurrent with increased regenerative

demand (due to damage and/ordisease).

e Possess plasticity or transdifferentiation characteristics, which meansthat

the stem cells may engraft into extraneous tissues and produce

differentiated cell lineages in their new environment.

1.2.2 Candidate stem cell markers

It has proven difficult to study the stem cells of the GI tract directly, as they are

morphologically indistinct from other cells within the crypts and glands.

Molecular markers are therefore currently being investigated to potentially allow

identification of these stem cells. Most of the work in this area has focussed on

the smallintestine dueto its high rate of cellular turnover. A numberof potential

markers have been postulated over the past few years (summarised in Section

1.2.2.9, Table 1.1).

1.2.2.1 Musashi-1 (Msi-1)

Musashi-1 (Msi-1) is an RNA-binding protein which wasoriginally identified as

being involved in the asymmetric division of neural progenitor cells in Drosophila

and mouse (Nakamuraet al., 1994; Okabeet al., 2001) by inhibition of the Notch

inhibitor mammalian Numb (m-Numb (Okanoef al., 2002)). In the GItract,

Msi-1 has been shownto be expressed in both human and mouse stomach (Asaier

al., 2005); as well as chickens (Asai er al., 2005), amphibians (Ishizuya er al.,

2003) and rats (Nagata er al., 2006). In the human stomach Msi-1 is localised to

the neck/isthmus and base regions of the antrum, where there is some co-

expression with the proliferation maker protein Ki67; and its expression is

increased with Helicobacter pylori infection in the corpus (Murata er al., 2008).
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Msi-1 expression has also been observed at the base of gastric glands showing

intestinal-type metaplasia, suggesting that expression is exclusive to putative

stem-cell niche cells only.

In the mouse small intestine and colon, Msi-1 is localised towards the base of the

crypts at the putative stem cell niche (Figure 1.5); and its expression is increased

in regenerating small intestinal crypts, decreasing to basal levels during the

restitution of normal epithelial structure which is facilitated by apoptosis within

regenerating crypts (see Section 1.4.1, Figure 1.6). In the small intestine,

expression is observed between the Paneth cells as well as at cell positions 4-6

(the putative stem cell region according to Booth and Potten, 2000).

  
Figure 1.5: Photomicrographs showing Msi-1 expression in adult mouse

small intestine (a) and colon (b). Adapted from Potten ef al. (2003).
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Figure 1.6: Photomicrographs showing Msi-1 expression in mouse

regenerating small intestine following 8Gy y-radiation (a-d) and 14Gy y-

radiation (e-g). (a) 0.5 hours post-irradiation, (b) 3 hours post-irradiation, (c) 24

hours post-irradiation, (d) 72 hours post-irradiation, (e) 72 hours post-irradiation,

(f) 120 hours post-irradiation, (g) 288 hours post-irradiation, (h) unirradiated

control. Arrows indicate apoptotic bodies which are negative for Msi-1

expression. Adapted from Potten efal. (2003).

Although the localisation of Msi-1 may suggestthat it is a stem cell markerin the

intestine, Msi-l-deficeint mice so not show curtailed intestinal development;

implying that while Msi-1 while is not functionally important in the GI tract

(Sakakibaraet al., 2002), it may still act as a marker of GI stem cells.

With regard to cancer, Sureban er al. (2008) have shown Msi-1 to be increased

within the small intestinal adenomas of APC™"" mice (see Section 1.6.4) and also

human colorectal tumours. Reduction of Msi-1 expression in tumour xenografts

using short interfering RNA (siRNA) technology caused arrested tumour growth,

decreased proliferation and increased apoptosis (see Section 1.3): both

spontaneously and following radiation due to mitotic catastrophe.
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1.2.2.2 Bone morphogenic protein receptor-1 « (BMPR1a)

Bone morphogenic protein receptor-1 « (BMPR1a), also known as CD292, is a

receptor protein which binds Bone morphogenic proteins 2 and 4 (BMP2 and

BMP4 (He et al., 2004)). The BMPs function to repress the Wnt-signalling

pathways (see Section 1.4.3) through f-catenin stabilisation; and hence repress

proliferation.

BMPR1a has been shown to be expressed within the epithelial cells towards the

base of small intestinal crypts, but not within Paneth cells or cells occupying the

transit-amplifying positions in the crypt (Heet al., 2004).

BMPR1«””miceare not viable and die at embryonic day 8 (Mishinaet al., 2005).

HoweverHeet al. (2004) showed that conditional inactivation of BMPR1«aled to

the developmentof polyps in the small intestine, with increased crypt number and

fused villi. These polyps further developed to resemble the polyps which are

observed in human juvenile polyposis syndrome.

These data suggest that BMPR1a is expressed by intestinal stem cells; and that

inactivation allows these stem cells to replicate unchecked, disturbing the normal

homeostasis of the small intestine and leading in turn to crypt fission, an increase

in crypt numberandfinally polyp formation.

1.2.2.3 Phosphorylated phosphatase and tensin homologue (phospho-PTEN)

He et al. (2004) also suggested that BMP signalling increased the activity of

phosphatase and tensin homologue (PTEN), a tumour-suppressor known to be

mutated in several carcinomas (Cantley and Neel, 1999) and which suppresses

Wnt-signalling. Inactive PTEN (phospho-PTEN) was therefore hypothesised to

be a stem cell marker and this was investigated using a gut-specific knockout

mouse model developed by Heet al. (2007). Similarly to the BMPR1a knockout

mice, phospho-PTEN knockout mice showed increased crypt generation leading

to fission and polyp formation.
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However phospho-PTEN’s candidacy as a stem cell marker is controversial, as

Bjerknes and Cheng (2005) showedthat its expression is also seen towards the top

of small intestinal crypts near the crypt/villus junction, contradicting the

established dogmathat intestinal epithelial stem cells are located towards the

bottom of crypts.

1.2.2.4 Doublecortin-and calmodulin kinase-like 1 (DCAMKL1)

Doublecortin-and calmodulin kinase-like 1 (DCAMKL1) is a serine-threonine

kinase related to the Calmodulin-dependent protein kinase (CAMK) protein

family and is thoughtto be involved in the neurogeneration of the brain. In the GI

tract, Giannakis et al. (2006) have reported its use as a potential stem cell marker

in the mouse stomach and small intestine. This protein was shownto be localised

to the isthmus region of corpus glands and in cells located above the Paneth cells

of small intestinal crypts (Figure 1.7). In the stomach, no co-expression was

observed with Chromogranin A (CgA, an enteroendocrine cell marker).

However, in the small intestine DCAMKL1-positive cells did not co-express

5-bromo-2-deoxyuridine (BrdU,a proliferating cell marker), suggesting that either

positive cells were a differentiated cell type or slowly cycling stem cells.
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Figure 1.7: Immunofluorescent staining of DCAMKL1 expression in the

mouse GI tract. (a) Gastric corpus. Red = DCAMKLI(arrowed), green = GSII

lectin, blue = bisbenzamide (nuclear stain). Inset: red = DCAMKLI(arrowed),

green = CgA, blue = bisbenzamide. (b) Small intestinal crypt. Red =

DCAMKL1I, green = BrdU,blue = bisbenzamide. Adapted from Giannakisetal.

(2006).

1.2.2.5 Lgr5

Recently, the putative stem cell marker Lgr5 has been identified and characterised

by Barker ef al. (2007). Expression of this orphan protein in the small intestine

was demonstrated to be localised to columnarcells at the base of the crypts which

are interspersed between the Panethcells (similar to the localisation of Msi-1, see

Section 1.2.1.1). In the colon andthe gastric corpus, Lgr5 is localised to the base

of the crypts and glands respectively (Figure 1.8). Lineage tracing using a lacZ

reporter showed that Lgr5-positive cells gave rise to each cell type in the crypt (in

the small intestine and colon) andvillus (in the small intestine) during the course

of 60 days (Figure 1.9), further implying its exclusive expression in intestinal

epithelial stem cells.
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Figure 1.8: Photomicrographs showing Lgr5 expression in the mouse GI

tract using an Lgr5-lacZ reporter construct. Lgr5 expression is shownin blue,

cell nuclei in red. (a) Small intestine low power, (b) small intestine high power,

(c) colon low power, (d) colon high power, (e) gastric corpus low power, (f)

gastric corpus high power. Adapted from Barkeret al. (2007).
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Figure 1.9: Photomicrographs showing Lgr5 lineage tracing in the mouse GI

tract using an Lgr5-EGFP-IRES-creERT knock-in mouse crossed with a

Rosa26-lacZ reporter mouse 12 hours following tamoxifen injection. Lgr5

expression is shown in blue, cell nuclei in red. (a) Small intestine 1 day following

induction of lacZ, (b) small intestine 5 days following induction of lacZ, (c) small

intestine 60 days following induction of lacZ, (d) colon 1 day following induction

of lacZ, (e) colon 5 days following induction of lacZ, (f) colon 60 days following

induction of lacZ. Adapted from Barkeretal. (2007).

Recently, Lgr5 expression has also been observed within spheroid cultures of

colon cancer stem cells: subpopulations of cells isolated from cultures of primary

tumour cells which are clonogenic and capable of multi-lineage differentiation

(Vermeulenet al., 2008).
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1.2.2.6 Telomerase reverse transcriptase (Tert)

As stem cells are long-lived and resist the senescence processes seen in

differentiated cells, proteins which aid this resistance may be potential stem cell

markers. One such protein is Telomerase reverse transcriptase (Tert), which

enhancescellular longevity by assisting in the replenishing of the repeating DNA

telomere ‘caps’ which are located at the ends of chromosomes. As cells undergo

rounds of division, telomeres are gradually shortened and eventually their loss

results in cellular senescence. In several self-renewing cell populations (e.g.

haematopoietic cells, intestinal tissues) telomerase activity is high; and telomere-

less mice show several defects in self-renewing tissues such as the haematopoietic

system and GItract (Lee et al., 1998).

In the mouse, telomerase is assembled into a protein complex regulated by Tert

(mTert in the mouse). Breault et al. (2008) constructed an mTert-green

fluorescent protein (GFP) reporter mouse to determine whether mTert could be

classed as a stem cell marker in intestinal stem cells; as well as male germ cells

and haematopoietic stem cells.

In the small intestine, mTert co-localised with long-term-labelled BrdU-positive

cells located in the lower regions of the crypts above the Paneth cells (Figure

1.10); with 17% of mTert-expressing cells co-localising with BrdU-expressing

cells. These observations led Breault et al. (2008) to hypothesise that mTert

specifically labels a sub-population of stem cells. However, no expression was

reported within the columnar cells that are located between the Paneth cells,

reportedto bethesite of the stem cells by LgrS labelling (Barkeretal., 2007).
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Figure 1.10: Photomicrographs showing (a) GFP-tagged mTert (antibody

against GFP, purple, arrowed) and (b) BrdU (brown,arrowed) expression in

serial sections of the mouse small intestine. Adapted from Breault et al. (2008).

1.2.2.7 B lymphoma Mo-MLVinsertion region 1 homolog (Bmi1)

B lymphoma Mo-MLYVinsertion region 1 homolog (Bmil) has previously been

shown to be expressed in the stem cells of the haematopoietic system, with

knockout mice dying from lack of self-renewal of haematopoietic stem cells (van

der Lugt er al., 1994). Sangiorgi and Capecchi (2008) engineered a mousestrain

with tamoxifen-inducible Cre-lacZ or yellow fluorescent protein (YFP) at the

Bmil gene locus. Following tamoxifen-induced Bmil-YFP expression, Bmil was

found to be expressed in cells at the +4 position in small intestinal crypts; with

occasional expression in columnarcells between the Paneth cells (Figure 1.11).

No co-expression was seen with Lysozyme (Lys, a Paneth cell marker), Dolichos

biflorus agglutinin (DBA,a goblet cell marker) or CgA.



 

Figure 1.11: Bmil expression in mouse small intestine 5 days following

tamoxifen induction of Bmil-YFP. (a) Bmil (green, arrowed) and Lys(red), (b)

Bmil (green, arrowed) and DBA(red), (c) Bmil (green) and CgA(red arrow)/Lys

(yellow arrow). Adapted from Sangiorgi and Capecchi (2008).

12 months following induction of Bmil-YFP with tamoxifen, lineage tracing

showed that all of the differentiated cell types within the crypts and villi of the

small intestine were descended from Bmil-positive cells (Figure 1.12).

(b) (Y)

~ a,

Figure 1.12: Bmil lineage tracing in mouse small intestine 12 months

  
following tamoxifen induction of Bmil-YFP. (a) Bmil lineage (green) with Lys

(red, arrowed) (b) Bmil lineage (green) with DBA (red, arrowed), (c) Bmil

lineage (green) with CgA (red, arrowed). Adapted from Sangiorgi and Capecchi

(2008).

As intestinal cancers are thought to be self-renewing and descended from

intestinal epithelial stem cells, Sangiorgi and Capecchi (2008) were able to induce

B-catenin stabilisation in the Bmil-induced cells only, leading to multiple

adenoma formation resulting from unregulated proliferation of these Bmil-

positive putative stem cells. This was achieved by crossing Bmil-Cre-ER mice

with a conditional B-catenin stable expression allele called Ex3-LoxP. When Cre
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was recombined, the LoxP-flanked exon 3 of the B-catenin-encoding Ctnnb/ gene

was excised; the resulting stabilised protein failed to undergo degradation and was

able to activate transcription of target genes.

It was also shownthat there was increased proliferation with cell crowding at the

+4 position along with concurrent Ki67 staining in Bmil-positive cells.

Complementary to these findings, knockout of Bmil in these specific cells

resulted in rapid crypt loss within 6 days; suggesting that Bmil is functionally

important in stem cells as well as acting as a potential molecular marker.

1.2.2.8 CD24

1.2.2.8.1 Overview

In recent years CD24 hasalso been investigated as a putative stem cell marker in

the GItract, in particular by Robert Whitehead and colleagues who showed that

CD24 expression was confined to the lower half of bisected colonic crypts

(Franklin et al., 2005). However, its function in the GI tract is relatively

unknown, despite having been well characterised in othertissues.

1.2.2.8.2 The CD24 gene

The CD24 gene (as determined by mRNAstudies) in humansis 2194 bases long

with the signal peptide coded for by bases 111-118; and the mature peptide by

bases 189-350. The poly-A signal is coded for by bases 691-696 with the poly-A

site itself situated at base 718. It has been shown by performing an alignmentof

the gene sequence that similar sequences occur on chromosomes 6q21, 3p26,

15q21, 15q22, 20q11.2 and Yql1.1. However, it has not been determined

whethertranscription or translation occursat all or some of these sites (Hough er

al., 1994). The promoter of Cd24 in mouse shows characteristics of general

housekeeping gene promoter sequences as well as tissue-specific promoters

(Wenger et al., 1993). Jackson et al. (1992) reported via Southern blot

hybridisation that the Cd24 gene is complex and contains either a) many exons or

b) a family of closely related genes; with subsequent findings showing that Cd24

has 2 exons of 4kb and 2kb respectively (Ensembl Gene CD24a).
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1.2.2.8.3 The CD24 protein

When initially characterised, the CD24 protein was believed to be a 3 chain

sialoglycoprotein comprised of 45, 55 and 65kDa chains (Pirruccello and LeBien,

1986). Further studies then reclassified CD24 as a single chain peptide of

approximately 42kDa with a 5-15kDa_ relative mobility range with

immunoprecipitation. This mobility range results from the various degrees of

glycosylation that CD24 is subjected to. CD24 is synthesised as an immature

precursor protein (UniProtKB/Swiss-Prot entry P25063), which is 80 amino acids

in length and has a molecular weight of 8,083Da. Aminoacids 1-26 are believed

to be the signal sequence which targets the precursor peptide to the golgi for

modification. This signal sequence is cleaved in the final mature form, with

amino acids 27-59 being the functional portion of the protein (Signal transducer

CD24) and amino acids 60-80 are also removed; this makes mature CD24 a very

short polypeptide. Amino acid 59 (at the C-terminal end) is an amidated glycine

which acts to anchor the protein to the plasma membrane via a glycosyl

phosphatidylinositol (GPI) linkage. All GPI-anchored proteins are extracellular;

and indeed CD24 has no cytoplasmic portion (Suzuki et al., 2001). Amino acids

36 and 52 provide an N-link via N-Acetyl-D-Glucosamine (GIcNAc) to

carbohydrate molecules.

As mentioned above, CD24 is heavily glycosylated. The molecular mass (M;) of

CD24 glycoprotein varies from approximately 35,000 to 60,000 while the M, of

the CD24 precursor protein is just 8,083. This means that the carbohydrate

attached to the polypeptide weighs in excess of 26,917-51,917Da (approximately

77-87% of the total glycoprotein). 16 of the 27 amino acid residues (59%) of the

functional protein are either serine or threonine. These provide manypotential

sites for O-linked glycosylation. This large carbohydrate proportion can lead to

misleading estimates of protein size when subjected to electrophoresis, as

carbohydrate residues bind little sodium dodecyl sulphate (SDS) and therefore

impedethe protein’s passage throughthe gel matrix.
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It has been shown by Fiumeet al. (2005) that CD24 expression is regulated by

Phospholipase C B1 (PLCB1) — a protein involved in production of the secondary

messengers Diacylglycerol (DAG) and Inositol 1,4,5-trisphosphate (IP3) within

cells. They also showed that up-regulation of PLCB1 in the nucleus of murine

erythroleukemia cells correlated with increased expression of CD24, while

silencing of PLCB1 using siRNAscorrelated with decreased expression of CD24.

Also, mutant PLCB1-containing cells (M2b cells — defective in nuclear

localisation) showed decreased expression of CD24 (Fiumeet al., 2005).

1.2.2.8.4 CD24 expression and function

In the GI tract the functions of CD24 are unknown, but functionality of this

glycoprotein has been assessed in several other tissues; most notably in the

immune system. CD24 is expressed in haematopoietic cells such as B-cells, T-

cells and granulocytes and is thought to function as a modulator of B-cell

activation responses. This requires signalling from the outside of the cell to the

inside and may occur via binding of a lectin-like ligand to the carbohydrate

groups of CD24, which subsequently induces the release of secondary messengers

derived from the GPI cell membrane anchor. When differentiated into antibody-

formingcells, B cells cease to express CD24, suggesting that this glycoprotein has

a role only in developmental processes. The work of Miller et al. (1985) showed

that anti-CD24 antibodies block resting B-cells from differentiating (e.g. into

plasmacells). Conversely, erythrocytes maintain high CD24 expression (Nielsen

et al., 1997).

Suzuki et al. (2001) have reported that CD24 is involved in the apoptosis of

human B-cells via the glycolipid-enriched membrane (GEM) domains/rafts-

mediated signalling system. In this model, the GEM is an area of the plasma

membranewhichisrich in glycosphyngolipid (GSL), cholesterol, sphingomyelin,

and GPI-anchored proteins and this acts to organise functional microdomains and

allow signal transduction through the membrane (Rodgers ef al., 1994).

Intracellular calcium mobilisation is thought to occur following phosphorylation

of intracellular proteins via CD24 binding (Fischeretal., 1990). Cross-linking of
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CD24 in mice leads to apoptosis of early B-cells (Chappel er al., 1996). This

response appears to be caspase-independent, as caspase inhibitors do no protect

thymocytes from CD24-induced apoptosis (Jung ef al., 2004). However,

overexpression of B-cell lymphoma 2 (Bcl-2) does protect against this type of

apoptosis. In humans by contrast, caspase activation is observed and apoptosis

may be averted by addition of caspase inhibitors, suggesting that there are

important species differences in the regulation of these cell death pathways.

When Wanget al. (1995) transfected murine CD24 (heat shock antigen, HSA)

cDNA into the murine melanoma cell line K1735M2, T-cell proliferation and

anti-tumour immuneresponsesto the melanomacells were increased in the mouse

model; suggesting that CD24 plays role in regulating the proliferation of T-cells

rather than in their apoptosis.

In the nervous system, CD24 is expressed in neural cells, ganglion cells and cells

comprising the adrenal medulla (Mechtersheimer, 1991), suggesting that it plays a

role during central nervous system development. CD24 is also thought to act as a

stimulator of cellular migration in nerve cells and has been demonstrated to

stimulate the migration of gliomacells in vivo (Senneret al., 1999).

Shirasawa et al. (1993) and Akashi eft al. (1994) have reported that CD24

expression occurs in developing embryonic tissues outside of the central nervous

and immunesystems, including the intestinal epithelium. Normal expression of

CD24 is thought to occur only in the developing cells of the GI tract, which may

becomethe crypt stem cells of the small and large intestines. Akashiet al. (1994)

suggested that CD24 plays a role in the maturation of epithelial cells in the GI

tract, and that the core molecule is transiently expressed on the surface of

maturing epithelial cells. They have also shownthat core polypeptide expression

is confined to the proliferative area of the crypt, again agreeing with the above

hypothesis.

49



1.2.2.8.5 CD24 in cancer

Increased CD24 expression has been found in gastric adenomas and

adeoncarcinomas (Lim and Oh, 2005), pancreatic cancer (Jacob et al., 2004) and

breast cancer (Fogel et al., 1999). Expression was observed in the cytoplasm as

well as the membrane in these cases. In the colon, similar results have been

obtained with increased cytoplasmic CD24 expression correlating with increased

lymph node metastasis (Jung et al., 2004b). Recently it has been shownthat the

same colonic cancer stem cells which express Lgr5 (see Section 1.2.2.5) also

express CD24 (along with CD133, CD166, CD44, CD29, and nuclear B-catenin

(Vermeulen er al., 2008)). CD24 expression has also been studied in pancreatic

cancer (Jacob et al., 2004); with pancreatic cancer stem cells showing stem cell

properties such as self-renewal and multi-lineage differentiation. These

pancreatic stem cells have been shown to be CD24-positive (Lee et al., 2008);

muchlike colonic cancer stem cells (Vermeulen et al., 2008).

CD24 may have a role as a biomarker to aid tumour diagnosis or to determine

patient prognosis. CD24 is not expressed at high levels in normal adult human

tissues, but is highly expressed in several carcinomas (Akashi ef al., 1994).

Increased CD24 expression has been shown to correlate with increased

invasiveness of CD24-positive gastric cancer cells into the lymph and blood

(Darwishet al., 2004), possibly due to CD24 being present on the immature white

blood cells under normal conditions; and hence CD24 ligand(s) would be

expressed within the system. Increased CD24 expression has also been shown to

increase tumourcell proliferation (Baumannetal., 2005) as well as increasing cell

spreading and motility. Further work using breast carcinomacells has suggested

that CD24 may be used as a prognostic marker in breast cancer. Fogel eral.

(1999) showedthat cytoplasmic CD24 staining was observed in breast carcinomas

compared to an apical pattern in benign lesions and that CD24 expression also

correlated with tumour grade. This has also been seen in colon and pancreatic

cancers, with increased expression being reported in the more malignant tumours

(Lim and Oh, 2005; Jacob et al., 2004). Anti-CD24 (and CD21) antibodies have
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been used to treat Transplantation associated B-cell proliferative syndrome with

16 of 26 cases (62%) achieving a remission (Fischeref al., 1991).

The potential mechanisms by which CD24 contributes to a malignant phenotype

has been investigated in several cancers. Although normally membranous, CD24

expression has been observed in the cytoplasm of HT29 colon cancer cells

(Weichert et al., 2005), possibly due to over-expression of the protein. If more

CD24 is synthesised than can be incorporated into the membrane, a ‘queue’ may

build up in the cytoplasm of preprotein (either as uncleaved protein itself or as

protein inside transport vesicles). Alternatively, cytoplasmic expression of CD24

may occuras a result of loss of normal cell morphology in these cancerouscells.

With further regard to cancer, CD24is also believed to be involved in the process

of cell adhesion and metastatic tumour spread (Kristiansen et al., 2004). The

adhesion properties of CD24 may enable increased cell adhesion and hence an

increased likelihood of a metastatic cell/embolus mass becoming attached to an

epithelial surface. Interestingly Sagiv et al. (2008) showed that using microarray

technology, many genes were down-regulated by short hairpin RNA (shRNA) and

anti-CD24 antibody treatment of pancreatic cancer cells; including Bcl-2 family

members and Map-kinase pathway genes; suggesting that CD24 mayplay a role

in control of the cell cycle and apoptotic pathways. The work of Huang and Hsu

(1995) showed that there is a correlation between CD24 mRNAoverexpression

and p53 gene mutation (91% versus 46%, p<0.0005) in human hepatocellular

carcinomacells, suggesting that CD24is either directly or indirectly regulated by

this tumour-suppressor gene. CD24 has also been found to be a novelligand for

P-selectin (CD62P) — a selectin family member which is expressed by vascular

endothelium and platelets (Larsen et al., 1989). Selectins are present on the

plasma membraneofcells and are able to bind to sugar residues exposed on the

surface of adjacent cells (Bevilacqua and Nelson, 1993). This P-selectin/CD24

carbohydrate group binding may be the mechanism by which CD24is involved in

cell-to-cell adhesion during the formation of thrombi (with platelets); and also

during cancercell attachmentto the endothelium during the process of metastasis

(Kristiansen ef al., 2003). CD24/P-selectin binding has in fact been shown to
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promote colonisation of a human lung adenocarcinomacell line (A125) in a

mouse model (Friederichs ert al., 2000). Additionally, P-selectin/CD24 binding

has been shown to mediate rolling of breast carcinomacells in metastasis (Aigner

et al., 1998). Rolling is the process by which cells in the bloodstream may attach

to the endothelium by way of antigen-presenting cells within the endothelial

walls. This is important for recruitment of blood cells to sites of damage; but is

also one mechanism by which metastatic transformed cells colonise tissues distant

from their origin.

As CD24 is expressed by a wide variety of cancers with increased expression

correlating with poorer prognoses; and as the mechanism(s) of CD24 action in

cancer have begun to be understood, CD24 has been investigated as a potential

target for cancer therapy. Antibodies to CD24 have been shownto inhibit the

growth of pancreatic cancercell lines in vitro, suggesting that CD24is a possible

target for pancreatic cancer therapy (Sagiv er al., 2006). Sagiv et al. (2008) have

subsequently shown growth inhibition of pancreatic cancer cells and colonic

cancercells using shRNA as well as anti-CD24 antibodies. Clones of cancercells

proliferated slower and reached lowersaturation densities with impaired motility

following these treatments. Chappel et al. (1996) have similarly shown that cross-

linking of CD24 in MCF-7 breast cancer cells leads to apoptosis and reduced cell

migration.

1.2.2.8.6 CD24”mice

CD24”? mice were created using homologous recombination methods (Nielsen et

al., 1997). Although the mice show a leaky block in B-cell development along

with a reduced number of pre B-cells in the bone marrow, there is no apparent

impairment of immune function. Another phenotype observed in these mice is an

alteration of erythrocyte properties - erythrocytes show a tendency to aggregate,

display increased susceptibility to hypotonic lysis in vitro and have a reducedhalf

life in vivo (Nielsen et al., 1997).
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In the central nervous system (CNS), Belvindrah et al. (2002) studied CD24”?

mice and reported that, contrary to findings by Senneret al. (1999), CD24 was not

involved in the migration of normal neuroblasts (cells which divide to produce

neuronsor ganglia). Neuroblasts in CD24”? mice migrated identically to those of

wild-type animals; in a chain-like manner where migrating cells maintain cell-to-

cell contact with neighbouring migrating cells. Nieoullon et al. (2005) showed

that CD24 acts to regulate the proliferation and/or differentiation of transit-

amplifying cells (committed neuronal precursor cells) within the subventricullar

zone of the mouse brain. Further work by Nieoullon ef al. in 2007 showedthat in

the brain of CD24” mice, there was increased proliferation in ectopic areas;

whereas forced ectopic expression in the embryonic normal mouse brain by

meansof a retroviral vector led to decreased progeny-generating clusters of cells

(Nieoullon et al., 2007). These results further suggest that in brain tissue, CD24is

involved in regulating the proliferation/differentiation balance. CD24 has been

recently shown by Liu et al. (2007) to have implications in the treatment of

multiple sclerosis (MS). An MS model called experimental autoimmune

encephalomyelitis (EAE) may be induced in mice, requiring an interaction

between T-cells and non-T host cells in the CNS. Mice were generated with

increased CD24 expression controlled bya glial fibrillary acidic protein promoter.

CpD24mice developed a milder form of EAE, whereas mice which

overexpressed CD24 developed severe EAE; with increased cytokine expression

and cells associated with demyelination of neurons undergoing increased

proliferation.

The phenotype of CD24” mice has also been examined in the kidney, where

CD24 has been shown to regulate exosome release. Exosomes are small

membrane-bound vesicles which are released from the kidney into the urine or

amniotic fluid. In CD24”? mice, foetuses but not pregnant mothers released

exosomes (Keller et al., 2007). CD24 is therefore not essential for exosome

release in mice, but has been suggested as an exosome markerin future studies.
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There are no observations to date regarding the effect of lack of CD24 expression

in the GI tract, as most previous work has focussed on the immuneand central

nervous systems. However, development of the GI tract does not appear to be

impaired in CD24mice.
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Table 1.1: Summary of putative stem cell markersin the GItract.
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13 Proliferation in the GI tract

1.3.1 Thecell cycle

Proliferation is a key cellular process that contributes towards maintaining tissue

homeostasis as well as functionality in the GI tract. Like all replicating cells, the

cells of the GI tract undergo a process knownasthe cell cycle where cells pass

through 4 ‘stages’ (with a resting phase knownas Gap 0, Go).

1. Gap 1 (G;) — Cells are susceptible to extracellular growth signals causing

cellular growth and synthesis of proteins.

2. Synthesis (S) — Synthesis of DNA.

3. Gap 2 (G2) — Spindle protein assembly.

4. Mitosis (M) — Division of the cell into two daughtercells.

Cyclin-dependent kinases (CDKs) are responsible for the progression of the cell

through the cell cycle and are activated through associations with cyclins

(Johnson and Walker, 1999). ‘Checkpoints’ exist at the boundary between G; and

S (Figure 1.13) and G) and M (Figure 1.14) to ensure that the cell cycle is

progressing correctly. The G,/S checkpoint (named therestriction, R, checkpoint)

effectively determines whether or not a cell commits to division or enters the Go

phase. The G/M checkpoint serves to ensure that the DNA is not damaged; and

causes mitosis to fail in order to prevent mutations being passed onto the next

generation ofcells.

56



DNA
Contact Damage

Differentiation TGF-B Inhibition J

Replicative
pinpero Hormones GY

     

     

 

Ultra Violet
Stress Response  

Ubiquitination <------ clin H f clin. +--+Ubiquitination

E2F/DP Target Genes:

cyclin E/A, E2F-1/2/3,Bim

 

os Fe FasL . cdc2, c-Myc, p107,

cEtra—> Apoptosis on. RanGAP, TK, FoxO,
PCNA,H2A,etc.

Ca _ iinet

oO Kinase — Direct Stimulatory Modificaban Le» Transcriptional Stimulation

i =) Phosphatase ————{__ DirectInhibitory Medificatian ~L—| Transenptional Inhibrtien

© Transcription Factor — —> Multistep Stimulatory Modification = *++==+4> Translocation

—> —{  Miulllistep Inhitvtory Modification Wy Separation of Subunils or Cleavage Products

| —— —> Tentative Stimulatory Modification

ae Joining of Subunits——— 4 TeniativeInhibitory Modification
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1.3.2 Proliferation in the stomach

In the stomach the putative stem cell zone is located within the isthmusofgastric

glands, with the transit-amplifying cells migrating in two directions as they

differentiate (Karam and Leblond, 1993). This isthmusregionis also the location

of cellular proliferation in gastric glands; and the isthmusis closer to the base of

antral than corpus glands. Replicating cells within the isthmus of murine antral

glands are thought to have a turnover time of approximately 16 hours (Lee and

Leblond, 2005). The majority of differentiating cells migrate upwards towards

the lumen; reaching terminal differentiation within 5-6 generations in

approximately 1 week (Figure 1.15, Moss, 1998). The parietal cells in the murine

corpus however migrate downwards and may take up to 3 months to divide

approximately 5 times before they reach terminal differentiation (Figure 1.16).
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Figure 1.16: Schematic representation of differentiation in the gastric corpus.

Adapted from Karam (1999).
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1.3.3. Proliferation in the small intestine

Being one of the most rapidly proliferating tissues in mammals, cellular

proliferation the small intestine has been well characterised. In the mouse small

intestine, it is thought that approximately 150 of the 250 cells which comprise a

single crypt are progressing through the cell cycle at any given time, with a cell

cycle (T,) time of 12 hours (Figure 1.17a, Potten, 1995). In humans,the T, timeis

estimated to be longer at 42 hours (Potten et al., 1995). Proliferation occurs

within the self-renewing stem cells, which cycle slowly (Potten et al., 1986); and

within the transit-amplifying region, where undifferentiated daughters of stem

cells undergo approximately 6 further divisions before becoming terminally

differentiated (Potten, 1995). The exception here is the Paneth cells, which

migrate downwards from the stem cell zone to the crypt base and undergo two

division events before becoming terminally differentiated (Potten, 1997).

1.3.4 Proliferation in the colon

In the colon, proliferation is confined towards the base of the crypt, with

terminally differentiated cells being found towards the mid-crypt and crypt table

regions. The cell cycle time in the mouse colon is thought to be longer than that

of the small intestine, with estimates ranging from 20 to 36 hours (Figure 1.17b,

Potten, 1995). Estimates in the human colon (similarly to the small intestine) are

longer and range from 36 hours (Potten, 1995) to 69 hours (Potten er al., 1995).
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1.4 Effects of radiation upon the GI tract

1.4.1 Effects of radiation upon the epithelium

The epithelium of the GItract is exquisitely sensitive to ionising radiation, due to

its rapidly proliferating nature. It exhibits various responses depending on the

dose given and the time following exposure. Radiation doses are given the unit

Gray (Gy), which is equal to 1 joule of energy absorbed per kilogram.

Irradiation of tissues causes a dose-dependent retardation and eventually

inhibition of the cell cycle by blocking the progression from G, through to Go.

The cell cycle may be delayed by 1 hour per 1Gy of radiation in the small

intestine, rising to 3 hours for cells occupying the putative stem cell positions

(Potten, 1995), thus allowing time for the repair of damaged DNA(Potten and

Grant, 1998).

62



At high doses of radiation (=12Gy), it is possible to kill all of the cells in the

epithelium apart from the more resilient clonogenic cells, which will repopulate

the crypts/glands over time. Those cells will go on to differentiate into all of the

functional cell types and thus these cells will all be descended from those few

radioresistant cells. Cell death following radiation takes the form of apoptosis,

which is initiated by DNA damage caused by the ionising property of the

radiation. This response appears to be p53-dependent, as ps3" mice show many

fewer apoptotic small intestinal cells compared to wild-type counterparts 4.5

hours following radiation. Following irradiation, p53 expression rapidly increases

in the stem cell niche of the small intestine (Merritt et al., 1994) andit is believed

that this acts to ‘delete’ damaged cells from the epithelium; lest the damage

accumulates and transformsthe cell to a malignant phenotype. Apoptosis in the

GItract is discussed further in Section 1.5.

During radiation therapy of human cancers, the GI syndrome is a common

complication. This involves the loss of stem cells from crypts, leading to loss of

intestinal barrier integrity and illness. In mice, doses of ionising radiation greater

than 14Gy cause death between 7 and 12 days (Potten, 2004). Expression of p53

up-regulator of apoptosis (PUMA)protein is up-regulated up to 24 hours post-

irradiation and is responsible for subsequent p53-dependent apoptosis in the

intestine (Qiu er al., 2008). PUMA-deficient mice showed an increased lifespan

following lethal doses of radiation; as well as delayed development of the GI

syndromevia protection of crypt stem cells from p53-dependent apoptosis (Qiu et

al., 2008).

1.4.2 Effects of radiation upon myofibroblasts

Neal and Potten (1981b) described that peak apoptosis of the PCFS occurred

between 3 and 6 hours following a dose of 0.4Gy radiation in the small intestine

and colon. However due to the mixed cell population of the lamina propria, they

foundit difficult to observe myofibroblast-derived fragmented apoptotic bodies in

both tissues.
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Fibroblast growth factor 2 (FGF-2, basic fibroblast growth factor, bFGF) is one of

two FGFs (along with FGF-1) which are not secreted, but are found on thecell

surface and in the extracellular matrix, possibly as a result of cellular injury; or a

golgi-independent mechanism of exocytosis (Mignatti et al., 1992). FGF-2 has

been shown to bind to each of the 4 FGF receptors (FGFRs) but with variable

affinities for each splice variant; preferring to bind to FGFR-lc and FGFR-3c

isoforms (Omnitz etal., 1996).

It has been shown in several studies that FGF-2 protects endothelial cells from

apoptosis following the insult of ionising radiation. In HeLa cells, FGF-2 causes

a delay in the G» phase of the cell cycle; as well as producing

hyperphosphorylation of p34? kinase, which controls the onset of M phase

(Cohen-Jonathan et al., 1997). Fuks et al. (1994) showedthat this phenomenon

occurs in vivo as well as in vitro; using C3H/HeJ mice as a model, they

demonstrated that intravenous exogenous FGF-2 prevented apoptosis in the

endothelium.

In the small intestine of mice, FGF-2 mRNAlevels have been shownto increase

following ionising radiation injury, with a rapid increase observed at 48 hours and

peak levels found at 96 hours (Figure 1.18). This is consistent with the timescale

of the regenerative process. Increased FGF-2 expression is only seen with

radiation doses greater than a dose of 8Gy, which causes severe disruption to the

epithelium (below 8Gythe cell cycle is arrested without major damage to the

crypts), implying a role in repair and regeneration.
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Figure 1.18: FGF-2 mRNAlevels in the murine small intestine following y-

radiation. (a) FGF-2 mRNAlevels at 72 hours with 0-13Gy, (b) FGF-2 mRNA

levels at 0-168 hours with 13Gy. Adapted from Houchenetal. (1999).

This increased FGF-2 expression appears to be localised around the crypts but not

within any ofthe replicating epithelial cells (Figure 1.19) suggesting a role for the

PCFS (or other stromal cells) in the regeneration process via FGF-2.

Complementaryto these findings, it has been shownthat dosing mice with human

recombinant FGF-2 (rhFGF-2) 25 hours prior to irradiation approximately

doubled the amount of small intestinal crypt survival (Houchenet al., 1999).
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Figure 1.19: Immunofluorescent staining of FGF-2 and BrdU in the murine

small intestine at 84 hours following 13Gy y-radiation. (a) FGF-2 (green), (b)

BrdU (red), (c) image overlay. Adapted from Houchenetal. (1999).

1.5 Apoptosis in the GI tract

1.5.1 Overview

The stem cell number in the GI tract is thought to be strictly controlled by

apoptosis: a form of programmedcell death. Apoptosis is a means by whicha cell

commits ‘suicide’ in response to injury (such as DNA damage) and wasinitially

characterised by Kerr ef al. in 1972. During apoptosis, a cell shrinks, its

chromatin condenses and the cell fragments within enclosed portions of the

cytoplasmic membrane, thus preventing leakage of proteins that may lead to an

inflammatory tissue-damaging response. The resulting apoptotic bodies are then

phagocytosed by other cells. This contrasts with necrosis, where physical damage

leads to ruptured membranes, followed by an inflammatory response.

Apoptosis is genetically regulated, where signals to the cell activate the

expression ofcertain genes whichlead to the apoptotic response. One mechanism

of apoptosis is the extrinsic pathway which occursvia the activation of so-called

‘death receptors’ such as Fas and tumour necrosis factor (TNF). When the death

receptor is activated by its ligand e.g. Fas-L in the Fas pathway, this causes

subsequent activation of caspase 8 by Fas-associated protein with death domain

(FADD), which in turn leads to the ‘caspase cascade’ of activation of caspase-3.

Caspase-3 mediates cleavage and/or activation of several proteins includingsterol
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regulatory element binding protein (SREBP), DNA-fragmentation factor (DFF)

and caspase-6 (which itself is cleaved to produce lamins), which leads to DNA

fragmentation and cellular fragmentation (see Figure 1.20). Caspase-3 also

inhibits poly (adenosine diphosphate-ribose) polymerase (PARP, a DNA-repairing

enzyme).

Apoptosis may also occur via the intrinsic pathway (Figure 1.21), where DNA

damage leads to the release of Cytochrome c from mitochondria into the

cytoplasm. In this pathway, Cytochrome c interacts with apoptotic protease

activating factor-1 (APAF-1) and procaspase-9 to form a structure called the

apoptosome; this leads to activation of the caspase cascade. Theintrinsic pathway

is regulated at the level of Cytochrome c release by the Bcl-2 family of proteins.

This family is divided into pro-apoptotic members (e.g. Bcl-2 associated x (Bax),

Bcl-like protein 1 (Bcl-x) and Bcl-2 Bcl-2 antagonist/killer (Bak)); and anti-

apoptotic members(e.g. Bcl-2, Basal cell lymphoma-extra large (Bcl-X,), Bcl like

2 (Bcl-w) and Myeloid cell leukemia sequence 1 (Mcl-1) (Craig, 1995, Petit etal.,

1996)). The pro-apoptotic Bcl-2 family members function to form pores through

the mitochondrial membrane, which regulate the flow of Cytochromec.
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The intrinsic apoptotic pathway is especially important with regard to intestinal

epithelial cells. Due to their longevity and repeated replications over time,

intestinal epithelial stem cells are likely to accrue mutations due to aging and

DNA-damaging factors such as radiation. Sequential accumulation of mutations

is one proposed method of malignant transformation (see Section 1.6). Apoptosis

serves to delete damaged stem cells in order to maintain a constant homeostatic

number.

1.5.2 Apoptosis in the stomach

Gastric glands are much less susceptible to apoptosis than either the small

intestine or colon, possibly due to there being less proliferation with a slow Te.

Because gastric glands cycle slowly, a >12Gy dose of radiation is required to

induce peak amounts of damage-induced apoptosis (Figure 1.22b). Apoptosis

occurs at both 6 and 48 hours post-irradiation at cell positions 5-6 (antrum) and

15-18 (corpus, Figure 1.22a). This corresponds to the proliferative zone within

the gastric epithelium (Przemecket al., 2007).
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Figure 1.22: Mean percentage apoptotic index + standard error (SE) in

mouse antrum and corpus following 12Gy y-radiation (a) and with dosesof 0-

15Gy (b). Adapted from Przemecketal. (2006).

Apoptosis in the stomach is knownto be regulated by p53 and the Bcl-2 family

members Bcl-2, Bax and Bak (Przemecket al., 2007). Transgenic p53">) Bak”

and Bax’? mice showed decreased apoptosis in the proliferative zone of the

gastric epithelium (both in the antrum and corpus) at both 6 and 48 hours post-

12Gy y-irradiation compared to wild type control mice; while Bcl-2™ mice

showedincreased apoptosis at 6 hours post-12Gy y-irradiation.

Gastric apoptosis in mice is also affected by the presence of bacterial

Helicobacter species such as H. pylori (see Section 1.6.2). An excess of the
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hormonegastrin (a condition known as hypergastrinemia) has also been shown to

increase epithelial susceptibility to apoptosis induced by radiation or H. pylori

infection (Przemecketal., 2008).

1.5.3 Apoptosis in the small intestine

‘Spontaneous’ apoptosis is observed in the small intestine with 1-10% of cells at

the postulated stem cell niche undergoing apoptosis at any one time. The

incidence is much lowerin theless proliferative colon; with no preponderanceat

the postulated stem cell niche. This spontaneous apoptosis is thought to regulate

the numberof stem cells per crypt, as each additional stem cell (possibly arising

from a symmetrical division) has the potential to produce hundreds of lineage

clones. Spontaneous intestinal apoptosis is independent of p53 expression,

suggesting that the extrinsic pathway may be involved in the deletion of excess

stem cells produced during the normal homeostasis of the gut. When the gutis

injured by various cytotoxins or radiation, p53 expression in the small intestine

increases and apoptosis is observed in the postulated stem cell niche at cell

positions 3-6 (Merritt et al., 1994); suggesting the intrinsic pathway actively

removes DNA-damaged cells from the system. This phenomenon is dose-

dependent. In the small intestine, radiation exposure leads to apoptosis even at

low doses such as 1Gy, with peak amounts of apoptosis seen at 4.5 hours post-

irradiation (Potten, 1977; Potten, 1997). This form of apoptosis was not seen in

ps3" mice at 4.5 hours (Merritt et al., 1994) but was later observed at 24 hours

(Merritt et al., 1997).

Similarly to the stomach, epithelial apoptosis in the small intestine has been

shownto be regulated by the Bcl-2 family members. Howeverin contrast, Bcl-2

itself is not implicated in smallintestinal epithelial apoptosis; as Bcl-2mice do

not show altered apoptosis when compared to wild-type controls (Merritt er al.,

1995), Bcl-w”? mice on the other hand showedsignificantly increased apoptosis

in the small intestine following 5-fluorouracil (5-FU, an apoptosis-inducing

chemotherapy drug) and/or radiation treatment(Pritchard er al., 2000), suggesting

(--)
that Bcl-w exerts an anti-apoptotic effect in this tissue. Bax*’” mice showed no
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significantly decreased apoptosis spontaneously or following irradiation

(Pritchard et al., 1999), implying that Bax does not play a role in the normal

homeostasis of the small intestine. This is also true of Bak‘’? mice, which did not

show altered apoptosis spontaneously, following radiation or azoxymethane

(AOM)treatment (Duckworth and Pritchard, 2009).

Peak apoptosis is observed to occur at positions near the putative stem cell niche

following irradiation (Figure 1.23). Apoptotic bodies are clearly visible in

haematoxylin and eosin (H&E)-stained sections near to the base of the crypts,

wherethe stem cells are thought to reside (Figure 1.24). Similar results were seen

by staining sections for the apoptosis-specific markers active caspase-3 and

terminal deoxynucleotidyl transferase biotin-dUTP nick end labelling (TUNEL),

whichstains cells with breaks in their DNA strands (Marshmanet al., 2001).
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Figure 1.23: Proliferation (solid line), spontaneous (long dashed line) and

radiation-induced (short dashed line) apoptosis in the mouse small intestine.

The postulated stem cell niche position is arrowed. Adapted from Potten et al.

(1997).
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small intestinal villi (a) and crypts (a,b) 4.5 hour post-1Gy irradiation.

Apoptotic bodies are arrowed. Adapted from Marshman et al. (2001).

Apoptosisis also thought to control cell number during the regeneration of crypts

that occurs following high doses of radiation. Following a radiation dose of

12Gy, the size of intestinal crypts is initially reduced due to apoptosis and

suppressed proliferation. However, at 48-72 hours post-irradiation, regenerating

crypts becomeenlarged in an effort to maintain the intestinal morphology (Potten

and Hendry, 1995) and this is maximal at approximately 96 hours. Apoptosis is

seen at the end of the regenerative period, presumably to reduce cell numbers

back to baseline levels (Potten, 1990).

In the small intestine, cells are also lost from the tips of the villi by spontaneous

shedding of senescentcells into the lumen. These cells then appear to undergo a

form of apoptosis termed anoikis when their attachment to the basement

membraneis sufficiently loosened (Watson et al., 2005).

1.5.4 Apoptosis in the colon

In the colon, there is far less spontaneous apoptosis than in the small intestine. In

addition, apoptotic cells are observed throughout the crypt rather than being
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localised at the stem cell niche. Therefore, apoptosis may not control stem cell

number in the colon. This may contribute to the higher prevalence of colon

cancer compared to small intestinal cancer (see Section 1.5); as damaged stem

cells may be retained, thus leading to over-proliferation and transformation of

crypts.

As the colonic crypts cycle less rapidly than small intestinal crypts, peak

apoptosis is not observed until radiation doses of >8Gy are administered (Potten,

1997). Apoptotic cells are observed predominantly at the colonic crypt base

following radiation (Figure 1.25).
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Figure 1.25: Proliferation (solid line), spontaneous (long dashed line) and

radiation-induced (short dashed line) apoptosis in the mouse mid-colon. The

postulated stem cell nicheposition is arrowed. Adapted from Pottener al. (1997).

In the colon, damage-induced apoptosis is also dependent upon p53 expression

(Merritt et al., 1994). Expression of Bcl-2 protein in the colon mayprotectcells

from apoptosis and maylead to an increase in the numberof stem cells per crypt.

Bcl-2 mayalso inhibit DNA-damagedcell apoptosis, allowing repair mechanisms

to operate which may result in misrepair; eventually leading to cellular
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transformation. This may also partly contribute to the observation that colon

cancer is very prevalent, while small intestinal cancers are very rare indeed.

Bcl-2“”” mice show increased apoptosis at the colonic crypt base spontaneouslyas

well as following radiation, further suggesting that Bcl-2 protects colonic stem

cells from undergoing apoptosis (Merritt et al., 1997). As with the stomach and

small intestine, other Bcl-2 family members also regulate apoptosis in the colon.

Bcl-w provides an anti-apoptotic effect in the colon as well as in the small

intestine, with significantly increased apoptosis shown in

Bcl-w’”? mice following 5-FU and/or radiation treatment(Pritchard et al., 2000).

Again, Bax appears to play no role with regards to apoptosis in the colon

(Pritchard et al., 1999). Bak” mice however show reduced amounts of apoptosis

in the colon when compared to wild-type controls following radiation or AOM

treatment (Duckworth and Pritchard, 2009).

1.6 Cancerin the GItract

1.6.1 Overview

Canceris a consequenceof uncontrolled cell division, which is regulated by many

genes under normal circumstances. Damage to someof these genes (by mutation,

DNAreplication error or repair error) may render a cell unable to control its

division and hence contribute to the development of a malignant phenotype.

When a cell becomestransformed, it may divide and invadeothertissues either by

direct invasion into adjacent tissue(s); or by metastasis — whereby cell (or cell

mass) invades distant tissue(s) via the bloodstream or lymphatic system.

Hahn and Weinberg (2002) have suggested a set of properties which a cell must

acquire in order forit to become malignant:

e Evasion of apoptosis.

e Growthinhibition resistance.

e Immortalisation.

e Mitogenic (growth) stimulation independence.

e Angiogenesis (development of a blood supply).

e Development of metastatic/invasive properties.
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Whenreferring to the genetic changes which occur during carcinogenesis, three

types of genes are recognised: tumour suppressor genes, stability genes and

oncogenes. Tumour suppressor genes act to counter cancer progression by

controlling proliferation and repairing DNA damageto cells. Mutations to these

genes generally reduce the activity of the protein that they encode (Vogelstein and

Kinzler, 2004). Stability genes reduce the incidences of genetic mutations by

repairing damaged DNA and chromosomal anomalies (Vogelstein and Kinzler,

2004). When inactivated, stability genes allow progression to cancer as tumour

suppressors and oncogenes have a higher probability of accruing mutations.

Oncogenes are those genes which, when mutated, facilitate the progression of

cancers by being constitutively activated (Vogelstein and Kinzler, 2004).

Oncogenes generally confer a selective advantage to a cell compared to its

surroundingcells.

Genetically, cancer may arise from mutations to germ-line cells (Table 1.2) and

hence subsequent generations may have a predisposition to develop certain

cancers; or mutations may occur within somatic cells (Table 1.3), in which case

they are not passed on to future generations (Vogelstein et al., 1988).
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Implicated
Gene type Gene Syndrome pathway

Tumour APC Familial adenomatous polyposis Adenomatous

suppressor (FAP) polyposis coli (APC)

Toqout AXIN2 Attenuated polyposis APC
suppressor

Tumour CDHI(E- Familial gastric carcinoma APC
suppressor cadherin)

Tumour BMPRIA Juvenile polyposis SMAD
suppressor
Tumour SMAD4 ‘ ‘

SupRRESSEr (DPCA4) Juvenile polyposis SMAD

Stability MUTYH Attenuated polyposis mane “(BER) repair

wy: Hereditary non-polyposis Mismatch repair

Siability Mise colorectal cancer (HNPCC) (MMR)
Stability MLH1 HNPCC MMR
Stability MSH HNPCC MMR
Stability PMS2 HNPCC MMR

Familial gastrointestinal stromal Receptor tyrosine

Oncogene al tumours kinase (RTK)

Onongene PDGFRA Familial gastrointestinal stromal RTK

tumours   
 

Table 1.2: Genes mutated in hereditary cancers of the GI tract. Adapted from

Vogelstein and Kinzler (2004).

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene Mutation type Implicated pathway

CINNE! (p> Activating codon change APC
catenin)

BAX Inactivating codon change Apoptosis

FBXW7 (CDC4) Inactivating codon change sereability

PI3KCA Activating codon change Fhosphotnaside :
kinase

FES Activating codon change RTK
FGFRI-3 Translocation RTK

KRAS2 Activating codon change RTK

NRAS Activating codon change RTK

NTRK1 Translocation, activating codon change RTK

NTRK3 Translocation, activating codon change RTK

SMAD2 Inactivating codon change SMAD

TGFBRI1 Inactivating codon change SMAD
TGFBR2 Inactivating codon change SMAD

MAP2K4 (MKK4) Inactivating codon change Unknown

PTNP1 Activating codon change Unknown

PTNP1I Activating codon change Unknown  
 

Table 1.3: Genes mutated in somatic cells in cancers of the GI tract. Adapted

from Vogelstein and Kinzler (2004).
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1.6.2 Cancerin the stomach

Distal stomach (gastric) cancer is the 8" most common form of cancer in the

United Kingdom, with 8,200 diagnoses per year — approximately 3% ofall cancer

cases (Cancer Research UK, 2008) and is also the 2°¢ most common cause of

cancer-related mortality worldwide (Parkin et al., 2005). Gastric cancer is more

commonin men than in women and 90% of people diagnosed are aged over 55.

There are two main types of gastric cancer: intestinal (well-differentiated) and

diffuse (Houghton et al., 2002). In the intestinal type, the cancer appears to be

organised into gland-like structures similar to those ofthe intestine; whereas in the

diffuse type, the cancer is poorly differentiated.

The current model of gastric cancer development (Figure 1.26) involves the

normal mucosabeing colonised by the bacterium H. pylori, leading to the onset of

superficial gastritis (an inflamed mucosa due to the acquisition of lymphocytes

and neutrophils), followed by sequential development of atrophic gastritis,

intestinal metaplasia, dysplasia and finally gastric adenocarcinoma (Matysiak-

Budnik and Megraud, 2006).

  
 

immune Gastrin  Achlorhydria
© ~ / y

Normal |__»| Superficial |__| Atrophic |__| Intestinal —+») Dysplasia |__| Gastric

mucosa gastritis | gastritis metaplasia adenocarcinoma             
 

  

/\
Dietary Otherhost
salt genetic factors

Figure 1.26: Current model of gastric carcinogenesis. Th1 = T-cell helper-1.

Adapted from Pritchard and Przemeck (2004).

Atrophicgastritis is a condition whereby the gastric mucosa becomeschronically

inflamed, gastric glandular cells are lost and replaced by intestinal-type epithelial

cells, fibrous tissue and pyloric-type glands. Atrophic gastritis can result from
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infection by H. pylori or as a consequence of an individual’s autoimmune

response. H. pylori is a Gram-negative, spiral-shaped bacterium that infects the

stomach and lodges within the mucous layer. There are many strains of this

organism, with as much as 20% genetic diversity shown between some strains

(Salamaet al., 2000). The major protein involved in development of atrophic

gastritis following infection by these bacteria is believed to be Cytotoxin-

associated gene A, (CagA). This is located within the Cag pathogenicity island

(Cag PAI) - a cluster of 31 genes which includes CagA and a set of genes

encoding a ‘molecular syringe’ deemed the Type IV secretion system (Akopyants

et al., 1998), which allows the bacterium to physically transfer the CagA protein

from its own cytoplasm into the host cell. Notall strains of H. pylori are positive

for CagA, but positive strains have been associated with the development of more

severe atrophic gastritis and a higher incidence of gastric carcinoma development.

The mechanism of CagA pathogenicity is as follows (Hatakeyama and Higashi,

2005):

e CagA-positive H. pylori attach to the gastric epithelial cell surface.

e CagAis ‘injected’ into the gastric cell via the Type IV secretion system.

e CagA localises to the inner surface of the plasma membrane and is

phosphorylated by Src-family kinases.

e Phosphorylated CagA binds to SHP-2 and activates SHP-2’s phosphatase

activity.

e Activated SHP-2 facilitates Erk MAP kinase activity, and hence cell

growth and motility.

The actual outcomeof infection in each individual (i.e. whether or not progression

to carcinomaoccurs) is determined by several factors, including the virulence of

the bacterial strain, host susceptibility factors and environmental factors such as

diet (Pritchard and Przemeck, 2004). Thus the presence of CagA-positive

H. pylori is not the only factor that influences the developmentof gastric cancer.

The onset of atrophic gastritis is facilitated by a Thl immune response, dietary

salt, gastrin and host genetic factors. The consequences of high salt intake have

been shownin rodents: rats given higher doses of salt after tumour induction by
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N-methyl-N'-nitro-N-nitrosoguanidine (MNNG, a chemical carcinogen) were

observed to have an increased incidence of tumours as well as increased tumour

size compared to control rats (Takahashier al., 1983). Other host factors involved

in the progression to carcinoma include the species/strain of the host (as some

rodents are more susceptible to tumour developmentthan others after infection) as

well as the gender of the host. For example, human and insulin-gastrin

hypergastrinaemic (INS-GAS) male mice are more susceptible to the development

of intestinal-type gastric carcinoma, but this is not true of CS7BL/6 males (Fox et

al., 2003). Gastrin is a hormone synthesised by G cells in the gastric antral

mucosa which stimulates the release of hydrochloric acid from the parietal cells

via the secretion of histamine from ECL cells. A second function of gastrin is

promotion of mucosal growth. Hypergastrinaemic humans and INS-GAS mice

tend to show increased incidence of gastric mucosal hypertrophy (Wangetal.,

2000). Additionally, INS-GAS mice have been shown to spontaneously develop

gastric metaplasia, dysplasia, carcinomain situ and gastric cancer at 20 months of

age; and intramucosal carcinoma with submucosal invasion and intravascular

invasion at less than 8 months following infection with Helicobacter felis (Wang

et al., 2000).

Progression to gastric cancer may also be dependent upon host genetic factors

such as polymorphisms of certain interleukin genes. Interleukin-1-B8 is an

inhibitor of acid secretion in the stomach (Beales and Calam, 1998) and

polymorphisms in its gene are thought to mediate progression to cancer in

H. pylori-infected humans(El-Omaret al., 2000).

1.6.3 Cancer in the small intestine

Small intestinal cancer is very rare, with only 2% of GI cancers being located at

this site (Chen, 2006). Approximately 40% of all malignant small intestinal

tumours are adenocarcinomas and these show morphology similar to colonic

adenocarcinomas(see Section 1.6.4).
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As stem cells in the small intestine divide asymmetrically, any cell which remains

a stem cell and does not go on to further divide and differentiate is vulnerable to

malignant transformation. Increased numbers ofreplication cycles correlate with

increased chances of acquiring genetic mutations. This danger is counterbalanced

by the fact that the intestinal epithelial stem cells appear to be more susceptible to

apoptosis and henceit has been proposedthat cells which harbour damaged DNA

are removed from the population before they can become cancerous (Watson and

Pritchard, 2000).

1.6.4 Cancerin the colon

Colorectal cancers are the 3 most common cancers in the world, with

approximately 36,000 people being diagnosed per annum in the UK.It is the 2™

most common form of cancer in women (after breast cancer) and the 3 most

common in men (Cancer Research UK, 2008). Presenting symptoms include

rectal bleeding, a persistent change in bowel habit, an abdominal mass, weight

loss, abdominal pain and anaemia. The majority of colorectal cancers are

adenocarcinomas and these arise from benign adenomas. Colonic adenomas in

the GI tract may be pedunculated (a rounded ‘head’ on a stalk covered by normal

mucosa) or sessile (broad-based) and endoscopic removal at this stage prevents

their transformation into malignant adenocarcinomas.

Manysporadic colon tumours (Figure 1.27) are believed to occur as a result of

mutation to the APC gene (Nathke, 1999). Sequential mutations of genes such as

K-ras and p53 subsequently allow APC-mutant cells to develop a malignant

phenotype (Behrens, 2005).
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Figure 1.27: Current model of colorectal carcinogenesis. Adapted from Pinto

and Clevers (2005).

In patients with FAP, the APC gene is mutated in the germline; and these

individuals develop many hundreds or thousands of adenomatous polyps, which

in turn results in an early onset of colorectal cancer. APC is knownas the

‘gatekeeper’ gene in the proliferation of colonic epithelial cells (Kinzler and

Vogelstein, 1996) and inactivation of this gene is therefore required for net

proliferation. Inactivation of both APC alleles has been found in mouse and

human aberrant crypt foci (ACFs (Doveet al., 1994)). There are several types of

APC-mutant mice used to study colon carcinogenesis, including multiple

intestinal neoplasia (Min) mice - which develop many polyps in the GItract,

mostly in the small intestine. Heterozygotes rarely survive beyond 150 days and

homozygotes for the Min APC mutation die in utero. In these mice random

chemical mutagenesis of the germ line produced a stop codon at codon 850 ofthe

APC gene, resulting in a truncated protein of approximately 95kDa. This

mutation was fully dominant (JAX Mice data sheet, 2006). Although many

tumours develop in the APC™" mouse, few ever progress to carcinoma(likely due

to premature death from intestinal obstruction before carcinomas can develop).

This is in contrast with APC1638N mice, which develop fewer tumours, but have

a higher percentage of carcinomas(Pretlow et al., 2003). APC1638N mice also

have a stop codon introduced to one of the APCalleles, resulting in a truncated

protein; howeverthis mutation is targeted as opposed to being random and mimics

the mutation present in many FAPpatients. The Min miceare not perfect models
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of human disease as adenocarcinomas are rarely observed despite the early

development of polyps and many of the subsequent human genetic changes such

as mutations to K-ras and p53 do not occur (Corpet and Pierre, 2003). Also, the

mutant mice have a tendency to show polyp formation in the small intestine, in

contrast to human FAPpolyps which occur predominantly the colon.

The function of APC is to act a scaffold protein involved in the breakdown of

B-catenin in the Wnt-signalling pathway. Wntproteins are secreted (autocrine or

paracrine factors) and bind to cell surface proteins of the Frizzled family. This

leads to the release of activated Dishevelled proteins into the cytosol. Dishevelled

inhibits the complex of APC, Axin, CK-1 and GSK-3 proteins — the so-called

‘destruction complex.’ The destruction complex usually targets B-catenin for

degradation via phosphorylation, subsequent ubiquitination and hence destruction

by the proteasome (Polakis, 2000). However, in the presence of Wnt binding to

the Frizzled receptor, B-catenin homo-oligmerises and translocates to the nucleus,

where it may bindto the transcription factors for the Wnt-target genes Cyclin-A,

p27 (Kip-1) and the catalytic subunit of DNA polymerase 6 (Schneikert and

Behrens, 2006). Without a functioning APC protein, there is no degradation of

B-catenin and hencetheproliferative genes are constantly activated (Figure 1.28).
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Figure 1.28: Wntsignalling. Adapted from Radtke and Clevers (2005).

Schneikert and Behrens (2006) have suggested that the APC protein is truncated

(lacking the C-terminal half of the protein) in most colorectal cancers andthatthis

truncated protein is essential for cell proliferation and DNA synthesis. Truncated

APC has also been shown to enhance the migration of colon cancer cells

(Kawasaki et al., 2003). Here the truncated APC activates APC-stimulated

guanine nucleotide exchange factor (ASEF), which activates Rac: a stimulator of

cell migration. Truncated APC also generates chromosomalinstability (Fodde er

al., 2001) leading to an increased chance of random mutations to tumour-

suppressor or oncogenes. If present, truncated APC acts in a dominant-negative

manner over wild-type APC and hence favours proliferation in heterozygotes

(Dihlmannet al., 1999). Some spontaneous colorectal cancers develop not as a

consequence of APC mutation, but of B-catenin mutation and in such cases

B-catenin becomesresistant to phoshorylation by the destruction complex. Hence

it becomes independent of the Wnt-signalling pathway and its target genes are

constitutively expressed (Behrens, 2005).
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Tumour suppressors such as the APC gene are not the only genes mutated in

inherited cancers. HNPCC is an inherited disorder whereby certain mismatch

repair (MMR) genes are mutated within the germline (see Section 1.6.1, Table

1.1). Genes commonly mutated include MSH2, MLH1, PMS1 and PMS2, which

are all homologues of the bacterial MutHLS MMRsystem (Fishel and Kolodner,

1995), which repairs mismatched basesin replicating DNA; leading to subsequent

mutations of oncogenes and tumoursuppressors.

1.6.5 Aberrant crypt foci

In the progression from adenomato carcinoma,an early lesion is observed called

an aberrantcrypt: a large, thick-walled crypt with a slit-like opening to the lumen

(Figure 1.27), prominentepithelial cells and pericryptal space (Corpet and Tache,

2002). These aberrant crypts occur as single crypts or as clusters of 2-4 crypts

known as ACFs (Tudeker al., 1989). These aberrant crypts may beclassified as

either hyperplastic or dysplastic (Roncucci ef al., 1998), the latter of which may

grow and expand overtime to form adenomatouspolyps (Figure 1.30).

 

 
(dark blue crypts) by H&Estaining. Adapted from Redston (2001).
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Figure 1.30: Adenomatous polyp formation in the small intestine. (a) Normal

small intestine showing crypts (yellow)and villi (blue), (b,c) proliferating pockets

of the crypt protrudeinto the villus, (d,e,f) microadenomas(pink) within a single

villus, (g) microadenoma expands into adjacent villus and (h) multiple adenomas

fuse to form a multi-villus polyp and rupture through epithelium into the intestinal

lumen. Adapted from Oshimaetal. (1997).
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AOMis a potent chemical carcinogen which has been used to promote colonic

carcinogenesis in animal models (Marotta et al., 2003; Escribano ef al., 2004).

ACFsare induced by mutations to either K-ras or B-catenin genes, leading to the

formation of hypercellular or dysplastic ACFs respectively (Figure 1.31,

Takahashi and Wakabayashi, 2004). Mutations to K-ras activate the Mitogen-

activated protein kinase (MAPK) and PI3K pathways, which in turn cause up-

regulation of Cyclin D1 and Cyclooxygenase-2 (COX-2). This subsequently

leads to inhibition of apoptosis and stimulation of proliferation. B-catenin

mutations lead to stabilisation of B-catenin protein within the cytoplasm andthis

permits transcription of B-catenin target genes such as TCF; again leading to up-

regulation of Cyclin D1 and hence inhibited apoptosis/stimulated proliferation.

Also, inducible nitric oxide synthase (INOS) may be stimulated by stabilised

B-catenin, leading to increased Nitric oxide (NO) production which damages

DNA, causes neurovascularisation and activates COX-2 (Takahashi and

Wakabayashi, 2004).
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Figure 1.31: Gene mutations and altered protein expression in AOM-induced

rat colonic carcinogenesis. Adapted from Takahashi and Wakabayashi (2004).
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1.7

1.8

Hypotheses

. CD24 will be expressed by undifferentiated cells within the postulated

stem cell zones of gastric glands and small intestinal and colonic crypts.

. CD24 expression will be increased in regenerating small intestinal and

colonic epithelium.

. Loss of CD24 will alter susceptibility to apoptosis and mitosis in

gastrointestinal epithelial cells.

Candidate stem cell marker proteins identified using proteomics

techniques will be up-regulated in regenerating epithelia and will be

localised to the putative stem cell zones of small intestinal and colonic

crypts.

. Myofibroblasts and their secreted factors will interact with regenerating

crypts during restitution of normalepithelial morphology.

Aims

. To investigate the expression and function of the putative stem cell marker

CD24in the GItract.

. To identify novel small intestinal stem cell marker candidate proteins

using a proteomic approach.

. To investigate the role of myofibroblasts in the regenerative response of

the intestinal mucosa following radiation injury.
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Chapter2:

Materials and methods
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2.1 Reagents

Unless stated to the contrary, all chemicals and reagents were purchased from

Sigma-Aldrich Company Ltd., Gillingham, Dorset, UK.

 

 

 

 

 

 

 

 

 

  

2.2 Antibodies

Species ey gs

Antibody raised Supplier Dilution Conjugate

in

Anti-5-bromo-2-

deoxyuridine Dako UKLtd., Ely,
(BrdU), clone Mouse UK 1/500 None

Bu20a

er R&D Systems

Antrackve Rabbit Europe Lid. 1/750 None
P Abingdon, UK

. . Santa Cruz

ansie) Goat BiotechnologyInc., 1/100 None
Santa Cruz, USA

. . Jackson

. Hnhiatabbit ImmunoResearch
immunoglobulin Donkey Tsbomianes 1/200 Texas red (TR)

G UgG) Cambridgeshire, UK

Anti-fibroblast Santa Cruz

growth factor-2 Goat Biotechnology Inc., 1/200 None
en), eteins Santa Cruz, USA

C-18 ,

Jackson .
I noR rch Fluorescein

Anti-goat IgG Cow mmuno esea 1/200 isothiocyanate
Laboratories, (FITC)

Cambridgeshire, UK

Jackson

Anti-goat IgG Rabbit tmmmnolesench 1/200 Biotin

Cambridgeshire, UK

arae Horseradish
Anti-goat IgG Rabbit Laboratories 1/1000 peroxidise

Cambridgeshire, UK (HRP)

1/1000

. (Immunoh

Anti-glucose- . istochemis
regulated Rabbit Abcam, Cambridge, try, IHC), None

protein 75 UK 1/50

(Mot-2) (Western
blot, WB)    
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Anti-human Insight
CD24, clone Mouse Biotechnology Ltd., 1/200 None

SN3 Wembley, UK

Anti-mouse Insight
CD24, clone Rat Biotechnology Ltd., 1/200 None

M1/69 Wembley, UK

A kind gift from

. Professor A. Varro,

Ani-MONSe Physiologicalchromogranin-A Rabbit YSION0E 1/40000 None
(CeA) laboratory,

University of
Liverpool

Calbiochem, Merck

HontPace Rabbit Be 1/4000 None

Nottingham, UK

Jackson

Anti-mouse IgG Goat ImmunoResearch 1/999 FITC
Laboratories,

Cambridgeshire, UK

Anti-mouse IgG Goat P&ONKEEly. 12000 HRP
Anti-mouse

Ki67, clone Rac akera Ely, 1/50 None
TEC-3

Anti-pan actin NeoMarkers, Lab
Mouse Vision Products, 1/1000 None

Ab-5
Runcorn, UK

Jackson

Anti-rabbit IgG Goat ImmunoResearch 1/200 TR
Laboratories,

Cambridgeshire, UK

Insight

Anti-rat IgG Goat Biotechnology Ltd., 1/200 FITC

Wembley, UK

Anti-rat IgG Rabbit PUREFly 11000 HRP

Anti-rat IgG Rabbit DakoeK Ely, 1/200 Biotin

Anti-a-smooth .

muscle actin Rabbit “°°. ramones. 1/100 None
(a-SMA)

Anti-a-SMA, SeeEL
clone 1A4, Mouse |... 2mPany <i 1/4000 None

; : Gillingham, Dorset,
ascites fluid UK    
 

Table 2.1: Details of antibodies.
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2.3 Cell lines

All cell lines were cultured in T75 flasks (Appleton Woods Ltd., Birmingham,

UK)at 37°C with 5% CO,in a humidified environment in media containing 10%

foetal calf serum (FCS - Gibco® Invitrogen Ltd., Paisley, UK), 0.5% 2mM

L-glutamine (L-glu) and 0.4% penicillin/streptomycin mixture (P/S). All cell

lines were liberated from their flasks when 80% confluent by incubation at 37°C

with trypsin/ethylenediaminetetraacetic acid (EDTA)in phosphate buffered saline

(PBS) until single cells were viewed in suspension undera light microscope. The

activity of the trypsin was neutralised by adding complete media to give a 10ml

solution of single cells.

 

 

 

Cell line Cell type Media

AGScr Humangastric

(a kind gift from adenocarcinoma

Professor Andrea Varro, transfected with the F-12 HAM

Physiological laboratory, Cholecystokinin-2 (CCK-

University of Liverpool) 2) receptor

. Dulbecco’s modified
Caco-2 Humancolon carcinoma

eagle’s medium (DMEM)
 

Eagle’s minimum

 

 

 

  
CCD18co (LGC Noanal umaa colon essential medium

Promochem, Teddington, myofibroblast (EMEM, LGC

UK) Promochem, Teddington,

UK)

DLD-1 Human colon carcinoma RPMI-1600

HCT116 Humancolon carcinoma DMEM

HT29 Human colon carcinoma DMEM

LS1747-3 Humancolon carcinoma DMEM   
Table 2.2: Details of cell lines.
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2.4 Calculation of cell numbers

All cells were counted using a haemocytometer. 40ul of tryspinised cell solution

was addedto a coverslipped haemocytometer and the numberof cells was counted

on the 4 by 4 square grid. This was repeated for 3 further grids and a mean

number of cells were calculated; with 1 cell per 4 by 4 grid being equivalent to

10° cells/ml of trypsinised cell solution.

2.5 Small interfering RNAtransfection (siRNA) of HT29cells

2x10° HT29 cells were added to each T25 flask (Appleton Woods Ltd.,

Birmingham, UK)and the total volume was made up to 5ml with complete media

(but lacking P/S). The cells were allowed to adhere for 24 hours prior to

transfection with small interfering RNA (siRNA).

25ul of 204M CD24 siRNA (siGENOME SMARTpool, DharmaconInc., Perbio

UK Ltd., Cramlington, UK) was added to 475ul of antibiotic-free, serum-free

media and allowed to mix for 5 minutes at room temperature (RT). 7Oul of

Dharmacon 4 transfection reagent (Dharmacon Inc., Perbio UK Ltd.,

Cramlington, UK) was added to 430yl of antibiotic-free, serum-free complete

media and also allowed to mix for 5 minutes at RT. The siRNA andtransfection

solutions were combined and then allowed to mix for 20 minutes at RT. 4ml of

antibiotic-free complete media was then addedto give a total volume of 5ml. The

media in the flasks was replaced with this transfection media and the cells were

incubated for 72 hours at 37°C with 5% CO> in a humidified environment.

As a negative control, duplicate flasks were transfected with 25ul of 20uM

control siRNA (siCONTROL siRNA Pool, Dharmacon Inc., Perbio UK Ltd.,

Cramlington, UK) and 70ul of Dharmacon 4. The control siRNA wastargeted to

a non-mammalian gene(luciferase), therefore no altered phenotype was observed

as a consequence.

After 72 hours, the media was removed andthefloating cells were counted to give

a measure of apoptosis. The attached cells were trypsinised with Iml
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trypsin/EDTA solution (neutralised with 4ml of complete media) and counted to

give a measure ofproliferation.

Differences in proliferation and apoptosis between CD24 siRNA and control

siRNA-transfected flasks were assessed by Student’s r-test (see section 2.19.1).

Reduction in CD24 expression was confirmed by transfecting duplicate flasks and

harvesting the cells for Western blotting (see section 2.13).

2.6 Animals

10-12 week-old C57BL/6 and CD1 mice used were purchased from Charles River

Laboratories (Margate, Kent, UK) and maintained at the Biomedical Services

Unit, University of Liverpool, UK under standard animal house conditions.

Breeding pairs of CD24”? mice (Nielsen et al., 1997) were kindly provided by

Professor Peter Altevogt, German Cancer Research Center, Heidelberg, Germany.

Subsequent generations were maintained at the Biomedical Services Unit,

University of Liverpool, UK under standard animal house conditions.

All animals were euthanased using CO, asphyxiation followed by cervical

dislocation as described by Schedule 1 of the regulations of the Animals

(Scientific Procedures) Act 1986.

2.7. ~—‘Animaltreatments

2.7.1 Irradiation

Mice were given an appropriate whole-body dose of y-radiation using a Gamma

Cell 1000 (Atomic Energy of Canada Ltd., Ottawa, Canada) at a dose rate of

2.6Gy/minute.

2.7.2 5-bromo-2-deoxyuridine (BrdU)

Mice were dosed with 50mg/kg 5-bromo-2-deoxyuridine (BrdU) in 0.9% saline

solution via intra-peritoneal (i.p.) injection and culled 1 hourlater.
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2.7.3 Azoxymethane (AOM)

2.7.3.1 Single dose

Mice were dosed with 10mg/kg azoxymethane (AOM)in 0.9% saline solution via

i.p. injection and culled 8 hours later

2.7.3.2 Aberrant crypt foci (ACF) induction

Mice were dosed with 10mg/kg azoxymethane (AOM)in 0.9% saline solution via

i.p. injection once a week for 3 weeks and culled 2 weekslater according to Singh

et al. (2000).

2.8 Histology

2.8.1 Stomachs

Stomachs were prepared for histology according to Przemeck ef al. (2007).

Briefly, stomachs were tied off at the oesophagus and pylorus and removed from

culled mice. The excised stomachs were then injected with 4% formalin solution

(volume dependent on the size of the individual stomachs) to inflate them. The

stomachs were then placed in 4% formalin solution overnight to fix. Following

fixation the stomachs were washed in 70% ethanol and divided into antrum and

corpus for embedding in paraffin wax.

2.8.2 Small intestines and colons

Small intestines and colons were removed and flushed with PBS to remove faecal

matter. The excised tissues were then placed in 4% formalin solution overnight.

Following fixation the small intestines were bundled into approximately six 5mm

sections for embedding in paraffin wax. Colons were divided into proximal and

distal halves and then bundled in the same wayas the small intestines. Alltissues

were cut to 4um-thick sections on a microtome and attached to (3-

aminopropyl)triethoxysilane (APES)-coated microscope slides for staining with

antibodies (see Sections 2.14 and 2.15), or uncoated slides for staining with

haematoxylin and eosin (H&E) as required.
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2.8.3 Colons with induced ACFs

Colons were removed and flushed with PBS, cut longitudinally and then split into

proximal, middle and distal sections. The sections were then pinned flat onto

paraffin wax, fixed in 4% formalin solution overnight, washed with PBS and

briefly stained with 0.3% methylene blue for 5 minutes. The tissues were then

washedbriefly in PBS and wet-mounted onto microscopeslides with glycerol.

2.9 Scoring of histology slides

Slides were scored (Figure 2.1) using PCcrypts Score software (Paterson Institute

for Cancer Research, Manchester, UK), which allows the user to count the cell at

each cell position within a hemigland/hemicrypt as being normal, apoptotic or

mitotic. Analysis was conducted using WinCrypts software (Paterson Institute for

Cancer Research, Manchester, UK), which calculates the percentage number of

apoptotic or mitotic cells at each cell position and compares differences in

apoptosis and mitosis between treatment groups. 6 mice were assessed per group

(see section 2.18.1 and 2.18.2).  Intra-scorer variability and inter-mouse

variability are illustrated in Figures 2.2 and 2.3 respectively. In both cases the

modified median test was not significant (see Section 2.19.2)
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Figure 2.1: Scoring procedure for H&E-stained slides based oncell position.

(a, b) = schematic representation of a crypt (a) and subsequent analysis of

apoptosis (b), (c,d) = H&E-stained small intestine (c) and distal colon (d).

Solid arrows indicate apoptotic bodies, dashed arrowsindicate mitotic bodies.
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Figure 2.2: Intra-scorer variability of (a) apoptosis and (b) mitosis in the

small intestine of a single C57BL/6 mouse 4.5 hours following 1Gy y-

radiation scored on separate occasions.
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Figure 2.3: Inter-animal variability of (a) apoptosis and (b) mitosis in the

small intestine of six C57BL/6 mice 4.5 hours following 1Gy y-radiation.

2.9.1 Gastric glands

For gastric antrum glands, 20 half-glands per mouse (with a total of 6 mice per

group to accountfor inter-animal variability) were scored with cells being counted

as normal, apoptotic or mitotic at each cell position. 40 half-glands were scored

in the corpus in an identical manner according to Przemecketal. (2007).

2.9.2 Small intestinal crypts

For small intestinal crypts, 50 well-orientated half-crypts were scored per mouse

(with a total of 6 mice per group). Crypts were considered well-orientated if they

contained at least 17 cells, had a visible lumen and visible Paneth cells. Each cell

wasscored as being normal, apoptotic or mitotic at each cell position.

2.9.3. Colonic crypts

Colonic crypts were scored identically to small intestinal crypts, but with a

minimum of 20 cells between the base andtable of the crypts and no Panethcells.

2.9.4 Crypt survival

Surviving small intestinal and colonic crypts were scored as numberof healthy

crypts (containing >10 cells with a visible lumen) in 10 section circumferences

per mouse (6 mice per group). To account for variability in width between

regenerating crypts and normal crypts, the width of 15 regenerating crypts were

measured at their widest point using a graticule in arbitrary graticule units. The

average width of C57BL/6 control mice regenerating crypts was standardised to
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(-I-)be 1 and the number of regenerating crypts in CD24*"” mice was adjusted

accordingly (Withers and Elkind 1970; Potten et al., 1992; Martin etal., 1998).

2.9.5 ACFs

The total number of ACFs per proximal, middle and distal section of colon were

scored using a 20x objective as being either singlets, doublets or multiplets. 5

mice were scored per group.

2.10 Primary culture of gastric epithelium

Gastric glands were liberated from the surrounding tissue using Collagenase A

(Roche Diagnostics, Lewes, East Sussex, UK) and dithiothreitol (DTT) according

to Wroblewskiet al. (2003). Briefly, mice were culled and the stomachtied off at

the oesophagus and pylorus. The stomach was excised from the mouse, washed

in Hank’s balanced salt solution (HBSS) and the tip of the forestomach was cut

off. The stomach was then inverted using forceps to expose the mucosa. The

forestomach was tied off and the stomach wasinjected with approximately 1ml

(dependant on individual mouse variations) of Collagenase A. The stomach was

then transported in HBSSon ice to the laboratory where it was transferred to a

50ml conical flask and washed 3 times with warm (37°C) HBSS. 5ml of 1mM

DTT in HBSS was added and the stomach was incubated at 37°C in a waterbath

with constant agitation of 100 revolutions per minute and constant CO. supplied

to the flask. The flask was left for a maximum of 15 minutes with shaking at 5

minute intervals to remove the mucous layer (detachment times varied with

individual mice). The stomach was then washed 3 times in warm HBSS and

approximately Sml of Collagenase A was added. The flask was returned to the

waterbath with the same agitation and gas until the stomach burst. The stomach

was then broken up with vigorous pipetting with a Pasteur pipette to free more

glands and the remainder of the stomach tissue was discarded. The gland

suspension was pipetted again, transferred to a 30ml universal container and this

was then left to stand for exactly 45 seconds to allow larger stomach pieces to

settle to the bottom, leaving individual glands in suspension. This suspension was

transferred to a second universal, shaken vigorously and this was then left on ice
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for 45 minutes to allow the glandsto settle to the bottom. The supernatant was

mostly removed, leaving approximately 1m] in which to resuspend the pellet by

swirling. 200ul of gland suspension was added to a 12 well plate, each well

containing a sterile coverslip and 1.5ml of culture medium (DMEM F-12 HAM

mix supplemented with 10% FCS, 625u1 L-glu, 5001 100x antibiotic/antimycotic

mix). Plates were moved up and downto evenly distribute glands through each

well and were incubated at 37°C with 5% CO, in a humidified environment. The

glands were washed twice in warm media and the media was changed at 24 and

48 hours. At 72 hours the glands were washed twice in PBS, fixed in 2%

paraformaldehyde in PBS for 20 minutes at RT and finally washed 3 more times

in PBSpriorto use.

2.11 Primary culture of colonic epithelium

Colonic crypts were liberated from the surrounding tissue using Collagenase XI

(Roche Diagnostics, Lewes, East Sussex, UK) and Dispase (Rosche Diagnostics,

Lewes, East Sussex, UK) according to Booth et al. (1995). Briefly, mice were

culled and the colons removed, flushed with HBSS (containing bicarbonate) in a

Petri dish, cut lengthways into 2 to expose the inner surface then cut widthways

into approximately 3mm pieces. The tissue was transferred to a T25 flask and

washed with HBSS. The HBSS wasdiscarded using a Pasteur pipette after the

tissue had settled and the process was repeated until the HBSS wasfairly clear.

The tissue was then chopped finely using a scalpel blade for approximately 10

minutes, until the tissue took on a shiny, smooth appearance (times varied

according to individual mice). This was then transferred into a closed-capped T25

flask containing 30ml of digestion mixture (23.25ml HBSS with 0.75ml FCS, 3ml

10x Dispase, 3ml 10x Collagenase XI) andplaced in a static waterbath at 37°C for

approximately 2-2.5 hours (again depending on individual mouse variations) with

shaking every 15-20 minutes. When digested, microscopic inspection revealed

single crypts in suspension with a few clumpsof crypts or crypts showing surface

blebbing andsingle cells. The digestion mixture was then filtered by dividing it

between 2 pieces of 200um filter cloth inserted into 2x 50ml centrifuge tubes

usingsterile pipettes and forceps. The residue in the cloth was rinsed using wash
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medium (500ml DMEM with 10ml FCS, 5ml P/S, 0.5ml gentamycin, 5ml L-glu,

10ml 1M (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)) to make

a final filtrate volume in each tube of approximately 40ml. Thefiltrate was then

filtered through 4x 40um cell strainers supported on 60ml specimen pots. The

residue on each strainer was then rinsed with approximately 20ml of wash media.

The 4 strainers containing the residue were then transferred to a Petri dish

containing wash medium (to prevent drying out). 2 cell strainers were then placed

sideways in 100ml specimen pots containing 50ml plating media (wash medium

containing 2% FCS and insulin). Pots were capped and shaken to release crypts

from the strainers into the media. The suspensions were divided among 4

universals and centrifuged at 75Orpm for 3 minutes. The supernatants were

discarded and the crypt pellets were resuspended in 1ml plating medium. These

suspensions were then pooled. Crypts were then either (a) plated onto 4-well

Falcon CultureSlides (BD Biosciences, Cowley, UK), allowed to spread for 48

hours at 37°C with 5% CO,in a humidified environment, washed 3 times in PBS,

fixed in 2% paraformaldehyde in PBS andfinally washed a further 3 times in PBS

ready for use in immunocytochemistry (ICC); or (b) kept in suspension by

removing the media, washing once in PBS, centrifuging at 1000rpm for 5

minutes, removing the supernatant, fixing in 2% paraformaldehyde in PBS for 20

minutes at RT, centrifuging again under the same conditions, removing the

supernatant and finally resuspending in PBS ready for use in

immunocytochemisty (ICC).

2.12 Immunoctyochemistry (ICC)

2.12.1 ICC oncell lines

Eachcell line was plated at a density of 10° cells per well of Falcon CultureSlides

and incubated at 37°C with 5% CO> in a humidified environment for 24 hours.

The media was then removed; the cells were washed twice in PBS briefly and

then fixed in 2% paraformaldehyde in PBS for 20 minutes at RT. The

paraformaldehyde was removed and the cells were washed a further 3 times in

PBS. The cells were then permeabalised with 0.2% Triton X-100 in PBS for 30

minutes at RT. The Triton X-100 was removed and the cells were washed in PBS
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3 times. Blocking of non-specific antibody binding was achieved with 10% goat

serum (Dako UK Ltd., Ely, Cambridgeshire, UK) in PBS for 45 minutes at RT.

Following 3 more washes with PBS, the cells were incubated in a humidified

chamber at 4°C overnight in the presence of primary antibody. The following

day, the cells were washed once in PBS, once in 0.14% NaCl in PBS, once in

0.5% NaCl in PBS and once more in PBS for 5 minutes, each at RT. Cells were

then incubated with a fluorophore-conjugated secondary antibody

(immunoglobulins against the species of the primary antibody) in 10mM HEPES,

0.15M NaCl in PBSfor 1 hour at RT. 3 more washes in PBS for 10 minutes each

in the dark (to prevent ‘bleaching’ of fluorophore activity) were performed and

the slides were mounted with VectaShield Mounting Medium (containing 4',6-

diamidino-2-phenylindole, DAPI — Vector Laboratories Ltd., Peterborough, UK)

and sealed with nail varnish prior to microscopic evaluation.

2.12.2 ICC on primarycultures of colonic crypts

The same protocol as described above was performed except that there was no

requirement for seeding a specific numberof cells.

2.12.3 ICC on primarycultures of gastric glands

Again the same protocol was performed as per cell lines and colonic crypts, but

the glands were plated onto coverslips in 12 well plates (as the glands did not

attach well to CultureSlides). The coverslips were removed from their wells,

inverted (so that the glands faced downwards), mounted onto a microscopeslide

with VectaShield (containing DAPI) and sealed with nail varnish.

2.12.4 ICC onintact colonic crypts and gastric glands

Fixed and suspended crypts/glands were centrifuged at 1000rpm for 5 minutes

and the supernatant was removed. The crypts/glands were then resuspended in

Iml PBS andtransferred to an Eppendorff tube. This was microcentrifuged at

3000rpm for 5 minutes and the supernatant was removed. The pellet was

resuspended in 400u1 0.1% Triton X-100 in PBS andleft at RT for 10 minutes.

To this, 44u] of 10% goat serum was added for a further 20 minutes to block non-
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specific antibody binding. 1ml of PBS was added and the tube was centrifuged

under the above conditions. The supernatant was removedandthe crypts/glands

were resuspended in 400u1 of primary antibody in PBS for 1 hour at RT. Iml of

PBS was added andthe tube was centrifuged again. The crypts/glands were then

resuspended in 500ul of fluorophore-conjugated secondary antibody

(immunoglobulins against the species of the primary antibody) in 10mM HEPES

and 0.15M NaCl in PBS for 1 hour at RT. Iml of PBS was added, the tube was

centrifuged once more and the supernatant was removed. The pellet was

resuspended in approximately 20ul of PBS (depending on pellet size) and this

suspension wastransferred onto a microscope slide. This was then mounted with

VectaShield (containing DAPI) and sealed with nail varnish prior to microscopic

evaluation.

2.13 Western blotting

2.13.1 Western blotting of cell lines

Cells were trypsinised as described in Section 2.3 and centrifuged at 1000rpm and

4°C for 5 minutes. The supernatant was removed andthe cells were resuspended

in Iml PBS. This suspension wastransferred to an Eppendorff tube, which was

microcentrifuged at 3000rpm for 4 minutes. The supernatant was removed and

the cell pellet was resuspended in approximately 200u1 (depending on pellet size)

of cell lysis buffer (RIPA buffer plus 1% Protease Inhibitor Cocktail Set III,

Merck Biosciences, Nottingham, Nottinghamshire, UK; and 0.07%

B-mercaptoethanol (BDH, Poole, Dorset, UK) per S5ml) for 20 minutes on ice.

Whenlysed, the cells were microcentrifuged at 13,000rpm for 15 minutes and the

supernatant (released protein) was transferred to a fresh Eppendorff and stored at

-80°C.

Protein concentrations were quantified using the Bradford assay and reagent (Bio-

Rad Laboratories Ltd., Hemel Hempstead, Hertfordshire, UK) to allow equal gel

loading of samples. Samples were prepared in cell lysis buffer to a volume of

20ul and 5ul of 4x loading buffer was added to this. Samples were denatured at

100°C for 2 minutes prior to loading.
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Samples were subjected to sodium dodecyl sulfate polyacrylamide gel

electrophoresis (SDS-PAGE) using a 10% or 12% resolving polyacrylamide gel

(depending on the molecular weight of the protein of interest) and transferred onto

a Protran nitrocellulose membrane (Whatman, Schleicher and Schuell, Maidstone,

Kent, UK). The membrane was immersed in 5% Marvel milk powder in 0.1%

PBS/Tween20 (PBS-T) for 30 minutes at RT to block non-specific antibody

binding. The membrane was then incubated with the primary antibody at 4°C

overnight, washed with PBS-T 3 times for 5 minutes each, then incubated with a

Horseradish peroxidase (HRP)-conjugated secondary antibody (immunoglobulins

against species of primary antibody) at RT for 1 hour. This was then washed 3

times again in PBS-T for 5 minutes each. The membranewasfinally developed

with SuperSignal West (Perbio UK Ltd., Cramlington, UK) and visualised with a

Fluor-S_ Multi-imager (Bio-Rad Laboratories Ltd., Hemel Hempstead,

Hertfordshire, UK).

2.13.2 Western blotting of animaltissues

Tissues (whole corpus, antrum, small intestine, colon, spleen, mucosal scrapes of

small intestine and colon) were excised from mice and snap frozen in liquid

nitrogen. Epithelial cells were prepared using the Wesier technique as described

in Section 12.16. The tissues were defrosted in the laboratory and homogenised

using a Disperser T10 basic (IKA®-WERKE, Staufen, Germany) in cell lysis

buffer. Lysates were then prepared as described in Section 2.13.1 and Western

blotting was performed.

2.14 Immunohistochemistry (IHC)

Formalin-fixed, paraffin-embedded tissue sections were dewaxed in xylene for at

least 10 minutes and rehydrated by immersion in absolute ethanol for 3 minutes,

followed by immersion in 90%, 70% and 40% ethanol for 2 minutes each.

Sections were then washed once in deionised water (dH2O) and twice in PBSfor 5

minutes each. Endogenous peroxidase activity was quenched by immersion in

absolute methanol containing 3% hydrogen peroxide (H2O2) for 12 minutes.

Sections were then washed twice in PBS for 5 minutes each. Antigen retrieval
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was performed by immersing the sections in 10mMcitric acid and heating these

for 20 minutes at 800W in a microwave. Sections were then left to stand for 10

minutes and were washed in running tap water for 5 minutes. Following two

further 5 minute washes in PBS, the sections were encircled with hydrophobic

Pap pen and were incubated at RT for 45 minutes with 10% serum (from the

species in which the secondary antibody was raised) in Tris-buffered saline/0.1%

Tween-20, pH 7.4 (TBS-T). The serum was removed by dabbing with paper and

the sections were incubated with the primary antibody (diluted in 10% serum from

the species in which the secondary antibody was raised) in TBS-T at 4°C

overnight in a humidified chamber.

The following day the sections were washed twice in TBS-T for 5 minutes each

and were incubated with the secondary, biotinylated antibody (diluted in 5%

serum from the species in which the secondary antibody wasraised) in TBS-T for

45 minutes at RT. Sections were then washed twice with TBS-T for 5 minutes

each and incubated with VectaStain ABC Elite (Vector Laboratories Ltd.,

Peterborough, UK) for 30 minutes at RT. Sections were washed 3 more times in

TBS-T for 5 minutes each then incubated with Diaminobenzene (DAB)in 0.3%

HO, in 5ml PBS for 5 minutes at RT. Excess DAB was then washed off with

PBSand the sections were washed in PBS for 5 minutes. Haematoxylin was then

used to counterstain the cell nuclei for approximately 5 minutes and excess

haematoxylin was washed off with running tap water. Sections were then ‘blued’

by immersion in PBS for 1 minute; then dehydrated by dipping 20 times in 90%

ethanol, immersing in absolute ethanol for 1 minute and finally dewaxing of Pap

pen circles/final removal of water was achieved by immersing in 2 consecutive

washesof xylene. Slides were then mounted with Di-n-butyl phthalate in xylene

(DePeX) mounting medium and coverslipped.

An alternative technique was used for antibodies which gave heavy background

staining with the above protocol. This technique utilised a Dako Envision™+ kit

(Dako UK Ltd., Ely, Cambridgeshire, UK), either against mouse or rabbit primary

antibodies. Dewaxing, endogenous peroxidase quenching and antigen retrieval
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was performed as above but the serum block step was omitted according to the kit

instructions. The primary antibodies were diluted in Tris-HCl/1% bovine serum

albumin (BSA), pH 7.6 and applied for 30 minutes at RT. Sections were then

washed twice in TBS-T for 5 minutes each and incubated with the kit HRP-

labelled anti-mouse/rabbit polymer for 30 minutes at RT. The sections were then

washed with TBS-T and incubated with the kit DAB chromogen/substrate buffer

mix for 7 minutes in the dark. The excess chromogen was washedoff with dH2O

for 2x 5 minutes and the sections were counterstained and dehydrated as described

above.

2.15  Immunohistofluorescence (IHF)

Formalin-fixed, paraffin-embeddedtissue sections were dewaxed and rehydrated

as described in Section 12.14 with the endogenous peroxidise quenching step

omitted. Antigen retrieval and primary antibody incubation wasalso as described

in Section 12.14. The following day the sections were washed twice in TBS-T for

5 minutes each and incubated with a secondary, fluorophore-conjugated antibody

(diluted in 5% from the species in which the secondary antibody was raised) in

TBS-T for 45 minutes at RT. The sections were washed twice more with TBS-T

and mounted with VectaShield (containing DAPI) for microscopic inspection

using a fluorescence microscope.

2.16 Isolation of epithelia for SDS-PAGE

To isolate epithelial-only cells (as opposed to whole tissues) for SDS-

PAGE/Western blotting and 2-Dimensional polyacrylamide gel electrophoresis

(2D PAGE), a modified version of the Wesier method was employed (Weiser,

1973). Mice were culled and the small intestine and colon were excised. The

tissues were cut longitudinally, opened out to expose the mucosa and were then

placed in a universal tube filled with 10ml of Wesier buffer. The tissue was

washed by inverting the universal 20 times and discarding the buffer. This was

repeated until no remnants of faeces could be seen in the tube. The tissue was

transferred to a fresh tube of buffer and inverted a further 20 times. The released

crypts andvilli were viewed under the light microscope. When crypts and villi
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were visible, the tissue was transferred to a fresh tube and this tube containing the

cells was centrifuged at 3000rpm at 4°C for 5 minutes. The process was repeated

and the epithelial cells were pooled until no morecryptsorvilli were visible in the

buffer. The pooled cells were resuspended in Iml of buffer and this was

transferred to an Eppendorff tube. This was centrifuged at 3000rpm in a

microcentrifuge at 4°C for 5 minutes, the supernatant was removed and the cell

pellet wasstored at -80°C.

2.17 2-Dimensional polyacrylamide gel electrophoresis (2D PAGE)

Tissues prepared by the Weiser method were frozen at -80°C, defrosted and

resuspended in iso-electric focussing (IEF) lysis buffer, homogenised using a

Disperser T10 basic IKA®-WERKE,Staufen, Germany) and left for 2 hours on

ice. Samples were then centrifuged at 45,000rpm at 4 °C for 30 minutes in a

Beckman benchtop ultracentrifuge (Beckman Coulter UK Ltd., High Wycombe,

UK). The supernatant was removed and assayed for protein concentration using a

Bradford assay as described for Western blotting. O.5mg of protein was loaded

onto each gel.

To give as wide a range of protein spots as possible, pH 3-10 non-linear

immobilised pH gradient (IPG) strips were used (Amersham Biosciences,

Piscataway, NJ, USA). The appropriate volume of protein was added to IPG

rehydration solution (containing 2% IPG buffer solution and 3.5% DTT)to final

volume of 350ul. The sample was loaded into a rehydration chamber and the IPG

strip was placed on top. The strip was allowed to rehydrate overnight at RT.

For the 1“ dimension of electrophoresis, an [EF MultiPhor system was used

(Amersham Biosciences, Piscataway, NJ, USA). Cooling was set to 20°C and

25mlof IPG cover fluid was addedto the cooling plate. The DryStrip tray was

placed on the cooling plate and bubbles were removed. 10ml of IPG coverfluid

was added into the DryStrip tray and the DryStrip aligner was placed into the tray

and bubbles were removed. 110mm electrode strips were soaked in 0.5ml of

dH,O and blotted with filter paper to remove excess water. IPG strips were
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placed in the aligner tray and the electrode strips were placed across them. The

MuliPhorelectrodes were placed overthe electrode strips and approximately 70ml

of IPG cover fluid was poured into the DryStrip tray to cover the strips.

Electrophoresis was performed at 500V for 1 minute; the current was then steadily

increased to 3500V overthe course of 1 hour 30 minutes and held at 3500V for 4

hours 40 minutes. When complete, strips were stored at -80°C overnight.

The 2™ dimension was performed using an Ettan DALT II system (Amersham

Biosciences, Piscataway, NJ, USA) using 12.5% SDS-PAGEgels (GE Healthcare

UK Ltd., Little Chalfont, UK). IPG strips were equilibrated for SDS-PAGE by

immersion in equilibration buffer containing 1% DTT on a rocking platform for

15 minutes at RT, followed by immersion in equilibration buffer containing 2.5%

iodoacetamide on a rocking platform for 15 minutes at RT. Following

equilibration, IPG strips were applied to SDS-PAGEgels with agarose sealing

solution. Gels were run at 2.5 Watts per gel for 30 minutes followed by 20 Watts

per gel (both at 25°C) until the sample had run to 18cm. Following

electrophoresis, gels were fixed in 7% glacial acetic acid in 40% methanol for 1

hour at RT. Gels were then stained in 0.1% w/v Coomassie brilliant blue G-250

(Merck Chemicals Ltd., Nottingham, UK) in 2% phosphoric acid, 10% w/v

ammonium sulphate overnight at RT with constant agitation. Gels were then

destained in 10% acetic acid in 25% methanol for 1 minute with shaking. Gels

were rinsed in 25% methanol, and then destained further in 25% methanol for up

to 24 hours.

Gels were visualised using a GS-800 Calibrated Densitometer (Bio-Rad

Laboratories Ltd., Hemel Hempstead, Hertfordshire, UK) and Quantity One

software (Bio-Rad Laboratories Ltd., Hemel Hempstead, Hertfordshire, UK).

Protein spots of interest were manually excised from the gels and these were

destained in 50% acetonitrile (ACN)/50mM ammonium bicarbonate for 15

minutes at RT with occasional agitation. The supernatant was discarded and the

samples were dried in a SpeedVac for 20 minutes. Samples were rehydrated

using Sng/ul trypsin solution (Promega UK Ltd., Southampton, Hampshire, UK)
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at RT and were incubated overnight at 37°C. 30ul of 60% ACN/1%

trifluoroacetic acid (TFA) was then added and the samples were sonicated for 5

minutes. Samples were briefly centrifuged and the supernatants were collected.

A further 30u1 of 60% ACN/1% TFA was addedto the gel pieces and the process

was repeated. The supernatants were pooled and dried in a SpeedVac again and

the released peptides were resuspended in 5-10ul of 5% ACN/0.05% TFA.

2.18 Matrix-assisted laser desorption/ionization/time of flight (MALDI-

TOF) massspectrometry

For Matrix-assisted laser desorption/ionization/time of flight (MALDI-TOF)

analysis, 0.5ul of each sample was spotted onto a target plate and mixed with

0.5ul of a-cyano-4-hydroxycinnamic acid (HCCA) matrix (LaserBio Labs,

Sophia-Antipolis, France) and allowed to air-dry at RT. The target plate was

loaded into a Voyager-DE Pro BioSpectrometry MALDI-TOF workstation

(Applied Biosystems, Foster City, CA, USA) and mass/charge ratio spectra were

obtained for each sample with Voyager Instrument Control Panel software

(Applied Biosystems, Foster City, CA, USA). Peptides were then identified using

the Mascot online search engine. Peptide mass fingerprints were compared to the

Swiss-prot database of known proteins and significance was measured using the

Molecular weight search (Mowse) algorithm. Significantly identified proteins

which were found in 2 or more of the repeat gels were selected for stem cell

marker candidacy using database and literature searches prior to being further

investigated.

2.19 Statistical analyses

2.19.1 Student’st-test

Differences between directly comparable groups (mouse genotype, treated and

untreated cell lines) were assessed by Student’s f-test (2-tailed, assuming unequal

variance) of the test groups. p<0.05 was considered significant.
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2.19.2 Modified mediantest

The modified median test (Potten et al., 1990) was used to assess significant

differences at individual cell positions during scoring of histology slides (Section

2d)a

2.19.3 Bonferroni comparison

Differences between numbers of myofibroblasts at consecutive timepoints

(Chapter 5) were assessed by a Bonferroni comparison, with p<0.05 being

considered significant.

2.19.4 Molecular weight search (Mowse)

The Mowse algorithm (Pappin er al., 1993) was used to assess matching of

peptide fingerprints obtained from MALDI-TOF mass spectrometry to known

proteins in the Swiss-prot database. Mowsescoresthat were greater than 68 were

considered significant at p<0.05.
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Chapter3:

Expression and function of CD24 in the

gastrointestinal tract
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3.1 Introduction

CD24 has been suggested as a candidate stem cell marker protein in the GItract

following work by Robert Whitehead and colleagues, showing that CD24 is

expressed in the lower half of laser-bisected colonic crypts (Franklin et al., 2005);

and Akashiet al. (1994), who suggested that CD24 expression is confined to the

proliferative zone of rat gastric glands and small intestinal crypts. Althoughits

function in other tissues such as the immune system has been relatively well

characterised (Miller et al., 1985; Nielsen et al., 1997; Suzuki et al., 2001),

CD24’s function and localisation within the GItract is currently largely unknown

(see Section 1.2.2.8). To investigate the function of CD24 in vitro, 5 colon human

epithelial adenocarcinoma cell lines (Caco-2, DLD-1, HCT116, HT29 and

LS1747-3) were selected for screening of CD24 expression along with 1 stomach

cancer cell line (AGSgp). Small interfering RNA (siRNA) technology was then

employed to reduce CD24 expression in HT29 cells. Following siRNA-mediated

gene knockdown, changes in rates of cellular proliferation and apoptosis were

measured to elucidate whether or not CD24 was involved in regulating either

process.

CD24 in humansis orthologous to Heat Stable Antigen (HSA) in mice. As first

step to identify which tissues in the murine GItract express CD24, whole tissues

were excised; cells were lysed and subjected to Western blot analysis to

investigate expression of CD24. Subsequently, immunolabelling studies were

therefore performed to examine CD24localisation. If CD24 is solely a stem cell

marker protein, expression would be expected to be restricted to a few cells

located towards the bottom of colonic crypts and in the isthmus region of gastric

glands. Also if CD24 were solely a stem cell marker, expression in fully

differentiated cell types would not be expected. This was investigated by co-

immunolocalisation studies using markers for parietal and endocrinecells.

In addition, if CD24 is a hypothetical stem cell marker in the GI tract, its

expression might be increased in the regenerating crypts that are observed
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following radiation treatment (as the surviving epithelial cell population is likely

to be enriched for stem cell proteins). Mice were therefore treated with 12Gy y-

radiation and CD24 expression was investigated by Western blot of epithelial cell

proteins.

In vivo, CD24 function was investigated using CD24-null (CD24) mice.

Apoptosis and proliferation were assessed in the GI tracts of untreated and

irradiated CD24” mice and compared to the C57BL/6 backgroundstrain. Mice

were also treated with azoxymethane (AOM)- a potent carcinogen used in animal

models. For small intestine and colon studies, male mice were used; and for

stomach studies female mice were used in order to compare results with the

published literature (Potten et al., 1990; Pritchard and Przemeck, 2004).

3.2 Aims

The aimsof this chapter were:

1. To assess CD24 expression in a panel of GI cell lines.

2. To assess the consequences of reducing expression of CD24 in HT29 cells

via siRNAtechnology.

3. To determine CD24 expression in the murine GItract.

4. To determine whether CD24 expression is altered in regenerating small

intestine and colon following y-radiation.

5. To determine whether GI epithelial apoptosis, proliferation or

regeneration are altered in CD24”? mice.

6. To determine whether colonic tumour susceptibility is altered in cp24“””

mice following AOMtreatment.
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3.3 Results

3.3.1 CD24 function in human GIcell lines

3.3.1.1 CD24 expression wasdetected in three of the cell lines studied by

Western blotting

Sodium dodecyl sulphate polyacrylaminde gel electrophoresis (SDS-PAGE) was

conducted on cell lysates from six GI cell lines as described in Section 2.13.1,

with 40ug of protein being loaded for each sample. Membranes were probed with

a mouse anti-human CD24 primary antibody coupled to a HRP-conjugated anti-

mouse secondary antibody. Western blots were also probed with mouse anti-pan-

actin to confirm equal loading of sample cell lysates.

CD24 expression was detected in HT29, DLD-1 and LS1747-3 cell lysates, with

HT29 showing the most abundant expression. CD24 could not be detected by

Western blotting in Caco-2, HCT116 and AGSggcell lysates (Figure 3.1).
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Figure 3.1: CD24 Western blot of GIcell lines.
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3.3.1.2 CD24 was expressed by four of the cell lines studied by

immunocytochemistry

Six GI cell lines were subjected to ICC as described in Section 2.12.1 with the

same mouse anti-human CD24 antibody used in Section 3.3.1.1 coupled to a

FITC-conjugated anti-mouse secondary antibody. Slides were viewed under a

fluorescence microscope (Figure 3.2). HT29 cells expressed CD24 both in the

plasma membrane and the cytoplasm, with the cytoplasmic staining being more

punctate. Staining appeared stronger when the cells formed colony-like clumps.

Although no CD24 expression was detected by Western blotting, Caco-2 cells

showed some positive CD24 staining with ICC; and the staining was weaker and

more cytoplasmic than that seen in HT29 cells. Also, not all of the cells showed

positive expression. CD24-positive cells tended to be clustered closer together

than negative cells. DLD-1 cells also showed CD24 expression, but staining was

weaker and less membranousthan in HT29 cells. However, staining was stronger

than that observed in Caco-2 cells. LS1747-3 cells also showed positive staining

at lower intensity than HT29. No CD24 expression was observed in HCT116 or

AGSgp cells by ICC. The results are summarised in Table 3.1
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Figure 3.2: CD24 expression in GIcell lines. (a) Cell nuclei - DAPI, (b) CD24

- FITC (c), merged image.
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Cell line ression level

HT29 +4++

LS1747-3 ++

DLD-1 +

Caco-2 +/-

HCT116 -

AGScr -

 

Table 3.1: Summary of CD24 expression levels in GI cell lines. +++ is very

strongly positive, ++ is positive, + is mildly positive, +/- is weakly positive

and — is negative.

3.3.2 Reduction of CD24 expression by siRNA affected cellular apoptosis

and proliferation

HT29 cells showed the highest abundance of CD24 protein and were amenable to

transfection; and these cells were therefore selected for siRNA studies. Reduction

of CD24 expression in HT29 cells was achieved via siRNA as described in

Section 2.5 and successful knockdownwasconfirmed by Western blotting (Figure

Did):
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Figure 3.3: Representative Western blot showing reduced CD24 expression in

72 hour CD24 and control siRNA-transfected HT29 cells. Untreated HT29

lysate was used as a positive control.
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CD24 siRNA-transfected cells were used to assess proliferation and apoptosis. 10°

cells were seeded into T25 flasks, left to attach for 24 hours and then transfected

for 72 hours with CD24 siRNA andcontrol siRNA as before. The numberofcells

remaining attached to the flask (living cells) was counted along with the number

of cells floating in the media (apoptotic cells).

The CD24 siRNA-transfected cells showed significantly decreased numbers of

morphologically normal adherent cells (p<0.05) and significantly increased

numbers of morphologically apoptotic floating cells (p<0.001) compared with

control siRNA-transfected cells (Figure 3.4). This suggests that CD24 plays a role

in regulating apoptosis and possibly proliferation in this cell line.
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Figure 3.4: Mean + SD numbersof adherent(live) and floating (dead) cells

following 72 hours transfection of HT29 cells with CD24 or control siRNA.

*p<0.05 and **p<0.001 compared to control siRNA by Student’s rtest.

n = 3 repeat experiments with 3 flasks of cells for each siRNA.

3.3.3 CD24 expression in mousetissues

3.3.3.1 CD24 was expressed by four mouse GItissues studied by Western blot

Protein lysates of whole gastric corpus, gastric antrum, small intestine and colon

were studied by Western blotting (Figure 3.5) and probed with a rat anti-mouse

CD24 primary antibody as described in Section 2.13.2. All four tissues showed

CD24 expression, with a band of similar molecular weight to that seen in human

HT29 cells (see Figure 3.1). The spleen was also used as a positive control, as it

contains many T cells (which are known to highly express CD24). Howeveras

whole tissue was analysed in this study rather than just the epithelium, the positive

results may be due to the presence of CD24 in lymphocytesor the muscle layer of

the tissue.
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Figure 3.5: Western blot of whole mousetissues.

3.3.3.2 CD24 was expressed in primary cultures of murine gastric glands and

was expressed in enteroendocrine and parietal cells

Stomach glands were liberated from the surrounding tissue and plated as

described in Section 2.10. ICC was performed using a rat anti-mouse primary

antibody coupled to a FITC-conjugated anti-rat secondary antibody as described

in Section 2.12.3. Staining showed that CD24 was not expressed in all cells

within the gland, but was limited to a few cells, with the mean total number of

cells per gland being 88; and the mean number of CD24-positive cells being 9

(approximately 10% ofthe cell total, where n=61 glands from 6 individual mice).

The staining appeared to have the same characteristics as that of the HT29 cell

line i.e. partially membranous, partially cytoplasmic. This confirms that CD24 is

present in epithelial cells within the stomach and suggests that the staining

observed in the whole tissue Western blot (Figure 3.1) was at least partly due to

CD24-expressing epithelial cells. Based on the observed morphology, some

CD24-positive cells appeared to beparietal cells (i.e. large and rounded/pyramidal

shaped cells), while others appeared to be small and spherical, possibly

enteroendocrinecells (Figure 3.6).
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Figure 3.6: ICC of plated gastric gland for CD24. (a) Cell nuclei - DAPI, (b)

CD24 - FITC, (c) merged image. The dashed arrow indicates a possible CD24-

positive enteroendocrine cell; while the solid arrow indicates a possible CD24-

positive parietal cell.

Chromogranin A (CgA) is a marker of differentiated enteroendocrine cells in the

GI tract. Granin family members such as CgA function to target hormones and

neurotransmitters to granules intracellularly and (following proteolytic

processing) regulate hormone secretion extracellularly (Hendy ef al., 1995).

Using ICC methods, plated stomach glands were stained for both CD24 and CgA

simultaneously using fluorescent-tagged secondary antibodies (green fluorescein

isothiocyanate (FITC) for CD24 and red Texas Red for CgA). Staining showed

that although not all CD24-positive cells expressed CgA, some cells co-expressed

both proteins (Figure 3.7); and that the morphology of these cells was consistent

with that of enteroendocrinecells (i.e. small, spherical cells). There was a mean

72 cells per gland (n=58 glands from 6 mice), with a mean of 7 CD24-positive

cells (~10% ofthe total), 4 CgA-positive cells (~6% of total) and 2 co-expressing

cells (~3% of total). Approximately 22% of CD24-positive cells were also

positive for CgA, while approximately 50% of CgA-positive cells were also

positive for CD24.
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Figure 3.7: ICC of plated gastric gland for CD24 and CgA. (a) Cell nuclei -

DAPI, (b) CD24 — FITC, (c) CgA — Texas Red, (d) merged image. A CD24 and

CgA co-expressing cell is arrowedin (d).

The morphology of some CD24-positive cells resembled parietal cells (large and

rounded/pyramidal) and these did not co-express CgA.

H'/K*ATPase expression wastherefore used to investigate whether these CD24-

positive cells were parietal cells in gastric glands. H’'/K*ATPase functions in

hydrochloric acid (HCl) secretion, and since no other cells secrete HCl,

H’/K*ATPase is a specific marker ofparietal cells in the gastric gland. Gastric

glands were therefore stained simultaneously using ICC for H’/K’ATPase and

CD24 (Figure 3.8). There was a mean of 83cells per gland (n=66 glands from 6

mice), 8 CD24-positive cells (~10% of the total), 23 H'/K*ATPase-positive

(~25% oftotal) and 6 CD24/H'/K’ATPase-positive cells per gland (~7% oftotal).
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Approximately 76% of CD24-positive cells were also therefore positive for

H'/K*ATPase; and approximately 25% of H’/K”ATPase-positive cells were also

positive for CD24. There were also 2 CD24-positive, H’/K”ATPase-negative

cells on average per gland (~2%), which were observed to be small and spherical

in shape; and may be enteroendocrine cells or undifferentiated cells. This agrees

with the number of dual labelled CD24-positive/CgA-positive cells described

above.

(a)

 
Figure 3.8: ICC of plated gastric gland for CD24 and H’/K’ATPase. (a) Cell

nuclei - DAPI, (b) CD24 — FITC, (c) H’/K*ATPase — Texas Red, (d) merged

image. A CD24-positive, H’/K”ATPase-negativecell (solid arrow) and a CD24

and H’/K*ATPase co-expressing cell (dashed arrow) are arrowed in (d).
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3.3.3.3 CD24 was expressed in primary cultures of murine colonic crypts and

was expressed in enteroendocrinecells

Colonic crypts were liberated and plated as described in Section 2.11 and ICC was

performed using the same conditions as described for gastric glands. Staining

patterns appeared to be similar to gastric glands (Figure 3.9); howeversince there

are no parietal cells in the colon, the positive cells appeared to mostly have

characteristics suggestive of small enteroendocrine or undifferentiated cells.

Staining tended to be localised in cells that were located towards the bottom of the

crypt in vivo (Figure 3.10a) when crypts were fixed at less than 48 hours after

plating.

(a) (b) (c)

Ny

Figure 3.9: ICC of plated colonic crypt for CD24. (a) Cell nuclei - DAPI, (b)

CD24 — FITC, (c) merged image. A CD24-positive cell is arrowed.

 

Whencrypts were plated, they tended to adhere to the slide at the base of the crypt

and subsequently spread outwards over time as shown schematically in Figure

3.10b.

 

(a)

Slide

Side view a Koy eeConnui aay)

Figure 3.10: Spreading of plated colonic crypts. (a) Cell nuclei are stained blue

with DAPI, CD24is stained green (FITC, arrowed area). (b) The shaded area

represents positive CD24 staining.
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The mean number of cells per colonic crypt was 145 (n=51 crypts from 6

individual mice), with the average number of CD24-positive cells being 6 (~4% of

the total). This also confirms that CD24is present in the epithelium of the colon

and suggests that the staining observed in the whole tissue Western blot (Figure

3.5) may have beenat least partly due to CD24 within epithelial cells.

To determine the spatial expression of CD24 in the colon, colonic crypts were

also liberated as described in Section 2.11 and were fixed in suspension. Crypts

were subsequently stained for CD24 with the same primary antibody as used in

Section 3.3.3.3. This method allowed for retention of the morphology of the

crypt, as crypts did not spread out as on plastic as seen in Figure 3.10. Hence,

CD24-positive cell types were identifiable by their position in the crypt(i.e. if

CD24 was expressed only by stem cells, localisation might solely be observed

towards the bottom of the crypt). As shown in Figures 3.11 and 3.12, some CD24

expressing cells appeared to be located towards the bottom ofthe crypt, although

some cells were also observed further towards the crypt table region. This

suggests that CD24 is unlikely to be solely a stem cell marker in the colon. There

was a mean of 6 CD24-positive cells per crypt (where n=19 crypts from 3 mice).

Obtaining viable gastric glands in suspension for similar analysis was not

possible, as the relatively thin glands were more prone to disintegration during

centrifugation (data not shown).

(a) i)

 

Figure 3.11: ICC of colonic crypt in suspension for CD24. (a) Cell nuclei -

DAPI, (b) CD24 — FITC, (c) merged image. CD24-positive cells are arrowed.
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As observed in primary colonic cultures, some cells expressed CD24 only (with a

mean of 6 per crypt, n=25 crypts from 4 mice), some expressed CgA (3 percrypt)

only, while some co-expressed both proteins (2 per crypt, Figure 3.12).

Approximately 43% of CD24-positive cells were also positive for CgA; and

approximately 74% of CgA-positive cells were also positive for CD24. This

again implies that CD24is not solely a stem cell marker in the GItract.

(a) (b)

 

Figure 3.12: ICC of colonic crypt in suspension for CD24 and CgA. (a) Cell

nuclei - DAPI, (b) CD24 — FITC,(c) CgA — Texas Red, (d) merged image. Solid

arrows indicate CD24 and CgA co-expressing cells, dashed arrow indicates a

CD24-negative/CgA-positive cell, arrowhead indicates a CD24-positive/CgA-

negative cell.

3.3.4 CD24 abundancewasincreasedin regenerating small intestinal, but

not colonic epithelium following 12Gy y-radiation

Epithelial small intestine and colon cells were prepared from C57BL/6 miceeither

untreated or 96 hours following 12Gy y-radiation using a modified Weiser

technique (as described in Section 2.16). Western blot for CD24 was performed

using 3 individual mice per group; and whole spleen lysate was usedasa positive

control.

As shown in Figure 3.13, little CD24 protein was detected in normal small

intestinal epithelium, while a small increase could be detected at 96 hours

following irradiation. CD24 abundance was increased in normal colonic
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epithelium relative to small intestine. However CD24 abundancedid not change

significantly followingirradiation.

| CD24

 

  
 

 

42 kDa Pan-actin

ys. Xv

Control small Irradiated Control Irradiated 9
intestine small colon colon =

intestine

Figure 3.13: CD24 Western blot comparing control small intestine and colon

to 12Gy, 96 hour y-irradiated small intestine and colon.

3.3.5 Assessment of GI apoptosis and proliferation in CD24” mice

3.3.5.1 CD24” mice showed increased apoptosis in the gastric antrum and

corpus with and without radiation treatment

Representative H&E sections showing increased apoptosis in the gastric mucosa

of CD24? mice compared to C57BL/6 miceare shownin Figures 3.14 and 3.15.

In the gastric antrum and corpus, CD24mice showed significantly increased

numbers of apoptotic cells, both spontaneously and at 6 and 48 hours following

12Gy y-radiation (Table 3.2, Figures 3.16-3.18). However, there with no

significant differencesin gastric epithelial mitosis between C57BL/6 and CD24”

mice. As 20 antral and 40 corpus hemi-glands were scored per mouse, data are

represented as numbers of apoptotic/mitotic cells per hemi-gland for ease of

comparison.
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Mean numberof Mean numberof

 

 

 

 

 

 

      

apoptotic cells + SD per mitotic cells + SD per
hemi-gland hemigland

C57BL/6 cp24”” t-test C57BL/6 CD24| t-test

Control 99940.05 0.22+0.04 p<0.001 0.38+0.08 0.32 +0.08 p>0.05
antrum

Control 99340.01 0.09+0.02 p<0.001 0.0940.03 0.08#0.04 p>0.05
corpus

12Gy,
6hr 0.61+0.08 1.03+0.10 p<0.001 0 0 p>0.05

antrum

12Gy,
6hr 0.05+0.01 0.12+0.01 p<0.001 0 0 p>0.05

corpus

12Gy,
48hr 0.64+0.09 1.08+0.16 p<0.001 0 0 p>0.05

antrum

12Gy,
48hr 0.25+0.04 0.38+0.05 p<0.01 0 0 p>0.05
corpus    
 

Table 3.2: Mean numbers of apoptotic and mitotic cells + SD per hemi gland

in antrum and corpus; with and without radiation treatment.

n (C57BL/6) = 6, n (CD24"””) = 6.
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Figure 3.14: Representative H&E-stained sections comparing apoptosis in

unirradiated and 12Gy, 48 hour y-irradiated C57BL/6 and cpD24antral

glands. Apoptotic bodies are arrowed.
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Figure 3.15: Representative H&E-stained sections comparing apoptosis in

unirradiated and 12Gy, 48 hour y-irradiated C57BL/6 and CD24” corpus

glands. Apoptotic bodies are arrowed.
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Figure 3.16: Comparison of apoptosis (a-d) and mitosis (e-h) in C57BL/6

(blue) and cp24” (red) mice in the untreated antrum (a,b,e,f) and corpus

(c,d,g,h). (a,c) Percentage apoptotic index against cell position, (b,d) mean

number + SD of apoptotic cells, (e,g) percentage mitotic index against cell

position, (f,h) mean number + SD of mitotic cells. ***p<0.001 c.f. CS7BL/6 by

Student’s t-test. No significant differences were seen by modified mediantest.

n (C57BL/6) = 6, n (CD24) = 6.
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Figure 3.17: Comparison of apoptosis in the gastric antrum (a,b) and corpus

(c,d) of C57BL/6 (blue) and CD24” (red) mice 6 hours following 12Gy y-

radiation. (a,c) Percentage apoptotic index against cell position, (b,d) mean

number + SD of apoptotic cells. ***p<0.001 c.f. CS7BL/6 by Student’s t-test.

No significant differences were seen by modified median test.

n (C57BL/6) = 6, n (CD24) = 6.
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Figure 3.18: Comparison of apoptosis in the gastric antrum (a,b) and corpus

(c,d) of C57BL/6 (blue) and cp24” (red) mice 48 hours following 12Gy y-

radiation. (a,c) Percentage apoptotic index against cell position, (b,d) mean

number + SD of apoptotic cells in each mouse strain. <> modified mediantest is

significant at cell positions stated, **p<0.01 and ***p<0.001 c.f. C57BL/6 by

Student’s t-test. n (C57BL/6) = 6, n (CD24) = 6.
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3.3.5.2 CD24” mice showed increased apoptosis in the small intestine,

proximal anddistal colon before and after radiation treatment

Representative H&E-stained sections from the small intestine and colon of

C57BL/6 and CD24” mice are shownin Figures 3.19 and 3.20.

CD24”? mice displayed significantly increased amounts of apoptosis in the small

intestine and proximal colon compared to CS7BL/6 controls in unirradiated

animals and 4.5 hours following 1Gy y-radiation. No significant differences in

apoptosis were observed 4.5 hours following 8Gy y-radiation in these tissues. In

the distal colon, increased spontaneous apoptosis was observed in CD24? mice

without radiation treatment, in CD24” mice treated with 1Gy y-radiation and in

CD24” mice treated with 8Gy y-radiation. CD24” mice showed no significant

differences in small intestinal or colonic mitosis compared to C57BL/6 mice,

either spontaneously or following irradiation (Table 3.3, Figures 3.21-3.26).
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Mean numberof

apoptotic cells + SD

Mean numberof

mitotic cells + SD
 

CS57BL/6 cp24” t-test CS7BL/6 cp24”” t-test
 

Control

small

intestine

2+1.5 7.3+3.0 p<0.01 35.343.5 31.844.4 p>0.05

 

Control

proximal

colon

3.7424 10,5235 p<0.01 22.8+6.9 24.3+7.6 p>0.05

 

Control

distal

colon

3.242.) $122.9 p<0.01 24.345.8 25.546.7 p>0.05

 

1Gy,
4.5hr

small

intestine

119.2+9.6 138+13.9 p<0.05 24.343.7 2744.9 p>0.05

 

1Gy,
4.5hr

proximal

colon

50.3411.6 65.547.4 p<0.05 12+4.2 11.725.2 p>0.05

 

1Gy,
4.5hr

distal

colon

83.5+5.3 113.2+18.9 p<0.01 2245.0 psd. p>0.05

 

8Gy,
4.5hr

small

intestine

127.3+17.5 137.3+20.3 p>0.05 0.7+0.5 0.5+0.2 p>0.05

 

8Gy,

4.5hr

proximal

colon

121+24.9 128.8417.3 p>0.05 0.5+0.55 0.33+0.5 p>0.05

 

8Gy,

4.5hr

distal
colon  159+25.3  207.5+26.6  p<0.01  0.33+0.52  0.17+0.4  p>0.05

 

Table 3.3: Mean numbers of apoptotic and mitotic cells + SD in 50 small

intestinal and colonic hemi crypts; before and after radiation treatment.

n (C57BL/6) = 6, n (CD24) = 6.
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Figure 3.19: Representative H&E-stained sections comparing apoptosis in

unirradiated and 1Gy, 4.5 hour y-irradiated C57BL/6 and CD24small

intestinal crypts. Solid arrows indicate apoptotic bodies, dashed arrowsindicate

 

mitotic bodies.
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Figure 3.20: Representative H&E-stained sections comparing apoptosis in

unirradiated and 1Gy, 4.5 hour y-irradiated C57BL/6 and CD24” distal

colonic crypts. Solid arrows indicate apoptotic bodies, dashed arrows indicate

mitotic bodies.
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Figure 3.21: Comparison of apoptosis in the small intestine (a,b), proximal

colon (c,d) and distal colon (e,f) of untreated C57BL/6 (blue) and CD24”

(red) mice. (a,c,e) Percentage apoptotic index against cell position, (b,d,f) mean

number + SD of apoptotic cells in each mousestrain. <* modified mediantestis

significant at cell positions stated, **p<0.01 c.f. C57BL/6 by Student's ¢-test.

n (C57BL/6) = 6, n (CD24) = 6.
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Figure 3.22: Comparison of mitosis in the small intestine (a,b), proximal

colon (c,d) and distal colon (e,f) of untreated C57BL/6 (blue) and CD24”

(red) mice. (a,c,e) Percentage mitotic index against cell position, (b,d,f) mean

number + SD of mitotic cells. No significant differences were seen by Student’s

t-test or by modified median test. n (C57BL/6) = 6, n (cD247rs) =6.
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Figure 3.23: Comparison of apoptosis in the small intestine (a,b), proximal

colon (c,d) and distal colon (e,f) of C57BL/6 (blue) and CD24”(red) mice 4.5

hours following 1Gy y-radiation. (a,c,e) Percentage apoptotic index against cell

position, (b,d,f) mean number + SD of apoptotic cells. <> modified mediantest is

significant at cell positions stated, *p<0.05 **p<0.01 c.f. C57BL/6 by Student’s ¢-

test. n (C57BL/6) = 6, n (CD24) = 6.

141



 

 

  
  

 

 

 

    

35.4
g * (a) jj, (b)
= 6 a 307

g 5 5 4518 g 5]

= 7 = 20 4
% 3 &
gs , 2154
5 8 |

B 1 g 10+
| 3

04 1 1 1 t 1 |S 54

0 5 10 15 20 25 30 0

Cell position C57BL/6 CD24(-/-)

18 9
3.0 5On © 8) (d)

3254 a
|. E144
B 2.07 ‘zy /
8

12

Eis = 107
° 3 843 1.0 | 3 |

8 | 5 6

5 055 =e 44

* a0 g: T T T T T 1 = 24

0 5 10 15 2025 30 04

Cell position C57BL/6 CD24(-/-)

30 4
6s @ (f)

= 5 2 25 7

8

Ss 4 5 20 4

2 3 &
& 2 154
a : g€ 2 g ..
o S107

E g
a = 51

Ot T T T a -

0 5 10 15 2 25 30 04 :

Cell position C57BL/6 CD24(-/-)

  
 

Figure 3.24: Comparison of mitosis in the small intestine (a,b), proximal

colon (c,d) and distal colon (e,f) of C57BL/6 (blue) and CD24?(red) mice 4.5

hours following 1Gy y-radiation. (a,c,e) Percentage mitotic index against cell

position, (b,d,f) mean number + SD of mitotic cells. No significant differences

were seen by Student’s

n (C57BL/6) = 6, n (CD24) = 6.

t-test or by modified median test.
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Figure 3.25: Comparison of apoptosis in the small intestine (a,b), proximal

colon (c,d) and distal colon (e,f) of CS7BL/6 (blue) and CD24”(red) mice 4.5

hours following 8Gy y-radiation. (a,c,e) Percentage apoptotic index against cell

position, (b,d,f) mean number + SD of apoptotic cells. <* modified mediantest is

significant at cell positions stated, **p<0.01 c.f. CS7BL/6 by Student’s rtest.

n (C57BL/6) = 6, n (CD24”) = 6.
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Figure 3.26: Comparison of mitosis in the small intestine (a,b), proximal

colon (c,d) and distal colon (e,f) of C57BL/6 (blue) and CD24“(red) mice 4.5

hours following 8Gy y-radiation. (a,c,e) Percentage mitotic index againstcell

position, (b,d,f) mean number + SD of mitotic cells. No significant differences

were

n (C57BL/6) = 6, n (CD24"”) = 6.

seen by Student’s t-test or modified median test.
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3.3.5.3 Small intestinal, proximal and distal colonic crypt survival was

reduced in CD24” mice

Following high doses of y-radiation, small intestinal, proximal and distal colonic

crypt survival at 96 hours wassignificantly decreased in CD24” mice compared

to C57BL/6 mice. This was observed after both 10 and 12Gy y-radiation.

Representative H&E sections showing CD24” mouse small intestine and distal

colon compared to C57BL/6 mouse small intestine and distal colon 96 hours

following 12Gy y-irradiation are shown in Figure 3.27. No significant differences

between CD24”? and C57BL/6 mice were observed following 14Gy y-radiation

(Table 3.4, Figure 3.28).

 

Percentage surviving crypts + SD
 

 

 

 

 

 

 

 

 

     

C57BL/6 cp24? t-test

Small intestine, 10Gy, 96hr 22.3%+3.09 16.6%+0.89 p<0.01

Proximal colon, 10Gy, 96hr 30.2%+2.56 18.7%+1.12 p<0.001

Distal colon, 10Gy, 96hr 46.7%+6.52 38.4%+6.12 p<0.05

Small intestine, 12Gy, 96hr 20.3%+1.67 16.7%+1.9 p<0.01

Proximalcolon, 12Gy, 96hr 25.1%+2.96 18.1%+0.74 p<0.01

Distal colon, 12Gy, 96hr 18.3%+2.03 15.5%+1.87 p<0.05

Small intestine, 14Gy, 96hr 5.0%+0.79 4.3%+0.45 p>0.05

Proximalcolon, 14Gy, 96hr 14.3%+1.77 14.1%+1.77 p>0.05

Distal colon, 14Gy, 96hr 11.7%+1.85 10.7%+1.82 p>0.05  
 

Table 3.4: Percentage crypt survival + SD in 10, 12 and 14Gyy-irradiated

small intestine, proximal and distal colon compared to unirradiated controls.

n (C57BL/6) = 6, n (CD24"””) = 6.
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Figure 3.28: Percentage small intestinal (a), proximal (b) and distal (c)

colonic crypt survival + SD in C57BL/6 (blue) and CD24”(red) mice 96

hours following 10, 12 or 14Gy y-radiation. *p<0.05, **p<0.01 and

#y<(0.001 c.f. CS7TBL/6 by Student’s t-test. n (C57BL/6) = 6, n (CD24) = 6.
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3.3.5.4 CD24” mice showed increased apoptosis in the distal colon 8 hours

followingi.p injection of 10mg/kg AOM

Apoptosis was significantly increased in the distal colon of CD24(1) mice 8 hours

following a single 10mg/kg dose of AOM,but no significant differences were

observed in either the small intestine or proximal colon following this treatment

(Table 3.5, Figures 3.29 and 3.30). No significant differences in mitosis between

CD24” mice and C57BL/6 mice were observed in any of the three tissues 8h

following 10mg/kg AOM.

 

Mean numberof Mean numberof

 

 

 

     

apoptotic cells + SD mitotic cells + SD

C57BL/6 CD24” t-test C57BL/6 CD24” t-test

Small i4os40 10.347.6 po0.05 44.345.3 36.747.4 p>0.05
intestine

Proximal 73491 7.740.82 ps0.05 10.343.6 10.7#2.4 p>0.05
colon

Distal 49.3+5.4 57.8+5.9 p<0.05 20.343.8 16.045.7 p>0.05  
 

Table 3.5: Mean numbers of apoptotic and mitotic cells + SD in 50 small

intestinal and colonic hemi crypts 8 hours following i.p injection of 10mg/kg

AOM.n(C57BL/6) = 6, n (CD24) = 6.
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Figure 3.29: Comparison of apoptosis in the small intestine (a,b), proximal

colon (c,d) and distal colon (e,f) of C57BL/6 (blue) and CD24” (red) mice 8

hours following i.p. injection of 10mg/kg AOM. (a,c,e) Percentage apoptotic

index againstcell position, (b,d,f) mean number + SD of apoptotic cells. *p<0.05

c.f. C57BL/6 by Student’s ¢-test. No significant differences were seen by

modified median test. n (C57BL/6) = 6, n (CD24) = 6.
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Figure 3.30: Comparison of mitosis in the small intestine (a,b), proximal

colon (c,d) and distal colon (e,f) of C57BL/6 (blue) and CD24” (red) mice 8

hours following i.p. injection of 10mg/kg AOM. (a,c,e) Percentage mitotic

index against cell position, (b,d,f) mean number + SD of mitotic cells. No

significant differences were seen by Student’s t-test or by modified mediantest.

n (C57BL/6) = 6, n (CD24) = 6.
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3.3.5.5 CD24” mice showed no significant difference in the number of ACFs

2 weeks following 3 weekly i.p. injections of 10mg/kg AOM

Mice were administered 10mg/kg AOM once a week for 3 weeks and culled 2

weeksafter the final dose. The mean total number of ACFs in both C57BL/6 and

CD24mice was 1141 per colon (Figure 3.31). On average there were 1.6

ACFsin the proximal colon of C57BL/6 mice compared to 1.4 in CD24”? mice,

5.2 and 5 respectively in the mid colon; and 4.2 and 4.6 respectively in the distal

colon, none of which were considered significant by Student’s f-test.

 

14 -

OD Distal

B Middle

Proximal

A
C
F
s
p
e
r
c
o
l
o
n

 

 

C57BL/6 CD24(-/-)    
Figure 3.31: Mean + SD of the total numbers of ACFs in the proximal,

middle anddistal colons of C57BL/6 and CD24” mice 2 weeks following 3

weekly i.p. injections of 10mg/kg AOM. n (C57BL/6) = 5, n (CD24) = 5.

3.4 Discussion

CD24 is a glycoprotein whose function has been assessed in a numberoftissues.

It has been shownto regulate differentiation (Miller et al., 1985) and apoptosis

(Suzuki et al., 2001; Chappel et al., 1996) in the immune system; as well as

migration in the nervous system (Sennerer al., 1999). The functions of CD24 are

however largely unknownin the GItract, although some authors have proposed
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that CD24 plays a role in regulating the development and maturation of GItissues

(Shirasawaet al., 1993; Akashi et al., 1994). More recently, evidence that CD24

is expressed predominantly within the bottom half of bisected colonic crypts

(Franklin et al., 2005) has lead to the investigation of CD24 as a potential marker

for stem cells in the GItract.

In this study we initially used a colonic cell line model to determine the

function(s) of CD24 in vitro. The bands obtained for CD24 in Western blots (of

cell lines as well as tissues) were not of a single molecular weight (as observed

with other proteins such as pan-actin). This was likely to be due to the protein

possessing varying degrees of glycosylation. Following ICC and Western blot

analysis, HT29 cells were shown to express abundant CD24 protein and therefore

this cell line was used for further investigation of CD24 function. Although CD24

is a membrane-localised protein according to the literature (Suzuki ef al., 2001),

cytoplasmic expression was also observed in CD24-positive cell lines. This may

be due to CD24 protein being located within transport vesicles (whichtraffic the

protein from the golgi to the plasma membrane). Alternatively, this observation

may be dueto the fact that the cell lines were all derived from malignant tumours

and are abnormal; hence, the degradation and/or distribution pathways present in

‘normal’ cells may have been disrupted. Cytoplasmic CD24 expression has also

been previously observed in lymph node metastases (Jung ef al., 2004b); and in

pancreatic (Jacob et al., 2004), breast (Fogel et al., 1999), gastric (Lim and Oh,

2005) and colon cancers (Weichert et al., 2005). In addition,

immunofluorescence was viewed in our studies using a standard fluorescence

microscope, rather than a confocal microscope. The visible fluorescent signal

may therefore have arisen from protein molecules located in the membranes on

the top/bottom side of the cell. We also observed that CD24 staining appeared to

be more intense when cells were ‘clumped’ on the microscopeslide, possibly due

to a positive feedback mechanism. As CD24 is thoughtto function as an adhesion

molecule in cancer cells (Kristiansen et al., 2004), clumps of HT29 cells may

produce more CD24 in response to unknownparacrinefactors, thus enabling the

growing cell mass to adhere to each other and tothe flask (c.f. adherenceto the
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endothelium of the body). Alternatively, CD24 may homodimerise with CD24

molecules on adjacent cells (Kadmonetal., 1992).

Apoptosis and proliferation were assessed in siRNA-transfected HT29 cells. The

number of attached (living) cells was reduced in the flasks containing CD24

siRNA-transfected cells compared to flasks containing control siRNA-transfected

cells. Also, there were significantly more floating (apoptotic) cells following

CD24 siRNA-transfection compared to controls. These findings suggest that

CD24 acts as a positive regulator of proliferation and/or a suppressor of apoptosis.

However this method of cell counting could only give a rough estimate of the

actual numbers of apoptotic and mitotic cells. This is because notall of the cells

which were attached to the flasks would be proceeding through the cell cycle at

the time of counting. Likewise some apoptotic cells would have been in the early

stages of apoptosis and not yet detached from the flask (and therefore would have

been counted as mitotic); or would have undergone fragmentation and would

therefore have been lost from the counting samples, where only rounded,

morphologically apoptotic whole cells were counted. To give a more accurate

measurementof proliferation and apoptosis, the floating and attached cells could

have been harvested and stained with antibodies for mitosis and apoptosis markers

such as Ki67 and active caspase-3 respectively. Positively-stained cells could

then have been quantified using FACS or fluorescence microscopy. An

alternative to using Ki67 would be to treat the cells with BrdU (which is

incorporated into replicating DNA at the S-phase of mitosis) and subsequently

stain with an anti-BrdU antibody. Apoptotic cells may have also been positively

identified by staining the cells with Hoechest stain; and counting cells displaying

fragmented DNA.

Further work could also investigate whether other cellular processes such as

migration or differentiation are altered in CD24 siRNA-transfected cells, as HT29

cells are capable of differentiating into goblet cells under certain conditions

(Lesuffleur et al., 1990).
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If CD24 were a candidate stem cell marker in the GI tract, immunolocalisation of

CD24 would be expected to occur towards the isthmusarea of gastric glands and

the bottom of colonic crypts (where the putative stem cell zones have been

postulated to be located in these tissues). Also, CD24 might not be expressed in

other terminally differentiated cells within glands or crypts. Investigation of the

immunolocalisation of CD24 in murine colonic crypts revealed that CD24 was not

only located towards the bottom of the crypt (however, this was where the

majority of positive cells were seen), suggesting that CD24 is unlikely to be

expressed solely in stem cells in this tissue. This hypothesis was supported by the

findings that ~43% of CD24-positive colonic epithelial cells co-expressed CgA (a

protein found only in enteroendocrine cells). One possible explanation is that the

co-expressing cells are in the process of differentiation from stem/transit-

amplifying cells, and as such CD24is a differentiation markerin the GItract; as it

is known to be in the B-lymphocytes (Milleret al., 1985). The remaining ~57%

of CD24-positive colonic epithelial cells remained unidentified; and this sub-

population of cells could include the stem cells. Although the mean numberof

CD24-positive cells per colonic crypt is comparable to the postulated number of

stem cells (approximately 6) suggested by Booth and Potten (2000), this may

merely be a coincidence. CD24 was also found to be co-localised with another

known cell-type marker in the stomach: the H’/K*ATPase protein which is

exclusively expressed by acid-secreting parietal cells. The majority (~76%) of

CD24-positive cells in the stomach were H*/K*ATPase-positive, with a further

~22% expressing CgA. The remaining 2% of CD24-positive cells were

unidentified. The data here agrees with findings that CD24 is expressed by

subpopulations of stem cells in other tissues. In the breast cancercell line MCF-7,

Li et al. (2008) suggested that different subpopulations of cells were CD44-

positive/CD24-negative and CD44-positive/CD24-positive; and that the CD44-

positive/CD24-positive phenotype identified the breast cancer progenitor cells

(however there is evidence in the literature (Al-Hajj et al., 2003; Ponti et al.,

2005) that CD44-positive/CD24-negative cells identify the progenitor cells cells

in tumours isolated from pateints). Wermeulen er al. (2008) showed that CD24

expression was observed within spheroid cultures of colon cancer stem cells,
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which were isolated from subpopulations of primary tumourcells and retained

clonogenic and multi-lineage differentiation abilities. This was also shownto be

true of pancreatic cancers, with a subpopulation of pancreatic cancer stem cells

showing CD24 expression (Lee et al., 2008; Huang ef al., 2008). Furthermore,

CD24 expression has been described in subpopulations of normal and injured rat

liver progenitor cells (Yovchevetal., 2008).

Alternatively, CD24 maystill function as a stem cell marker in the GI tract, but

only certain isoforms of the protein (of which there are many glycosylated

variants) may be expressed in the stem cell compartment. Currently available

antibodies do not differentiate between these various isoforms, so it is not

currently possible to investigate this further. A similar immunofluorescence-

based approach could also be used to analyse expression of CD24 in chiefcells,

mucouscells and G-cells in the gastric gland; and Paneth cells, goblet cells and

M-cells in the intestine using cell-specific protein markers (depending on the

availability of specific antibodies and their possible applications). An alternative

to staining crypts in suspension with fluorescent antibodies was attempted,

namely IHC of formalin-fixed, paraffin-embedded sections of tissue. However,

perhaps because CD24 is a membranousprotein, fixing and embeddingled to loss

of the epitope in tissues processed in this way and no consistent staining was

observed. To overcome this issue, frozen sections were also investigated.

However, this technique was also unsuccessful using the available antibodies

(data not shown).

CD24 abundance appearedto increaseslightly in regenerating small intestinal, but

not colonic epithelia following 12Gy y-radiation; suggesting that CD24 may be

expressed within the clonogenic cells of the small intestine.

The use of antibodies in assessing CD24 expression however may have proven to

be one limitation of this study. This is because CD24 is a heavily glycosylated

protein; and as such the sugar residues attached to the core polypeptide are

capable of ‘masking’ the antibody binding sites. Therefore, some differentially
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glycosylated isoforms could be detectable by antibodies while others are not. It is

possible that some subpopulations of stem cells express differing glycoforms of

CD24 which were not detected with the antibody used. This phenomenon has

been demonstrated in the HIV-1 virus, where changes in the positions and

numbers of carbohydrate moieties can mask and expose antibody binding sites

(Davis et al., 1990). Similarly O’Connell et al. (1991) showed that the

haemopoietic differentiation-regulating molecule CD13 shows variable O-

glycosylation (much like CD24); and that different glycoformsare preferentially

detected by the same anti-CD13 antibody. It was also demonstrated that the

antibody was able to bind to each glycoform of CD13 when the core polypeptide

was deglycosylated using O-glycanase. Howeverat the time of writing, the target

sequencesof the antibodies used in Chapter 3 (see Chapter 2, Table 2.1) were not

available from the manufacturers or distributors.

The problem of antigen masking may also have been of consequence when

investigating CD24 abundance in regenerating small intestinal and colonic

epithelia. Following doses of >9Gyy-radiation, the murine smallintestinal crypt

is believed to be enriched for clonogenic cells, with higher doses leading to the

formation of more clonogenic cells (Hendry et al., 1992). Candidate stem cell

marker protein abundance would therefore be expected to increase with an

increase in numberof these cells. We used 12Gy y-radiation to induce peak cell

death and regeneration to enrich small intestinal and colonic epithelia for

clonogenic cells. We then isolated the epithelial cells and used Western blotting

to visualise changes in CD24 expression. CD24 abundance did indeed appear to

increase in regenerating small intestinal epithelium at 96 hours post-12Gy y-

radiation, suggesting its expression by clonogenic cells. Howeverit is possible

that this apparent increased CD24 expression may not have been indicative of

CD24 expression with enrichment for clonogenic cells. Likewise, increased

CD24 expression observed in colonic cancer (Jung ef al., 2004b) may not have

been dueto a net increase in CD24 abundance. The apparent increased expression

observed in Figure 3.13 could have been dueto altered glycoform expression and

subsequent altered antibody binding as described above. The lack of apparent
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alteration of CD24 expression in regenerating colonic epithelium c.f. normal

colonic epithelium could therefore have been dueto lack of change in glycoforms

detectable by the antibody used. Clonogenic cells may have shown increased

expression of other CD24 glycoforms which were not detected with this antibody.

Analternative to using anti-CD24 antibodies to assess CD24 expression would be

to use qPCR to quantify changes in total CD24 mRNA expression between

unirradiated and regenerating epithelium. Likewise, mRNA could be exploited in

investigating the localisation of CD24 in the GItract by using in situ hybridisation

rather than ICC. This is possible to perform on formalin-fixed, paraffin-

embeddedor frozen tissue sections to show which cells of the epithelium express

CD24 mRNA. However, not all mRNAis translated into protein within a cell so

this technique could also prove to be problematic.

To study CD24 function in vivo we assessed apoptosis, mitosis (Tables 3.6 and

3.7), crypt survival following radiation and the carcinogenic response to AOM

using CD24”?mice.

 

 

 

 

 

    

Tissue

Antrum Corpus

Treatment Apoptosis Mitosis Apoptosis Mitosis

Control T Xx t X

12Gy, 6hrs T x T X

12Gy, 48hrs T X T Xx   
 

Table 3.6: Summaryof in vivo findings in the gastric antrum and corpusof

CD24” mice. x = no significant difference, f = significantly increased in

CD24”mice c.f. CS7BL/6 mice.
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Tissue

Smallintestine Proximalcolon Distal colon

Treatment Apoptosis Mitosis Apoptosis Mitosis Apoptosis Mitosis

Control T x T x T x

1Gy, 4.5hrs t X 1 x t Xx

8Gy, 4.5hrs X x X x t X

AOM,8hrs X x X X t X          
Table 3.7: Summaryof in vivo findings in the small intestine, proximal and

distal colon of CD24”? mice. x = no significant difference, } = significantly

increased in CD24” mice c.f. C57BL/6 mice.

We showed that in untreated mice, apoptosis in the antrum, corpus, small

intestine, proximal and distal colon was significantly increased in CD24”? mice

compared to the C57BL/6 background strain; and that apoptosis occurred in

gastric glands and intestinal crypts with percentage apoptotic and mitotic indices

consistent with previous work (Przemeck et al., 2007; Potten er al., 1997). The

cell positional distributions of apoptosis were also consistent with previous studies

in wild-type mice (Przemeckeral., 2006; Merritt et al., 1994; Potten etal., 1997),

with apoptotic bodies being observed most frequently at the postulated stem cell

niche of each tissue studied. Mitosis was not significantly altered by deletion of

the Cd24 gene;therefore the data suggest that CD24 functions as an anti-apoptotic

protein under normal conditions in the GI tract. Following radiation treatment

this observation was maintained. In both the gastric antrum and corpus, apoptosis

in CD24? mice was significantly increased at both 6 hours and 48 hours post-

12Gy y-irradiation, suggesting that CD24 exerts an anti-apoptotic effect during

spontaneous and radiation-induced apoptosis in the stomach. In the small

intestine, 1Gy y-radiation causes peak amounts of apoptosis at 4.5 hours (Potten,

1997); and at this dose and timepoint, small intestinal epithelial apoptosis was

significantly increased in CD24” mice. However, following 8Gy y-radiation,

there was no significant difference in apoptosis between C57BL/6 and cp24”

mice, likely due to a differential dose-response between the two mousestrains. It

has been shown by Potten and Grant (1998) that the apoptotic response in wild-

type mice is virtually saturated at 4.5 hours following 1Gy y-radiation in the small
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intestine; and 4.5 hours following 8Gy in the colon. At the saturation point,

apoptosis does not increase with increasing doses of radiation, but remains at a

plateau level. In CD24mice however, this saturation point is reached at lower

doses of radiation in the small intestine and proximal colon. Hence, at 1Gy there

was a significant difference in apoptosis at 1Gy in the small intestine and

proximal colon; but only the distal colon showed a significant difference at 8Gy,

likely due to the saturation point being higher in CD24” mice (illustrated in

Figure 3.32).
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Figure 3.32: Schematic dose-response curves comparing apoptosis in (a) the

small intestine/proximal colon and (b) distal colon of C57BL/6 mice (blue)

with CD24” mice (red) 4.5 hours following y-radiation. The dashed lines

indicate the apoptotic saturation points (blue = C57BL/6, red = cp24"”).
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When the gut wassterilised with high doses of y-radiation (1OGy, 12Gy and

14Gy) and the epithelium allowed to regenerate over the course of 96 hours,

CD24” mice showed a significant decrease in the number of surviving crypts

following both 10Gy and 12Gyin the small intestine, proximal and distal colon.

This agrees with our observations that CD24 increases resistance to apoptosis.

CD24? mouseintestinal clonogenic cells were more susceptible to apoptosis and

hence less able to repopulate crypts compared to C57BL/6 mice. At 14Gy, no

significant difference was observed between the two mousestrains, likely due to

maximal crypt death having occurred following 12Gy.

However, the data do not suggest a possible mechanism for this apparent increase

in apoptosis in CD24mice. Therefore, further work could elucidate the

mechanism, perhaps by the use of cDNA microarray technologies (Schenaef al.,

1995). Here RNAis purified from the tissue of interest and reverse-transcribed by

PCR to cDNA. The cDNA can then be labelled with a fluorescent reporter,

hybridised to a microarray ‘chip’ containing bound, second fluorescent probe-

labelled complementary DNAfora series of genes for a specific cellular process

(in this case, apoptosis). The intensity of dual fluorescence when the two DNAs

bind maythen beread bya plate reader to give an indication of expression level.

A comparison of microarrays from C57BL/6 mice and CD24mice would

indicate which apoptosis-related genes are differentially expressed in the two

strains; and hence provide a mechanism by which CD24 regulates apoptosis.

Complementary in vitro experiments could also be performed using HT29 cells

transfected with CD24 and control siRNA as described in Section 2.5.

AOMis a powerful carcinogenic agent in animal models (Marotta et al., 2003;

Escribano et al., 2004). It has been shown to cause maximal apoptosis 8 hours

post-i.p injection and ACFs are observed 2 weeks following 3 weekly i-p.

injections in mice, as demonstrated by Singh et al. (2000). In the small intestine

and proximal colon, there were no significant differences in AOM-induced

apoptosis at 8 hours in CD24”mice compared to C57BL/6 mice; possibly due to

AOMnotinducing much apoptosis abovebaseline levels in either of these tissues.
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However, in the distal colon, AOM-induced apoptosis was significantly increased

in CD24” mice. The reasons for the increased susceptibility of the distal colon to

AOM-induced apoptosis are not known, but may be related to differential

expression of Bcl-2 family members in the distal colon compared to the small

intestine and proximal colon. Bcl-2 has been shownto protect colonic epithelial

cells from apoptosis (Merritt et al., 1997); and Kwon and Magnuson (2007)

demonstrated that Bcl-2 is down-regulated in the colon of young rats 8 hours

following AOM treatment. Similar down-regulation of Bcl-2 in mouse distal

colon would allow apoptosis to occur more frequently in this tissue, whereas

Bcl-2 is not implicated in the regulation of small intestinal apoptosis (Merritt et

al., 1995). Therefore the small intestine would remain unaffected by changes in

Bcl-2 expression. The proximal colon appears to behave more like the small

intestine under these conditions (see Section 3.3.5.2).

Following 3 weekly injections of AOM however, there was no significant

difference in the numbers of ACFs in the proximal, middle or distal thirds of

colons. The incidence of ACFs in each third of the colon was also not

significantly different between CD24”? and C5S7BL/6 mice. Therefore our data

suggest that CD24 is not involved in regulating the development of the early

lesions that are observed during colonic adenoma formation. Future work could

involve the cross-breeding of CD24) mice with APC™ mice to determine

whether CD24 plays a role in the progression to adenomas in the absence of

carcinogen administration. As we have shown CD24 to exert an anti-apoptotic

effect, we hypothesise that deletion of CD24 mayresult in increased apoptosis

and reduced adenoma formation.

Regarding colon cancer, our data suggest that CD24 plays a role in both the

inhibition of apoptosis and promotion of mitosis of malignantly transformedcells.

However, as no differences in the rates of AOM-induced ACF formation were

observed between CD24and C57BL/6 mice, the anti-apoptotic/possible

increased mitotic effect may be independent of K-ras and B-catenin (both of which
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have been shown to be mutated following AOM treatment (Takahashi and

Wakabayashi, 2004)).

CD24 is also expressed in gastric cancers (Lim and Oh, 2005); and may therefore

also affect the progression of gastric cancer. The development of gastric cancer

has been shownto be partly associated with H. pylori-induced gastric apoptosis

and the subsequent development of atrophic gastritis (see Section 1.6.2).

Therefore CD24” mice could be infected with H. pylori or H. felis to determine

whether the increased susceptibility to gastric apoptosis observed in this strain

significantly increases rates of tumour developmentin the stomach.

Another possible avenue for further work could be to assess the effect of Cd24

deletion on differentiation in the GI tract, as CD24 is known to be involved in the

regulation of cellular differentiation in the immune system (Miller et al., 1985).

Formalin-fixed, paraffin-embedded tissue sections could be stained for the

endocrine cell marker CgA and with the goblet cell-staining dye alcian blue and

slides scored as described in Section 2.9. Differentiation of both cell types is

controlled by expression of Math] protein in undifferentiated cells (Yang et al.,

2001) while Hes-1 regulates differentiation into an absorptive phenotype (Jensen

et al., 2000). Downstream factors including klf4 determine differentiation of

goblet cells from secretory lineages (Katz et al., 2002) while factors including

neurogenin-3 control endocrine cell differentiation (Jenny ef al., 2002). If both

cell types are decreased by Cd24 deletion, Math1 is implicated. However,if only

goblet cells are affected, downstream factors such as klf4 are implicated.

Likewise downstream factors such as neurogenin-3 are implicated if

gastrointestinal endocrine cell numberis altered by Cd24 deletion.

In summary, ourdata suggest that although CD24 doesnot appearto be notsolely

a stem cell marker in the GI tract (being expressed by some differentiated cell

types), it is nevertheless involved in regulating the homeostasis of gastrointestinal

tissues, by regulating basal and damaged-induced epithelial apoptosis in the

stomach,small intestine and colon.
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Chapter 4:

Identification of potential novel stem cell markers

in regenerating murineintestinal epithelium
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4.1 Introduction

The epithelium of the gut is in a constant state of renewal from the stem cells

which are hypothesised to be located towards the bottom of small intestinal and

colonic crypts (Potten et al., 1997; Booth and Potten, 2000). However to date

there are no molecular markers with which to identify these stem cells, although

several candidates have been proposed (see Section 1.2.2). Many of the

properties of intestinal stem cells have therefore been inferred indirectly from

studying the epithelium’s response to radiation (Al-Dewachieral., 1980; Potten et

al., 1990; Hendry et al., 1989). Some differentiated cells in the gut may be

identified by their morphology (such as granular Paneth cells, large rounded

gastric parietal cells and mucus-containing goblet cells) and/or cell-specific

molecular markers (enteroendocrine cells may be identified by expression of

CgA,gastric parietal cells by H*/K*ATPase and goblet cells by DBA). Being able

to identify stem cells will give a clearer insight into their number, localisation and

properties; and may beofclinical significance, as it is thought that intestinal

cancers may arise as a result of mutations in these supposedly long-lived stem

cells. The ability to ‘mark’ stem cells using antibodies to exclusively expressed

proteins mayalso provide targets for therapeutic agentsin the future.

Following a high dose of y-radiation, damage tothe intestinal epithelium results in

mucositis; manifested as diarrhoea, rectal bleeding and weight loss. Several

growth factors including Epidermal growth factor (EGF), Keratinocyte growth

factor (KGF) and Transforming growth factor-f (TGF-f) have previously been

shown to affect the number of regenerating crypts and the severity of murine

mucositis following y-radiation (Booth and Potten, 2001). Some of these growth

factors have also been tested in rodent models as well as in humanclinicaltrials

(Borges et al., 2006; Yang and Teitelbaum, 2006). It has also previously been

demonstrated that amidated gastrin increases small intestinal and colonic crypt

survival following y-radiation; and that regenerating crypts show increased

expression of the gastrin/CCKg receptor: a protein which is not normally

expressed in healthy, unirradiated intestinal epithelium (Ottewell er al., 2006).
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These findings demonstrate proof-of-principle that certain proteins are

differentially expressed in regenerating intestinal crypts and that some of these

proteins may be implicated in the treatment of intestinal mucositis. Further

characterisation of regenerating crypts would therefore both improve our

understanding of the molecular characteristics of intestinal stem/clonogenic cells

and also potentially provide novel therapeutic targets for the treatment of

intestinal mucositis.

We employed 2-dimensional sodium dodecyl sulphate polyacrylamide gel

electrophoresis (2D SDS-PAGE)as a methodfor investigating differential protein

expression in normal and regenerating small intestinal epithelia. With traditional

1D SDS-PAGE, protein samples are resolved into individual components by

molecular weight. However as there are several thousand proteins in each cell

and the molecular weights of many of these are similar, identification of

individual proteins is difficult using this technique. 2D SDS-PAGEresolves

protein samples firstly by their iso-electric point (the pH at which the protein has

no charge, acidic proteins are neutral at a lower pH and vice versa) and then by

molecular weight. This gives a series of ‘spots’ on the gel, allowing identification

of individual proteins rather than the mixtures found in molecular weight ‘bands’

of 1D SDS-PAGEgels. Identification of spots was then achieved by digestion of

the proteins into peptides with trypsin, followed by Matrix-assisted laser

desorption/ionization/time of flight (MALDI-TOF) mass spectrometry. The

peptide sample was mixed with a crystallised a-cyano-4-hydroxycinnamic acid

(HCCA) matrix to facilitate vaporisation and ionisation of the peptides, which was

achieved using a laser. The ionic molecular weight composition was then

measured by a time of flight mass spectrometer. The peptide mass fingerprint of

each sample was then compared against the Mascot database of known

fingerprints for identification.

Weattempted to identify proteins which are exclusively expressed by murine

intestinal epithelial stem cells using y-radiation and 2D SDS-PAGE. In order to

identify potential candidate proteins in the gut, the epithelial cell population was
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enriched for clonogenic cells by obtaining tissue in the regenerative phase 96

hours following 12Gy whole-body y-radiation. Following high doses of y-

radiation (>12Gy), most cells within murine intestinal epithelia are killed; but a

few radioresistant ‘clonogenic’ cells survive and over 96 hours these surviving

cells proliferate to form ‘regenerating’ crypts which heal the epithelium (Potten er

al., 1997: Booth and Potten, 2000). We hypothesised that the cells within these

regenerating crypts will be enriched for molecular markers of the intestinal

clonogenic and stem cell populations.

Protein lysates of small intestine from control and irradiated mice were subjected

to 2D SDS-PAGE. The small intestine was used as it shows greater cell death and

subsequent regenerative capacity than the colon; and also the protein yield from

colonic crypts was insufficient for this technique (data not shown). Proteins

which were up-regulated in the post-irradiation samples obtained from three

independent experiments were identified for further study. Literature studies were

conducted for each protein to assess potential stem cell candidacy. Mortalin-2

and Keratin-19 were selected as the most likely stem cell marker proteins and

their expressions were further investigated using Western blotting of epithelial

and mucosal cell lysates. Localisation of these proteins was subsequently

assessed in the small intestine and colon using IHC at specific timepoints during

the regeneration process.

4.2 Aims

The aims of this chapter were:

1. To identify candidate stem cell marker proteins from regenerating murine

smallintestinal epithelium using 2D SDS-PAGE.

2. To confirm up-regulation of these candidate proteins in murine intestinal

mucosa using Western blotting.

3. To investigate localisation of these candidate proteins in the regenerating

GItract by IHC.
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4.3 Results

4.3.1 2D SDS-PAGEshowed that 32 proteins were up-regulated in >2 gels

in regenerating small intestinal epithelia

Epithelial cell protein lysates from control and 12Gy y-irradiated, 96 hour

C57BL/6 mice were run simultaneously on 2D SDS-PAGEgels as described in

Section 2.17 to minimise gel-to-gel variation (Figure 4.1). Gels 1 and 3 were

performed using independent samples; and gel 2 was a repeat of gel | using the

same sample. 225 protein spots were judged to be increased in intensity in

irradiated samples over 3 repeat gels, 97 of these were identified by MALDI-TOF

mass spectrometry at p<0.05 (see Appendix 2), 32 were identified in >2 gels and

12 were identified in all 3 gels (Table 4.1, Figure 4.2).
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Gel 1 Gel 2 Gel 3

Protein (accession number) Mowse Mowse Mowse

score score score

78 kDa glucose-regulated protein [Precursor] (P20029) 260 75 x

60 kDa heat shock protein, mitochondrial [Precursor] W7 x 94

(P63038)

Acyl-protein thioesterase 1 (P97823) X 89 97

Alpha-enolase (P17182) xX 715 123

ATPsynthase subunit alpha, mitochondrial [Precursor]
(003265) 104 xX 108

ATPsynthase subunit beta, mitochondrial [Precursor] 135 x 69

(Q3U774)

ATPsynthase subunit d, mitochondrial (Q9DCX2) 102 87 xX

Creatine kinase, ubiquitous mitochondrial [Precursor] 74 11 XxX

(P30275)

Galectin-2 (Q9CQW5S) Xx 92 82

Heat shock cognate 71 kDa protein (P63017) 123 68 x

Heterogeneousnuclear ribonucleoprotein Al (P49312) x 100 80

Heterogeneousnuclear ribonucleoproteins A2/B 1
(088569) Xx 77 141

Microtubule-actin cross-linking factor 1 (Q9QXZO) xX 75 78

RUNand FYVE domain-containing protein 4 (Q3TYX8) 103 89 x

Secretogranin-1 [Precursor] (P16014) 78 XxX 79

Serum albumin [Precursor] (P07724) 74 xX 73

SH3 domain-binding protein 5 (Q9Z131) 104 76 xX

Short-chain specific acyl-CoA dehydrogenase, 16 73 x

mitochondrial [Precursor] (Q07417) ”   
Tubulin beta-5 chain (Q9CY33)

Voltage-dependentanion-selective channelprotein |
(Q60932)

   

 
 

Table 4.1: List of identified proteins judged to be up-regulated in >2 gels in

12Gy, 96 hour y-irradiated small intestinal epithelial cells c.f unirradiated

controls. X = protein notidentified. Highlighted proteins were identified in all 3

gels.
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Unirradiated control 12Gyy-irradiation, 96 hours
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Figure 4.1: Representative 2D SDS-PAGE gels comparing unirradiated

controls with 12Gy, 96 hour y-irradiated C57BL/6 mouse small intestinal

epithelia. Inset: x = Mortalin-2, y = Keratin-19.
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Appendix 2 for a full li st of proteins with accession numbers and Mowsescores.

Figure 4.2 : Venn diagram showing identified proteins in each 2D gel. See
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Protein database and literature searches identified Keratin-19 (K-19,

cytokeratin19, cytokeratin 19, cytokeratin-19, Cytokeratin-19, EndoC, CK19,

Keratin type I: cytoskeletal 19, Krt-1.19, Krt19) and Mortalin (Mot, Stress-70

protein, 75 kDa glucose-regulated protein, Grp75, Heat shock 70 kDa protein 9,

Peptide-binding protein 74, PBP74, P66) as potential candidate stem cell markers

based on their known function andlocalisation within other tissue types. Mortalin

exists as 2 isoforms (Mot-1 and Mot-2) which share an accession numberand are

not distinguished by Mascot. Mortalin-2 (Mot-2) was selected for candidacy as

the literature suggests that it is expressed by immortal cells as opposed to mortal

cells (Kaul et al., 2000; Kaul er al., 2003); whereas Mot-1 is expressed by mortal

cells in the mouse (see Section 4.4). Additionally, Mot-2 was selected for further

analysis as it has been shownto be overexpressed in various cancers (Kauler al.,

1998; Dundas er al., 2004). Other putative intestinal stem cell marker proteins

such as Msi-1 (Sureban et al., 2008), phosphoPTEN (Cantley and Neal, 1999),

Bmil (Sangiorgi and Capecchi, 2008) and CD24 (Kristiansen et al., 2004) are

also overexpressed in cancers.

Keratin-19 was selected for further analysis based on its known function as a stem

cell markerin the skin (Michel, 1996; Xie et al., 2006) and liver (Schmelzeretal.,

2006). It is also overexpressed in certain cancers; and expression levels have been

shownto correlate with increased aggressiveness in pancreatic cancer (Hoffmann

et al., 2007).
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4.3.2 Western blotting showed that Mortalin-2 abundance was not

significantly increased in regenerating small intestinal or colonic epithelium

SDS-PAGEwas conducted on cell lysates from C57BL/6 Weiser-isolated small

intestinal epithelial cells as described in Section 2.13.1, with 20yg of protein

being loaded for each sample (3x control small intestine, 3x 12Gyy-irradiated, 96

hour small intestine, 3x control colon, 3x 12Gy y-irradiated, 96 hour colon).

Membranes were probed with a rabbit anti-Grp75 (Mot-2) primary antibody

coupled to a HRP-conjugated anti-rabbit secondary antibody. Western blots were

also probed with mouse anti-pan-actin to confirm equal loading of sample cell

lysates. Contrary to the 2D gel findings, the developed membranes (Figure 4.3)

did not show increased Mot-2 expression in 12Gy y-irradiated, 96 hour small

intestinal epithelium. In addition, Mot-2 expression was unchangedin the colonic

epithelium 96 hours following 12Gyy-irradiation.

 

DD———hh|0

 

 

42 kDa : Pan-
eeOE    
 

actin

XR ~- A. ‘7 J ~- A 7 /

Control Irradiated Control Irradiated

small small colon colon

intestine intestine

Figure 4.3: Mot-2 Western blot comparing unirradiated small intestinal and

colonic epithelium to 12Gy, 96 hour y-irradiated C57BL/6 mouse small

intestinal and colonic epithelium. Each band represents protein obtained from

one individual mouse.
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4.3.3. Immunohistochemistry but not Western blotting showed that

Mortalin-2 expression was increased at 96 hours post-12Gy y-irradiation in

the small intestinal mucosa and was expressedby severalcell types

Western blotting was also performed on mucosal scrape lysates obtained at 6, 24,

48, 72 and 96 hours post-12Gyy-irradiation (two CD1 mice per timepoint shown).

Mucosal scrapes remove the entire mucosa from the tissue of interest as opposed

to the epithelium only as studied in Section 4.3.2, Figure 4.3. Therefore protein

lysates used here include proteins from stromal cells such as myofibroblasts and

intercalating lymphocytes. CD1 mice were used due to cost considerations.

Mouseanti-f-actin was used as a loading control as the pan-actin antibody used in

previous blots included a-SMA in its target proteins (which showed different

levels of expression during the course of regeneration: see Chapter 5). Mot-2

abundance was shownto decrease at 6 hours post-irradiation, remained lower than

control at 24 and 48 hours, then increased to approximately the same as control

levels at 72-96 hours (Figure 4.4).

 

Mot-2

 

 

74kDa “ww eo

42 kDaIOT B-actin

Control 6hr 24hr A48hr 72hr 96hr

  
 

Figure 4.4: Western blot for Mot-2 in CD1 mouse small intestinal mucosal

scrape lysates 0-96 hours post-12Gy y-irradiation. Each band represents

protein obtained from one individual mouse.
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The same rabbit anti-Mot-2 primary antibody as used in Section 4.3.2 and

previously in 4.3.3 was then used in conjunction with the Dako Envision™+ kit to

perform IHC on CD1 mouse small intestinal paraffin-embedded sections as

described in Section 2.14. Mice were treated with 12Gy y-radiation and culled at

6, 24, 48, 72 and 96 hours. Unirradiated mice showed Mot-2 expression in most

crypt cells apart from the Paneth cells; and also throughout the villi. Expression

levels appeared to decrease at 48 hours post-irradiation, then to increase at 72

hours to peak at 96 hours. At 72 hours post-irradiation, Mot-2 expression was

seen predominantly in the regenerating crypts rather than the villus compartment

(Figure 4.5).
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in CD1 mouse smallMot-2 stainingingPhotomicrographs showFigure 4.5

12Gyy-radiation. (a) Unirradiated control, (b) 6 hours post-wingine follointest

irradiation, (c) 24 hours post-irradiation, (d) 48 hours post-irradiation, (¢) 72 hours

post-irradiation, (f) 96 hours post-irradiation.

176



4.3.4 Immunohistochemistry but not Western blotting showed that

Mortalin-2 expression was increased at 96 hours post-irradiation in the

colonic mucosa and wasexpressed byseveralcell types

Western blotting on colonic mucosal scrape lysates performed as in Section 4.3.3

showed no change in Mot-2 expression at any timepoint during the regeneration

process following 12Gy y-irradiation (Figure 4.6).

 

74 kDa Mot-2

42 kDa eatenan

Control 6hr 24hr A8hr 72hr 96hr

 

 

 

 

Figure 4.6: Western blot for Mot-2 in CD1 mouse colonic mucosal scrape

lysates 0-96 hours post-12Gy y-irradiation. Each band represents protein

obtained from one individual mouse.

Using IHC as in Section 4.3.3, unirradiated mice showed cytoplasmic Mot-2

expression in cells occupying approximately the bottom third of colonic crypts.

Expression levels appeared to decrease at 6 hours post-irradiation and then to

increase steadily to peak at 96 hours (Figure 4.7), with expression observed along

the entire crypt axis from 24 hours onwards. This is consistent with the positions

of proliferating cells in control and regenerating colonic crypts.
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post-irradiation, (f) 96 hours post-irradiation.

irradiation, (c) 24 hours post-irradiation, (d) 48 hours post-irradiation, (€) 72 hours
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Figure 4.7: Photomicrographs showing Mot-2 staining in CD1 mousedistal

colon following 12Gy y-radiation. (a) Unirradiated control, (b) 6 hours post-

  
 

 
 

 
 
 



4.3.5 Western blotting showed that Keratin-19 abundance wasincreased at

96 hours post-irradiation in regenerating small intestinal, but not colonic

epithelium

SDS-PAGEwas conducted on cell lysates from C57BL/6 Weiser-isolated small

intestinal epithelial cells as described in Section 2.13.1, with 20ug of protein

loaded for each sample (3x control small intestine, 3x 12Gy y-irradiated, 96 hour

small intestine, 3x control colon, 3x 12Gy y-irradiated, 96 hour colon).

Membranes were probed with a goat anti-Keratin-19 (K-19) primary antibody

coupled to a HRP-conjugated anti-goat secondary antibody. Western blots were

again probed with mouse anti-pan-actin to confirm equal loading of samplecell

lysates. The developed membranes (Figure 4.8) showed that K-19 expression was

increased slightly in 12Gy y-irradiated, 96 hour small intestinal epithelium (in a

similar way to the previous 2D gel findings); but not in 12Gyy-irradiated 96 hour

colonic epithelium. The lower molecular weight bands observed in some samples

could have been due to degradation of proteins during isolation, or due to the

presence of K-19 fragments such as CYFRA 21-1 which are released during

apoptosis (Sheard et al., 2002).
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Figure 4.8: K-19 Western blot comparing control small intestinal and colonic

epithelium to 12Gy, 96 hour y-irradiated C57BL/6 mouse small intestinal and

colonic epithelium. Each band represents protein obtained from one individual

mouse.
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4.3.6 Western blotting and immunohistochemistry both showed that

Keratin-19 expression was increased at 96 hours following y-irradiation in

the small intestinal mucosa

Western blotting was performed on mucosal scrape lysates from CD1 mouse

small intestine as described in section 4.3.3. K-19 expression was shown to

decrease at 6 hours post-irradiation, to remain lower than basal levels at 24 and 48

hours, then to increase to peak levels at 72 hours with a slight subsequent decrease

at 96 hours (Figure 4.9). Again, the lower molecular weight bands observed could

have been due to degradation or K-19 fragments present in the sample lysates.
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Figure 4.9: Western blot for K-19 in CD1 mouse small intestinal mucosal

scrape lysates 0-96 hours post-12Gy y-irradiation. Each band represents

protein obtained from one individual mouse.

The samegoat anti-K-19 primary antibody as used in Section 4.3.5 and previously

in 4.3.6 was then used to perform IHC on CD1 mouse small intestinal paraffin-

embedded sections as described in Section 2.14. Mice were treated with 12Gy y-

radiation and culled 6, 24, 48, 72 and 96 hours later. Unirradiated mice showed

K-19 expression in a few cells located towards the bottom of small intestinal

crypts and expression was also seen throughout the villi. K-19 expression

decreased in the crypts at 6 hours post-irradiation, then increased to peak at 72-96

hours consistent with the Western blot findings. K-19 expression here was also

observed to extend throughout the small intestinal crypts at this stage of

regeneration (Figure 4.10).
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Figure 4.10: Photomicrographs showing K-19 staining in CD1 mouse small

intestine following 12Gy y-radiation. (a) Unirradiated control, (b) 6 hours post-

irradiation, (c) 24 hours post-irradiation, (d) 48 hours post-irradiation, (e) 72 hours

post-irradiation, (f) 96 hours post-irradiation.
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4.3.7 Western blotting and immunohistochemistry showed that Keratin-19

expression was increased at 6-96 hours post 12Gy y-irradiation in the distal

colonic mucosa

Western blotting on mucosal scrape lysates showed that colonic K-19 expression

increased at 6 and 24 hours post-irradiation and remained elevated at 48-96 hours

post-irradiation (Figure 4.11).
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Figure 4.11: Western blot for K-19 in CD1 colonic mucosal scrape lysates 0-

96 hours post-12Gyy-irradiation. Each band represents protein obtained from

one individual mouse.

Using IHC, unirradiated mice showed weak K-19 expression towards the bottom

of colonic crypts, with higher expression seen at the crypt table region. Levels

appearedto increaseat 6 hours post-irradiation along the entire crypt axis and then

to increase further to peak at 96 hours (Figure 4.12). At this timepoint K-19,

expression was observed throughoutthe entire crypt.
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Figure 4.12: Photomicrographs showing K-19 staining in CD1 mouse distal

 

colon following 12Gy y-radiation. (a) Unirradiated control, (b) 6 hours post-

irradiation, (c) 24 hours post-irradiation, (d) 48 hours post-irradiation, (e) 72 hours

post-irradiation, (f) 96 hours post-irradiation.
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4.4 Discussion

To date, adult gastrointestinal epithelial stem cells have remained elusive and

difficult to study due to a lack of molecular markers with which to identify their

position and number. Their existence has largely been inferred from cell turnover

kinetics and radiation studies. Several candidate stem cell marker proteins have

previously been suggested including Msi-1 (Booth and Potten, 2000), BMPR1la

(Heet al., 2004), phospho-PTEN (Heet al., 2004), DCAMKL1 (Giannakiset al.,

2006), Lgr5 (Barkeret al., 2007) and CD24 (Franklin et al., 2005), howeverthere

is still considerable debate as to whether any of these proteins are truly bona fide

stem cell markers in the GItract.

In this thesis, we used a proteomics-based approach to enrich the small intestinal

epithelium for clonogenic cells by means of 12Gy y-radiation; and characterised

promising differentially expressed proteins in this enrichedtissue.

Interestingly we found that Mortalin (Mot) expression was increased in

regenerating small intestinal epithelium. Mot is a member of the Hsp70 family of

proteins, contains 679 amino acids has and a molecular weight of approximately

74kDa. There are 2 isoforms of Mot in the mouse: Mot-1 and Mot-2 which differ

by only 2 amino acids and appear to have directly contrasting functions. In

humans, there appears to be only a single Mot isoform (hMot), which performs

both functions depending on cellular localisation (Xie ef al., 2000). The

sequences of Mot-1 and Mot-2 are not distinguished by the Mascot or Swiss-prot

protein databases and share an accession number, but it has been reported that

different strains of mice contain different combinations of Mot isoforms (Wadhwa

et al., 1996). C57BL/6 mice possess only the Mot-2 isoform, confirming that the

up-regulated Mot protein found in the post-irradiation 2D SDS-PAGE gels

described in this chapter was indeed Mot-2.

In normal murine embryonic fibroblast cells, murine Mot (mMot) was shown to

display a uniform cytoplasmic distribution; whereas in immortalised fibroblasts
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such as NIH 3T3, RS4, and Balb/c 3T3, perinuclear distribution was observed

(Wadhwaet al., 1993). This pattern was also shown in normal and immortalised

human fibroblasts, suggesting that the single hMot isoform has dual functions

related to its subcellular localisation.

Further experimental data have revealed that Mot-2 is implicated in the regulation

of the tumour-suppressor protein p53 in the mouse (as has hMot in humans).

Wadwhaet al. (2002) demonstrated using co-precipitation of Mot-2 and various

p53 deletion mutants, that Mot-2 was bound to the cytoplasmic sequestration

domain of p53. NIH 3T3 cells which were transformed following overexpression

of Mot-2 showedinactivation of p53 relative to their untransformed counterparts

(Wadwhaet al., 1999). The binding of Mot-2 to p53 is reversed by addition of

MKT-077: a cationic dye produced by FujiFilm (Bedforshire, UK) which

producesan anti-tumoureffect. The p53-binding region of Mot-2 was foundto be

the sameas that of the MKT-077-binding region, suggesting a competition-based

method of action which allows sequestered p53 to translocate to the nucleus and

exhibit its anti-tumouractivity (Kaulet al., 2001). Treatment of mice in our study

with MKT-077 to investigate the effect on crypt regeneration following y-

irradiation was not possible, as the agent is nephrotoxic in humans and mice

(Propper et al., 1999). In addition MKT-077 wasnot available from FujiFilm at

the time of writing this thesis. hMot has also been shown to bind heat shock

protein 60 (Hsp60, 60 kDa heat shock protein, mitochondrial [Precursor],

chaperonin 60) in the normal humanfibroblast cell line TIG-1 (Wadhwaet al.,

2005). Hsp60 was identified as being up-regulated 96 hours following 12Gy y-

irradiation in two of the 2D SDS-PAGEgels from different mouse samples

described in this chapter (see Table 4.1). Knockdown of Hsp60 expression using

shRNA has been shown to cause growth arrest of cancer cells. However

overexpression of Hsp60 in TIG-1 fibroblasts did not lead to an increased lifespan

in the same way that overexpression of hMot did. Therefore Hsp60 was not

selected as a potential stem cell marker for further analysis in the current study.
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Oneof the characteristics of stem cells is that they are long-lived and therefore

capable of several cell divisions. Kaula et al. (2000) transfected human lung

fibroblasts with a hMot plasmid and demonstrated that these cells continued to

proliferate for an additional 12-18 generations when comparedto cells transfected

with a sham plasmid control. In addition, the morphology of hMottransfected

cells remained identical to that of youngercells. In the longer-lived cells, p53 was

again shownto beinactivated, providing evidence for hMot-mediated escape from

senescence. Cellular senescence is also governed by the enzymetelomerase. As

cells age, the telomeres (repeating DNA sequence ‘caps’) located at the ends of

chromosomesshorten with each cell division, eventually leading to chromosome

fusion, which in turn leads to senescence. Telomerase acts to maintain the

telomeres by replicating the DNA sequences, allowing prolongation of cellular

lifespan. Human foreskin-derived HFF5 fibroblasts showed an extendedlifespan

when hMot was overexpressed and hMot was shownto cooperate with telomerase

to lead to immortalisation (Kaul et al., 2003). Overexpression of telomerase alone

however did not prolong cellular lifespan. Similarly, overexpression of hMot

extended the lifespan of another normal human fibroblast cell line: TIG-1

(Wadhwaet al., 2005). Transfection of Mot-1 into murine immortalised NIH 3T3

cells appeared to induce cellular senescence, while treatment of normal, mortal

mouse embryonic fibroblasts with anti-Mot-1 antibodies stimulated proliferation

(Wadhwaet al., 1993). Yokoyamaet al. (2002) demonstrated that it is not only

cell lines, but whole organismsthat are amenable to lifespan extension by Mot-2

overexpression. The nematode worm Caenorhabditis elegans contains a Mot-2

homolog whichis inducible by heat shock. Transient overexpression of this gene

by heat shock led to a 13% increase in the worm’s lifespan; whereas constitutive

overexpression via plasmid transfection led to a lifespan increase greater than

43%.

Cancers are thought to arise from adult tissue stem cells; and as such potential

stem cell marker candidate proteins are frequently found to be overexpressed in

malignant tumours. In the soft-shell clam Mya arenaria, leukaemia may develop

as a result of p53 tethering to the cytoplasm by Mot-2. This responseis partly
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reversible by addition of MKT-077 (Walker et al., 2006). Similarly, Mot-2

overexpression in NIH 3T3 cells has been shown to lead to malignant

transformation (Kaul et al., 1998). Dundas et al. (2004) showed that hMot

expression in colorectal adenocarcinoma correlated with poorer prognosis and

decreased patient survival. Similarly Takanoet al. (1997) demonstrated increased

hMot expression in human brain tumour cells, with staining being non-

pancytosolic and correlating with Ki67 expression (an indicator of increased

proliferation).

2D SDS-PAGE analysis suggested that Mot-2 expression was increased in

regenerating small intestinal epithelium. However this was not confirmed by

Western blotting. One possible explanation is that different methods of protein

extraction were used for the two techniques (Sections 2.16 and 2.17).

Alternatively, this discrepancy may have been due to antibody specificity, as the

antibody used may have been specific to certain isoforms of Mot-2 (such as

truncated orpost-translationally modified variants). For example, oxidised (Jin et

al., 2006) and phosphorylated (Osorio et al., 2007) hMot isoforms have been

demonstrated in human Parkinson’s and Alzheimer’s disease respectively. The

target sequenceof the antibody used in currentstudies wasnot available from the

manufacturer to compare against the Mot-2 amino acid sequence. IHC however

showed that Mot-2 was expressed by most of the cells within small intestinal

crypts (except the Paneth cells) at all timepoints following irradiation, with

maximal expression being observed at 96 hours. This may have been indicative

of Mot-2 expression within proliferating cells, or Mot-2-mediated evasion of

apoptosis and/or senescence. Howeverprior to irradiation, expression was also

observed in small intestinal villus cells, suggesting that Mot-2 is not solely a stem

cell marker in this tissue. There was also discrepancy between the results of the

THC andthe epithelial and mucosal scrape lysate Western blots. The Western

blots suggested that Mot-2 expression did not increase at 96 hours post-

irradiation, whereas IHC demonstrated moreintense staining at this timepoint (in

agreement with the 2D SDS-PAGEfindings). This discrepancy may have

resulted from the loss of Mot-2 isoforms while preparing cell lysates.
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Alternatively, as mucosal scrapes were used due to time and financial constraints,

discrepancies may have resulted from removal of the surrounding myofibroblasts

and other stromal cells (such as IELs and plasmacells (see Section 1.1.5)). Also,

scraping the tissue from the underlying muscle layers could have removed some

of the musclelayeritself, leading to altered Mot-2 abundance in samples.

As with the small intestine, Western blotting of colonic epithelial cell lysates

showedno increase in Mot-2 expression at 96 hours following 12Gy y-irradiation.

Similarly mucosal scrape lysates showed no apparent change in Mot-2 expression

at any timepoint during the regenerative process. However these findings again

conflicted with the IHC findings, which showed that Mot-2 expression increased

up to 96 hours post-irradiation. Mot-2 expression in unirradiated control colonic

tissue was limited to approximately the bottom third of the crypts where the

proliferating cells are located, but expression extended along the entire length of

the crypt axis as regeneration progressed. This alteration in spatial Mot-2

expression may have been due to Mot-2 exerting anti-apoptotic or pro-

proliferative effects on the cells.

To give a more accurate measurement of Mot-2 (and K-19) expression in the

epithelial cells over the course of the regenerative period, Wesier technique-

isolated epithelia could be used as described in Section 2.16 at 0, 6, 24, 48, 72 and

96 hours post-12Gy y-irradiation. C57BL/6 mice could be used for this to give a

more direct comparison to the 2D SDS-PAGE gels depending on financial

constraints. Howeverit should be noted that Weiser technique-prepared samples

are not contaminant-free themselves, as red blood cells are readily visible during

the isolation of the epithelia, haemoglobin was identified in all three 2D SDS-

PAGE gels; and blood and lymph vessels are closely associated with the

epithelium (see Section 1.1.5). There is no evidence from theliterature that shows

which Mot isoforms CD1 mice contain, whereas C57BL/6 mice have been shown

to contain only the Mot-2 gene (Wadhwaet al., 1996). Howeverthe anti-Mot-2

antibody used in Chapter 4 specifically recognised the Mot-2 isoform according to
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the manufacturer so CD1 mice were perfectly acceptable to use for non-2D SDS-

PAGEinvestigation of Mot-2 expression.

The increase in Mot-2 expression observed using 2D SDS-PAGE and IHC may

not have resulted from enrichment for stem or clonogenic cells in the 96 hour

post-12Gy y-irradiation samples; but instead be a consequence of the oxidative

stress placed on cells by ionising radiation. Ionising radiation has been shown to

increase the production of reactive oxygen species suchasfree radicals, which are

highly damaging to cells (Riley, 1994). The differences in Mot-2 expression

between the small intestine and colon may have resulted from differences in

sensitivity to oxidative stress between the two tissues, as DNA-damagedcells in

the small intestine are more readily deleted by apoptosis than in the colon.

Keratin-19 is a memberof the cytokeratin family and is the smallest knownacidic

cytokeratin (Wu and Rheinwald, 1981). Cytokeratins are members of the

intermediate filament family. Along with actin microfilaments and tubulin

microtubules, these components govern the skeletal structure of cells. During

differentiation, the pattern of cytokeratin expression is tightly controlled and

therefore provides markers along the developmental pathway. Each cytokeratin is

either type I (acidic) or type II (basic) and pairs with a keratin of the opposite type

(Jorcano et al., 1984). However, K-19 is unusual in that it has no known basic

cytokeratin binding partner. It has however been knownto substitute for K-18 in

binding to K-8 (Baribault and Oshima, 1991). Differing pairings of cytokeratins

are tissue-specific and differentiation-specific. This allows each epithelial cell to

be identified by its pattern of cytokeratin expression (Brembeck and Rustgi,

2000). As K-19 has notraditional binding partner, Stasiak ef al. (1989) suggested

that it acts as a ‘neutral’ cytokeratin; binding to any pre-differentiation expressed

type II cytokeratin, causing delayed expression of the traditional partner and

therefore delaying the differentiation process. Hence, K-19 may be expressed in

undifferentiated cells.
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The stem cells in mouse skin were characterised as being tritiated thymidine

((?H]thymidine)-retaining cells located in the bulge area of hair follicles (Michel

et al., 1996). These cells were also observed to be relatively undifferentiated,

long-lived and slow-cycling with a large proliferating potential which increased in

response to injury. K-19 expression has also been observed in this area by

immunohistochemistry and expression co-localised with [’H]thymidine-labelling.

In addition, those isolated epidermal cells which are rapidly-adherent to collagen

IV and which are able to form colonies (therefore a proliferating subpopulation),

have been shownto be in the Gp/G; phase ofthe cell cycle, to have an immature

morphology (as determined by electron microscopy) and to show K-19 expression

(Xie et al., 2006).

In the pancreas, islet cells, ductal cells and exocrine cells are structurally distinct

and show differences in cell density. Pancreatic stem cells are thought to be a

subpopulation of the islet cells (Gao et al., 2003). Purified rat pancreatic islet

cells show K-19 expression, whereas ductal and exocrine cells do not (Yanget al.,

2007). Similarly, embryonic liver tissue shows high K-19 expression. This

decreases markedly during maturation, such that K-19 expression is not seen in

mature hepatocytes, but it does persist in bile duct cells (Stosiek et al., 1990),

specifically in the hepatic stem cell subpopulation (Schmelzer et al., 2006).

Furthermore in rat small intestine, K-19 has been shown to be expressed

predominantly by proliferating crypt cells; whereas other cytokeratins such as

K-21 are expressed in the differentiated Paneth and goblet cell lineages (Quaroni

et al., 1991). K-19 was also demonstrated to be expressed during the small

intestinal proliferative period of embryogenesis at days 15-16 of gestation

(Quaroniet al., 1991).

Poorly-differentiated cancers often overexpress those cytokeratins that are known

to be expressed in undifferentiated cell types (Chu and Weiss, 2002). K-19 has

been shownto be overexpressed in a variety of cancers, including thosearising in

the oesophagus (Brembeck and Rustgi, 2000), breast (Noguchi et al., 1996; Choi

et al., 2000), bladder (Morsi et al., 2006), lung (Bodenmuller ef al., 1994) and
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pancreas. In pancreatic cancer, overexpression of K-19 correlated with poorer

prognosis and shortened survival (Hoffmann et al., 2007). The K-19 fragment

CYFRA 21-1 has been used as a tumourproliferation marker (Dohmotoet al.,

2001). This fragment is thought to be produced as a result of cleavage by

caspase-3 during the apoptosis which occurs during tumour growth (Sheardetal.,

2002).

K-19 null (K-19) mice have been created byinsertion of lacZ by homologous

recombination into the K-19 gene of embryonic stem cells. These mice show no

overt phenotype (Tamai etal., 2000). The lacZ insert also provides a reporter of

K-19 promoter activity; and this shows that K-19 is expressed in the gut of

embryonic and adult mice. Double knockout K-19/K-8™mice died in utero

from placental defects, whereas K-8mice were viable. This was likely to be

due to K-19 and K-8 being able to substitute for one another under normal

conditions. Subsequent studies demonstrated that K-19 deletion caused skeletal

myopathy coupled with sarcolemmal and mitochondrial reorganisation (Stone er

al., 2007). Whether this reorganisation of mitochondria affects the function of

other tissues has yet to be elucidated.

We showed by 2D SDS-PAGEand Western blotting that K-19 expression was

increased in regenerating small intestinal, but not colonic epithelium. IHC

showedthat K-19 expression was seen in a few cells located towards the bottom

of normal small intestinal crypts amongst the Paneth cells: the so-called crypt base

columnarcells. This may have been indicative of K-19 expression within putative

stem cells as seen with Lgr5 (see Section 1.2.2.5). However expression was also

observed in the absorptive enterocytes located on the villi, implying that K-19 is

not solely a stem cell marker in the small intestine. IHC and mucosal lysate

Western blots also showed that K-19 expression decreased at 6 hours then

increased at 72 hours post-irradiation, with expression extending along the entire

crypt axis. As the small intestine is highly proliferative and hence highly radio-

sensitive, K-19 expression may decrease concurrent with apoptosis in DNA-

damagedcells.
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Western blotting of colonic epithelial cell lysates showed no increase in K-19

expression at 96 hours post-12Gy y-irradiation. However, using mucosal scrape

lysates, an increase in expression was observed from 6 hours; and this remained

elevated up to 96 hours post-irradiation. This agreed with IHC findings, which

showed that K-19 was expressed towards the bottom and top of normal colonic

crypts; with expression extending along the entire crypt axis >6 hours post-

irradiation. As with Mot-2, this alteration in spatial K-19 expression may have

resulted from an anti-apoptotic effect on the cells, allowing repair mechanismsto

heal damaged cells. K-19 expression may be increased from 6 hours following

radiation insult in the colon as an anti-apoptotic mechanism. Persistent K-19

expression in this tissue may, along with anti-apoptotic Bcl-2 family members

enable colonic cells to evade apoptosis. During apoptosis, K-19 (along with other

type I cytokeratins) has previously been shownto bea target for degradation by

apoptosis-active caspases in colon cancer cells (Caulin er al., 1997). Persistent

K-19 expression may therefore help to maintain the cytoskeletal integrity of

damaged cells as part of an apoptosis resistance response. Mongeef al. (2006)

suggest that during prodigiosin-induced apoptosis in the MCF-7 MRbreast cancer

cell line, DNA-damaged cells attempt to resist apoptosis and self-heal by

increasing the expression of proteins involved in cellular defence (Glutathione S-

transferase M3), DNA repair (PO) and cytoskeletal structure (K-19, K-18).

Furthermore, Yuan et al. (1997) demonstrated that anti-K-19 antibodies caused

cell death in SIHA and HeLa S3 cervical cancercell lines. Further work revealed

that an increased level of K-19 expression in cervical cancer patients correlated

with apoptotic resistance and malignant progression (Yuanet al., 1998).

K-19 function could be further investigated in the GI tract by using K-19mice.

Thus the effect of K-19 expression on various cellular parameters such as

apoptosis, proliferation and the regenerative and carcinogenic responses of the

intestine could be investigated as shown for CD24mice (see Section 3.3.5).

Although the Mot-2 inhibitor MKT-077 was unavailable at time of writing, other

similar compoundscould alternatively be used to assess possible alterations to the

normal homeostasis of the GI tract when Mot-2 expression is decreased. Relevant
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mechanismscould additionally be explored by using siRNA technology in a GI

cell line model.

As there were several discrepancies between 2D SDS-PAGE, Western blotting

and IHCfindings in this study, an alternative technique for confirming changes in

protein expression could be considered. One possibility would be real-time PCR

(quantitative PCR, qPCR), which would quantify changes in mRNA expression.

One disadvantage of this technique is that not all of the mRNA produced in a

particular cell is translated into protein. However this method would have the

advantage that mRNAofall of the post-translationally modified isoforms of the

proteins of interest would be represented.

While the 2D SDS-PAGEtechnique was acceptable for generating candidates to

investigate further, it was not quantitative. Due to the protein spots being of

differing sizes with some overlaps, densitometry was not possible to perform on

2D gels. Recently there have been several advances in proteomics technologies

which allow comparison of differential protein expression in separate samples

with quantification. For example, isotope-coded affinity tagging (ICAT) uses

heavy and light isoptope labels linked to biotin to label protein samples. The

samples are then mixed, digested with trypsin and subjected to affinity

chromatography using an avadin probe. Isolated peptides may then be identified

using tandem mass spectrometry with the ratio of heavy to light-tagged signal

allowing accurate quantification (Gygi et al., 1999). Isobaric tag for relative and

absolute quantitation™ (iTRAQ™)allows the tagging of up to four samples

simultaneously by labelling each sample with a different isobaric tag (Shadforth er

al., 2005). Liquid chromatography followed by tandem massspectrometry is then

used to identify the relative quantities of each tag. Using this technique two

independent control samples could be compared to two independent irradiated

samples simultaneously, eliminating the experimental variation found with 2D

SDS-PAGE.
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Only two candidate markers were further assessed due to time constraints, but in

total, 225 spots were judged to be increased in intensity over three repeat 2D SDS-

PAGEgels, with only 97 (43%) of these being identified by MALDI-TOF mass

spectrometry. This means that 128 (57%) potential stem cell marker proteins

were unable to be studied further. Unidentified spots may have represented

proteins with low expression and therefore contained too little protein to be

identified by MALDI-TOF. Peptides may have also been lost during the gel

extraction and trypsin digestion steps (see Section 2.17), or spots may have been

over or underdigested; making identification impossible.

Further work could assess the candidacy of the remaining proteins judged to be

up-regulated in >2 gels. Proteins such as tubulin a-1C chain, tubulin B-5 chain,

the protein disulphide isomerases and haemoglobin subunit « were immediately

disregarded due to their known roles and/or ubiquitous expression. Other

remaining proteins were initially excluded due to a lack of evidence from the

literature of their involvement in stem cells. For example, secretogranin-1

(chromogranin B) is known to be expressed in gastrointestinal endocrine cells

(Buffa et al., 1988); and therefore cannot solely be an intestinal a stem cell

marker.

Nucleophosmin expression was up-regulatedin all three repeat gels and may be of

further interest in future studies. Li et al. (2006) showed that nucleophosmin is

involved in enhancing the survival of haematopoietic stem cells followingstress;

and that knockdown of this protein in the mouse BM LSKcell line leads to

senescence. Also, overexpression of nucleophosmin enhanced the survival and

recovery of haematopoietic stem cells following injury both in vitro and in vivo

following 5-FU treatment of 9Gy y-irradiated, BM LSK-transplanted B6.BoyJ;

CD45.1* mice. Increased nucleophosmin expression has also been demonstrated

in colorectal adenomas and carcinomas compared to non-neoplastic tissue

(Nozawaet al., 1996). However, in the human small intestinal IEC-6 cell line,

increased expression of nucleophosmin inhibited proliferation by stabilisation of

p53 (Zouet al., 2005).
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Another protein of potential interest is galectin-2, which has been shown to be

expressed within mouse small intestinal crypts, to be implicated in the induction

of apoptosis in T lymphocytes occupying the lamina propria of mouse colon; and

also to ameliorate dextran-sulphate induced colitis (Paclik et al., 2008). However

galectin-2 was not chosen for further study in this chapter as Nio-Kobayashiet al.

(2009) demonstrated its expression within surface mucous cells of the murine

gastric corpus, as well as enterocytes and goblet cells of the small intestinal villi.

Nogalectin-2 expression was previously observed within colonic crypts.

Also identified as being up-regulated in regenerating small intestinal epithelium

was heat shock cognate 71 kDa protein (Hspa8, Heat shock 70 kDaprotein 8),

which Son et al. (2005) described in the human embryonic stem cell-derived cell

line Miz-hES1 as a cell surface protein which was down-regulated upon

differentiation. This suggests a possible role as a stem cell marker. The

expression of this protein in adult mouse GItract has not been described at the

time of writing, however Hspa8 wasnotinitially selected for further investigation

in this chapter as it was not found to be up-regulated in gels from two independent

samples (see Table 4.1).

Further studies may also include the investigation of a-enolase, a glyocolytic

enzyme which (along with K-19) was judged to be up-regulated in two gels from

independent samples and has been identified as being differentially expressed in

human central and limbal cornea using similar 2D SDS-PAGE proteomics

methodsto those described in this chapter (Lyngholmet al., 2008). Up-regulation

was observed within limbal corneal samples, which is thought to be the location

of the stem cells in this tissue.

Not all of the proteins found to be up-regulated in regenerating mouse small

intestinal epithelium were of interest regarding stem cells, but some could be of

interest in other fields of research. For example secretogranin-1 is expressed by

endocrine cells and therefore cannot be a stem cell marker in the GItract.

However, human small intestinal (Bryan ef al., 1991) and colonic (Lampert et al.,
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1985) endocrine cells have been shown to be less susceptible to destruction in

graft versus host disease, where immune cells from transplanted bone marrow

attack the cells of the recipient. In the GI tract this is manifested as apoptosis of

intestinal crypt cells followed by ‘exploding crypts,’ where cellular debris is

enveloped in the intercrypt spaces (Sale et al., 1979). The apparent increase in

secretogranin-1 expression in regenerating small intestinal epithelium may be

similarly related to avoidance of apoptosis and could be of clinical significance

which is beyond the scopeof this thesis.

In summarytherefore, the proteomic approach described in this chapter suggested

several novel potential candidate stem cell marker proteins in the small intestine,

two of which (Mot-2 and K-19) were investigated further. However neither

protein is likely to be solely a stem cell marker in either the small intestine or

colon. Nonetheless, both of these proteins show interesting expression patterns in

the GI tract following y-irradiation; and these maybeindicative of potential roles

in the regulation of gastrointestinal homeostasis.
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Chapter 5:

Characterisation of myofibroblasts in regenerating

murine intestinal epithelium
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5.1 Introduction

The epithelium of the intestine is amenable to signalling from its adjacent cell

layer, the pericryptal fibroblast sheath (PCFS (see Section 1.1.5.3)). This layer of

cells which surrounds the intestinal crypts is composed predominantly of

myofibroblasts: cells which possess characteristics of both smooth muscle and

fibroblast cells (Gabbiani, 1977). Myofibroblasts may be distinguished from

other intercryptal stromal cells such as lymphocytes by their expression of alpha

smooth muscle actin (a-SMA) and vimentin (Valentich et al., 1997). Gastric

glands do not possess a sheath of myofibroblasts surrounding them under normal

conditions, however there are scattered a-SMA-positive cells along the gastric

gland axis (Wu et al., 1999). When intestinal-type metaplasia occurs in the

stomach, the underlying mesenchymechangesto an intestinal morphology along

with the epithelium; producing intestine-like crypts with a PCFS (Mutoher al.,

2005). Myofibroblasts are knownto secrete a wide variety of cytokines, growth

factors, chemokines and inflammatory mediator proteins which allow them to

signal in a paracrine mannerto the epithelium as to as with other stromal cells and

lymphocytes (Powellet al., 1999).

Of the many growth factors secreted by myofibroblasts, fibroblast growth factor 2

(FGF-2, bFGF) has been directly implicated in the regeneration of the intestinal

epithelium following injury (see Section 1.4.2). Houchener al. (1999) observed

that FGF-2 expression was increased in the intercryptal space during the

regeneration process following radiation injury. However, it was unclear whether

FGF-2 was secreted by myofibroblasts to signal to the epithelial cells (i.e. the

surviving clonogenic cells) to promote growth and regeneration; or by other

stromal cells within the mucosa.

The changes which occur in the regenerating intestinal epithelium following

radiation insult have been well documented (Merritt et al., 1996; Potten and

Grant, 1998; Martin et al., 1998). Within 6 hours following a sufficient dose of

radiation, apoptosis in induced in radiosensitive epithelial crypt cells and
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proliferation is suppressed leading to crypt loss. This is subsequently followed by

an increase in proliferation from approximately 72-96 hours post-irradiation,

leading to crypt regeneration followed by (in the small intestine) villus

regeneration. Regenerating crypts are larger than their normal counterparts;

therefore a second wave of apoptosis occurs in order to reconstitute the normal

crypt architecture. The changes which occur within the myofibroblast population

however have been less well characterised. It is important to develop an

understanding of the myofibroblast’s response to injury, as the intestinal mucosa

represents an interconnected system comprised of the epithelium and the lamina

propria. Therefore we assessed the response of these cells following y-irradiation.

In particular we aimed to investigate whether the cells comprising the PCFS

underwentinduction of apoptosis and suppression of proliferation in an analogous

fashion to the epithelium shortly after irradiation and also whether changes in

myofibroblast cell number occurred at later timepoints in association with

epithelial regeneration.

Alterations in myofibroblast number and function have been implicated in several

disease processes in the GI tract. In colon cancer for example, 60-90% ofcells

comprising the total neoplastic mass are stromal cells (such as fibroblasts,

myofibroblasts and blood cells (Powell et al., 2005)). The number of

myofibroblasts are also increased in colonic adenomatous polyps (Adegboyega er

al., 2002). Conditional inactivation of the BMP type II receptor in mouse colonic

stroma has been shownto lead to the developmentof colonic epithelial tumours

with increased epithelial and myofibroblast proliferation (Beppu et al., 2008).

Myofibroblasts are also likely to be important in inflammatory disease in the GI

tract, as they secrete extracellular matrix modelling proteins such as matrix

metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs)

(Gomezet al., 1997) which have been shown to be regulated by TGF-B isoforms

(McKaig et al., 2002). McKaig etal. (2003) suggested that an imbalance of these

factors could result in fibrosis and stricture formation in Crohn’s disease, as

differing isoforms were found in normal, ulcerative colitis and Crohn’s disease

patients (McKaig er al., 2002). Also, Francoeuref al. (2009) recently reported
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loss of myofibroblasts in inflammatory bowel disease patients due to cytokine-

triggered, caspase-mediated apoptosis. In the human stomach, myofibroblasts

have been shown to express COX-2, which is involved in prostaglandin synthesis

during inflammation. Subsequently, this may lead to proliferation and matrix

deposition; which are importantfor gastric ulcer healing (Jacksoner al., 2000).

Intestinal myofibroblasts may therefore represent a possible novel target for the

treatment of various gastrointestinal diseases (Di Sabatino et al., 2007).

5.2. Aims

The aims of this chapter were:

1. To determine whether myofibroblast numbers in the small intestine and

colon change during epithelial regeneration following 12Gy y-radiation.

2. To determine whether observed changes in myofibroblast numbers

resulted from alterations in proliferation and/or apoptosis.

3. To investigate whether FGF-2 expression in the small intestine and colon

alters during epithelial regeneration following 12Gy y-radiation.

5.3 Methods

In this chapter, normal CD1 mice were whole-body irradiated with 12Gy y-

radiation and subsequently culled at 6, 24, 48, 72 and 96 hours post-irradiation to

allow assessment of intestinal regeneration over time. Following 12Gy y-

irradiation, most cells within murine intestinal epithelia are killed; but a few

radioresistant ‘clonogenic’ cells survive and over 96 hours these surviving cells

proliferate to form ‘regenerating’ crypts, which heal the epithelium (Potten etal.,

1997; Booth and Potten, 2000). At each time point the mice were injected with

5-bromo-2-deoxyuridine (BrdU) 1 hourprior to sacrifice as described in Section

2.7.2 and the tissues were prepared for histology as described in Section 2.8.2.

Paraffin-embedded tissue sections were then stained for a-SMA or BrdU via

immunohistochemistry (IHC) using the Dako Envision™+ kit system as described
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in Section 2.14, as this system allowed for staining of mouse tissue with mouse

primary antibodies (due to the high sensitivity of the kit). Staining for Ki67,

active caspase-3 and FGF-2 were performed using standard IHC as described in

Section 2.1.4. To quantify changes in myofibroblast cell numbers,

immunohistofluorescence (IHF) was used as described in Section 2.15. This

technique was used because myofibroblasts contain many filamentous processes,

causing the cell nuclei to be indistinct and hence difficult to quantify on

conventional tissue sections. _AQM computer software (Kinetic Imaging,

Bromborough, UK) wasusedto clarify IHF images andto allow accurate scoring.

Whole mucosal samples were also prepared from identically-treated mice by

scraping longitudinally-cut tissues with a microscope slide. These samples were

lysed as described in Section 2.13.2 and changes in protein abundance were

investigated by Western blotting. Rather than removing the epithelium only as

with primary cultures or the Weiser method of epithelium isolation, mucosal

scrapes remove the epithelium and surrounding stromal cells (including the

myofibroblasts) from the underlying muscle layers. Western blotting was

performed as described in Section 2.13.2 using the same a-SMAprimary antibody

as used in IHC. To confirm equal loading duplicate gels were run using a mouse

anti-B-actin antibody. This was used as the anti-pan-actin antibody used in

Chapters 3 and 4 detected all forms of vertebrate actin (including a-SMA)andits

expression therefore varied according to radiation treatment.

5.4 Results

5.4.1 Changes in myofibroblast numbers during epithelial regeneration

5.4.1.1 Myofibroblast numbers increased during small intestinal epithelial

regeneration

Mouse anti-a-SMA primary antibody was used in conjunction with the Dako

Envision™+ kit to perform IHC on CD1 mouse small intestinal paraffin-

embeddedsections as described in Section 2.14. Mice were treated with 12Gy y-

radiation and culled at 6, 24, 48, 72 and 96 hours. In the small intestine, the

myofibroblasts formed a sheath (the PCFS) around the crypts at all timepoints
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post-irradiation; with a-SMAexpression also visible within the stromaofthe villi.

Between control and 6 hourspost-irradiation (Figures 5.1a and 5.1b), there was no

apparent difference in a-SMAstaining. Expression also remained unchanged at

24 hours post-irradiation (Figure 5.1c), but increased at 48 hours post-irradiation

(Figure 5.1d). At 72 hours post-irradiation, a-SMA expression increased

markedly (Figure 5.le) and remained elevated at 96 hours post-irradiation (Figure

5.1f).

Western blotting using the same anti-a-SMA antibody was also performed on

mucosal scrape lysates obtained at 6, 24, 48, 72 and 96 hours post-12Gy y-

irradiation (two CD1 mice per timepoint shown). Mucosal scrapes remove the

entire mucosa from the tissue of interest rather than the epithelium only.

Therefore the protein lysates included proteins obtained from stromal cells

including myofibroblasts. Mouse anti-B-actin was used as a loading control.

Western blotting showed that there was an increase in a-SMA abundanceat 72

hours post-irradiation; and peak abundance was observed at 96 hours post-

irradiation (Figure 5.2). Only faint bands were detected at earlier timepoints,

likely due to a-SMA expression being below the limit of detection by this

technique. As a positive control, the human colonic myofibroblast cell line

CCD18co was used. Non-specific bands observed were due to secondary

antibody specificity, as the primary antibody used was raised in mouse; and the

secondary antibody wasanti-mouse.
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Figure 5.1: Photomicrographs showing o-SMAstaining in CD1 mouse small

intestine following 12Gy y-radiation. (a) Unirradiated control, (b) 6 hours post-

irradiation, (c) 24 hours post-irradiation, (d) 48 hours post-irradiation, (€) 72 hours

post-irradiation, (f) 96 hours post-irradiation.
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Figure 5.2: Western blot for a-SMA in CD1 mouse small intestinal mucosal

scrape lysates 0-96 hours post-12Gy y-irradiation. Each band represents

protein obtained from one individual mouse.

a-SMAstaining using IHC showed myofibroblasts to be highly filamentous and

quantification provedto bedifficult using this technique. Therefore an alternative

staining technique (IHF) was developed using fluorescent antibodies as described

in Section 2.15; and this allowed more accurate quantification.

Paraffin-embedded tissue sections were viewed using a 40x objective microscope

lens and each cell in the field of view was scored as either a-SMA-positive or

a-SMA-negative. This was repeated for 2 further fields of view per mouse, and

repeated for 3 mice, giving n=9 fields of view for 3 mice for each post-irradiation

timepoint. In the small intestine, IHC and IHF showed myofibroblasts

surrounding the crypts and also extending through the villus lumen. As this

experiment was designed to investigate the role of myofibroblasts in crypt

regeneration, only myofibroblasts in the intercrypt space were scored. Also,

a-SMA-positive cells within the musclelayer of the tissue were excluded,as these

cells were likely to have been smooth muscle cells (see Figure 5.3 for a

representative scoring area).
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Figure 5.3: Representative scoring area for determining myofibroblast

numbersin unirradiated CD1 mouse small intestine. All cells between the two

white lines (arrowed) were scored as a-SMA-positive or a-SMA-negative. Blue =

nuclei (DAPI), red = a-SMA (Texas Red).

Whenscored, the mean number of a-SMA-positive cells for each post-irradiation

timepoint was calculated and compared to the preceding timepoint using a

Bonferroni comparison. Results showed that the number of myofibroblasts

increased significantly between 6 and 24 hours post-irradiation, 24 and 48 hours

post-irradiation, 48 and 72 hours post-irradiation; and 72 and 96 hours post-

irradiation (Table 5.1, Figure 5.4).

 

 

 

 

 

 

    

‘ : Mean numberofa-SMA- Bonferroni comparison
Time following 12Gyy- “i :

: es positive cells per field of (compared to preceding
irradiation 3 ‘ :

view timepoint)

Unirradiated 59 N/a

6 hours 51 p>0.05

24 hours 69 p<0.05

48 hours 89 p<0.01
72 hours 132 p<0.01

96 hours 150 p<0.05
 

Table 5.1: Mean numbersof a-SMA-positive cells 0-96 hours post-irradiation

in CD1 mouse smallintestine.
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Control 6hours 24hours 48hours 72hours 96 hours

Timefollowing 12Gy y-radition    
Figure 5.4: Mean number + SD of a-SMA-positive cells (columns) and total

cell number(line) in the small intestine. The number of a-SMA-positive cells

at each timepoint was compared to the following timepoint using a Bonferroni

Comparison. *p<0.01 and **p<0.001.

To determine whether the observed changes in myofibroblast numbers were due

to proliferation of existing myofibroblasts, the same tissues as used for a-SMA

staining were stained using the cell proliferation markers Ki67 and BrdU (these

molecules are both present in cells during the S-phase of the cell cycle and are

absent during Go (see Section 1.3.1)). Ki67 staining was performed using the

standard IHC protocol described in Section 2.14 and BrdU staining was

performed using the Dako Envision™+kit as described for a-SMAstaining.

With Ki67 staining, several epithelial cells within the small intestinal crypts were

positive in unirradiated controls (Figure 5.5a), representing the undifferentiated

and transit-amplifying cells. However no staining was visible in the intercrypt

space where the myofibroblasts are known to reside. Epithelial cell Ki67 staining

was reduced from 6 hours to 48 hours post-irradiation and no staining wasvisible

in the myofibroblasts at these timepoints (Figure 5.5b-d). At 72 hours post-

irradiation (Figure 5.5e), staining in the epithelium was increased and this peaked

at 96 hours post-irradiation (Figure 5.5f), concurrent with the known timecourse
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of the regenerative process. However, at no timepoint was positive Ki67 staining

seen in the myofibroblasts between the crypts.

Proliferation was also assessed using BrdU incorporation. The results obtained

were similar to the Ki67 staining shown in Figure 5.5; however fewer positive

epithelial cells were observed (as Ki67 is a longer-lived molecule and therefore

persists in replicating cells for longer). Again, no positive BrdU staining was seen

in the intercrypt spacecells at any timepoint followingirradiation (see Figure 5.6).

Similarly, apoptosis was assessed using an anti-active caspase-3 antibody. Within

the epithelial crypts, few active caspase-3-positive cells were observed in

unirradiated samples. The numberof active caspase-3-positive cells increased at

6 and 24 hours post-irradiation, decreased 48-72 hours post-irradiation and

increased again at 96 hours post-irradiation in regenerating crypts in order to

reconstitute normal crypt size. No positive cells were observed in the intercrypt

spacesat any timepoint following irradiation (see Figure 5.7).
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intestinal crypts following 12Gy y-radiation.

(e) 72 hours post-irradiation, (f) 96 hours post-irradiation.

Figure 5.5: Photomicrographs showing Ki67 staining in CD1 mouse small

 

hours post-irradiation, (c) 24 hours post-irradiation, (d) 48 hours post-irradiation,

(a) Unirradiated control, (b) 6
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(e) 72 hours post-irradiation, (f) 96 hours post-irradiation.

hours post-irradiation, (c) 24 hours post-irradiation, (d) 48 hours post-irradiation,

intestinal crypts following 12Gy y-radiation. (a) Unirradiated control, (b) 6

Figure 5.6: Photomicrographs showing BrdU staining in CD1 mouse small

 

 
  

 
 
 

 
 



 

 

   
Figure 5.7: Photomicrographs showing active caspase-3 staining in CD1

mouse small intestinal crypts following 12Gy y-radiation. (a) Unirradiated

control, (b) 6 hours post-irradiation, (c) 24 hours post-irradiation, (d) 48 hours

post-irradiation, (e) 72 hours post-irradiation, (f) 96 hours post-irradiation.
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5.4.1.2 Myofibroblast numbers increased during regeneration in_ the

proximal colon

The same experimental procedures as described in Section 5.4.1.1 for the small

intestine were repeated for the proximalhalf of the colon.

a-SMA IHC showed a similar pattern of staining in the proximal colon as the

small intestine; with crypts being surrounded by a sheath of myofibroblasts.

Staining appeared to be more intense at 6 hours post-irradiation in the midcrypt

region. Staining also appeared to increase throughoutthe crypts at 24 hours post-

irradiation and continued to increase to peak at 96 hours post-irradiation.

Howeverthe magnitude of the changes in staining intensity was less marked than

that seen in the small intestine (see Figure 5.8).

Confirmation of a-SMA abundance changes was performed by Western blotting.

The mucosa was removed from whole colon as opposed to splitting it into

proximal and distal sections, as the changes in myofibroblast numbers between

proximalanddistal sections were very similar (Sections 5.4.1.2 and 5.4.1.3). Gels

were probed for a-SMA and equal loading was confirmed using an anti-f-actin

antibody. These blots showed an increase in a-SMA abundanceat 6 hours post-

irradiation, a subsequent reduction until 72 hours post-irradiation and a final

increase in abundanceat 96 hourspost-irradiation (Figure 5.9).
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Figure 5.8: Photomicrographs showing a-SMA staining in CD1 mouse

proximal colon following 12Gy y-radiation. (a) Unirradiated control, (b) 6

hours post-irradiation, (c) 24 hours post-irradiation, (d) 48 hours post-irradiation,

(e) 72 hours post-irradiation, (f) 96 hours post-irradiation.
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Figure 5.9: Western blot for a-SMA in CD1 mouse colonic mucosal scrape

lysates 0-96 hours post-12Gy y-irradiation. Each band represents protein

obtained from one individual mouse.

Quantification of these changes was achieved using IHF in the same wayasfor

small intestinal sections, however as the colon contains no villi the scoring area

used was located between the muscle layer and the crypt table (see Figure 510).

 

Figure 5.10: Representative scoring area for determining myofibroblast

numbersin unirradiated CD1 mouse proximal and distal colon. All cells

between the two white lines (arrowed) were scored as a-SMA-positive or a-SMA-

negative. Blue = nuclei (DAPI), red = a-SMA(TexasRed).

Results showed that the number of myofibroblasts increased significantly between

6 and 24 hours post-irradiation, 24 and 48 hours post-irradiation and 48 and 72

hours post-irradiation (Table 5.2, Figure 5.11).
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; Mean numberof a-SMA- Bonferroni comparison
Time following 12Gyy- positive cells per field of (comparedto preceding

irradiation . . :
view timepoint)

Unirradiated 53 N/a
6 hours 52 p>0.05
24 hours 60 p<0.001

48 hours 65 p<0.05

72 hours 72 p<0.05

96 hours 71 p>0.05
 

Table 5.2: Mean numbersof «-SMA-positive cells 0-96 hours post-irradiation

in CD1 mouse proximal colon.
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Figure 5.11: Mean number + SD of a-SMA-positive cells (columns) and total

cell number(line) in the proximal colon. The number of a-SMA-positive cells

at each timepoint was compared to the following timepoint using a Bonferroni

Comparison. * p<0.05 and *** p<0.001.

Ki67, BrdU and active caspase-3 staining were performed as for small intestine

sections (Section 5.4.1.1) and no proliferating or apoptotic myofibroblast cells

were observed at any timepoint following irradiation (Figures 5.12, 5.13 and

5.14). Proliferation and apoptosis was however observed in the epithelial

compartmentin a similar timecourse to that observed in the small intestine.
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Figure 5.12: Photomicrographs showing Ki67 staining in CD1 mouse

proximal colon following 12Gy y-radiation. (a) Unirradiated control, (b) 6

hours post-irradiation, (c) 24 hours post-irradiation, (d) 48 hours post-irradiation,

(e) 72 hours post-irradiation, (f) 96 hours post-irradiation.
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Figure 5.13: Photomicrographs showing BrdU staining in CD1 mouse

proximal colon following 12Gy y-radiation. (a) Unirradiated control, (b) 6

hours post-irradiation, (c) 24 hours post-irradiation, (d) 48 hours post-irradiation,

(e) 72 hours post-irradiation,(f) 96 hours post-irradiation.
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Figure 5.14: Photomicrographs showing active caspase-3 staining in CD1

mouse proximalcolon following 12Gy y-radiation. (a) Unirradiated control, (b)

6 hours post-irradiation, (c) 24 hours post-irradiation, (d) 48 hours post-

irradiation, (e) 72 hours post-irradiation, (f) 96 hours post-irradiation.
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5.4.1.3 Myofibroblast numbers increased during regeneration in the distal

colon

The same experimental procedures described in Sections 5.4.1.1 and 5.4.1.2 were

repeated for the distal half of the colon.

Increased a-SMAstaining intensity was observed at 72 hours post-irradiation. At

96 hours post-irradiation the localisation of a-SMA staining was more intense

towards the crypt table region rather than being equally distributed along the crypt

as seen at earlier timepoints (see Figure 5.15). Quantification of changes was

achieved in the same wayas for proximal colon sections (see Figure 5.10).
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Figure 5.15: Photomicrographs showing o-SMAstaining in CD1 mouse distal

colon following 12Gy y-radiation. (a) Unirradiated control, (b) 6 hours post-

irradiation, (c) 24 hours post-irradiation, (d) 48 hours post-irradiation, (e) 72 hours

post-irradiation, (f) 96 hours post-irradiation.
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Quantification showed that the number of myofibroblasts increased significantly

between 6 and 24 hours post-irradiation, 48 and 72 hours post-irradiation; and

then decreased significantly between 72 and 96 hours post-irradiation (Table 5.3,

Figure 5.16).
 

 

 

 

 

 

 

si ‘ Mean numberof a-SMA- Bonferroni comparison
Timefollowing 12Gyy- ais :

; ais positive cells per field of (comparedto preceding
irradiation 5 i :

view timepoint)

Unirradiated 60 N/a

6 hours 57 p>0.05

24 hours 63 p<0.05

48 hours 67 p>0.05
72 hours 72 p<0.05

96 hours 66 p>0.05      
Table 5.3: Mean numbersof a-SMA-positive cells 0-96 hours post-irradiation

in CD1 mousedistal colon.
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Figure 5.16: Mean number + SD of a-SMA-positive cells (columns) andtotal

cell number(line) in the distal colon. The number of a-SMA-positive cells at

each timepoint was compared to the following timepoint using a Bonferroni

Comparison. * p<0.05.

Ki67, BrdU and active caspase-3 staining were performed as for small intestine

and proximal colon (Sections 5.4.1.1 and 5.4.1.2) and again no proliferating or

apoptotic myofibroblast cells were observed at any timepoint following irradiation

(Figures 5.17, 5.18 and 5.19).
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Figure 5.17: Photomicrographs showing Ki67 staining in CD1 mouse distal

colon following 12Gy y-radiation. (a) Unirradiated control, (b) 6 hours post-

irradiation, (c) 24 hours post-irradiation, (d) 48 hours post-irradiation, (e) 72 hours

post-irradiation, (f) 96 hours post-irradiation.
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Figure 5.18: Photomicrographs showing BrdU staining in the distal colon

following 12Gy y-radiation. (a) Unirradiated control, (b) 6 hours post-

irradiation, (c) 24 hours post-irradiation, (d) 48 hours post-irradiation, (e€) 72 hours

post-irradiation, (f) 96 hours post-irradiation.
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Figure 5.19: Photomicrographs showing active caspase-3 staining in CDI

mouse distal colon following 12Gy y-radiation. (a) Unirradiated control, (b) 6

hours post-irradiation, (c) 24 hours post-irradiation, (d) 48 hours post-irradiation,

(e) 72 hours post-irradiation,(f) 96 hours post-irradiation.
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5.4.2 FGF-2 expression in regenerating small intestine and distal colon

Paraffin-embedded CD1 mouse tissue samples of small intestine and distal colon

were used to investigate FGF-2 expression during the regeneration response

following 12Gy y-radiation as described in Section 2.14 using a goat anti-mouse

FGF-2 primary antibody.

5.4.2.1 FGF-2 expressionis altered in the regenerating small intestine

In the small intestine, FGF-2 appeared to be expressed in a few epithelial cells

located towards the base of unirradiated crypts (Figure 5.20a). At 6 hours post-

irradiation, FGF-2 expression increased slightly and a few positive cells were also

observed slightly higher up the crypt axis (Figure 5.20b). Staining reduced in

intensity at 24, 48 and 72 hours post-irradiation (Figure 5.20c-e); and returned to

approximately baseline levels at 96 hours post-irradiation (Figure 5.20f). No

FGF-2 staining was observed within the intercrypt space as previously described

by Houchenet al. (1999) at any timepoint following irradiation.

5.4.2.2 FGF-2 expressionis altered in the regenerating distal colon

In the distal colon, FGF-2 was found to be expressed in the epithelial cells located

towards the base of crypts (Figure 5.21). FGF-2 was expressed in morecells per

crypt than in the small intestine; and positive cells were located in approximately

the bottom half of unirradiated control sections (Figure 5.21a). There also

appeared to be weak FGF-2 staining at the colonic table region. At 6 hours post-

irradiation, FGF-2 expression wasslightly increased along the entire crypt axis;

but staining was again predominant in the lowerhalf of the crypts (Figure 5.21b).

Staining intensity was reduced at 24 hours post-irradiation, but remained visible

along the entire crypt length (Figure 5.21c). At 48 hours post-irradiation,

expression returned to similar levels and the localisation was the same as

unirradiated controls (Figure 5.21d). At 72 hours, staining was observed

throughout the crypts (Figure 5.21e). Staining returned to similar levels as control

samples at 96 hours (Figure 5.21f). As with the small intestine, no FGF-2 staining

wasobserved in the intercrypt spaces.
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Figure 5.20: Photomicrographs showing FGF-2 staining in CD1 mouse small

intestine following 12Gy y-radiation. (a) Unirradiated control, (b) 6 hours post-

irradiation, (c) 24 hours post-irradiation, (d) 48 hours post-irradiation, (e€) 72 hours

post-irradiation, (f) 96 hours post-irradiation.
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Figure 5.21: Photomicrographs showing FGF-2 staining in CD1 mousedistal

colon following 12Gy y-radiation. (a) Unirradiated control, (b) 6 hours post-

irradiation, (c) 24 hours post-irradiation, (d) 48 hours post-irradiation, (€) 72 hours

post-irradiation, (f) 96 hours post-irradiation.
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5.5 Discussion

Myofibroblasts express a-SMA (Valentich et al., 1997) and possess

characteristics of both fibroblasts and smooth muscle cells (Gabbiani, 1971). Like

smooth muscle cells, myofibroblasts contain contractile stress fibres, which are

thought to enable them to aid in the repair of tissues following injury or

inflammation (Gabbiani, 1976; Desmouliére, 1995). In the small intestine and

colon, myofibroblasts surround the epithelial crypts to create a pericryptal

fibroblast sheath (PCFS). This is weighted towards the bottom of the crypts (Neal

and Potten, 1981a), suggesting that the mesenchymal cells may be involved in

signalling with epithelial stem cells, clonogenic cells and/or proliferating cells.

Myofibroblasts have also been implicated in therestitution and regeneration of the

intestinal epithelium following injury (McKaig et al., 1999; Andohet al., 2005,

2007; Brittan et al., 2005).

In this chapter we have shown that in the small intestine, proximal and distal

colon, myofibroblast numbers increased sequentially from 6 to 72 hours post-

irradiation, concurrent with the epithelial regenerative process, suggesting that

myofibroblasts may signal to the epithelial cells and vice versa to reconstitute the

normal architecture of the mucosa. The changes in myofibroblast number were

more marked in the small intestine than either the proximal or distal colon. This

may havereflected differences in the radioresistance of the tissues, as the small

intestine is more radiosensitive than the colon (see Section 1.4). Therefore, a

higher dose of y-radiation may be required in future colonic myofibroblast studies

to overcome this. However, no positive cells were observed within the intercrypt

space when the tissue sections were stained with anti-Ki67 or BrdU antibodies;

suggesting that the observed increases in myofibroblast numbers were not due to

proliferation or division of existing myofibroblasts. Neal and Potten (1981a)

describe mitosis in the murine colonic PCFS using (H]thymidine labelling of

cells following fasting and re-feeding and they showed that mitosis was evident

within the bottom two thirds of the crypt axis. Although we showed no

proliferation following irradiation in the PCFS using Ki67 or BrdU IHC, these
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markers did show that epithelial proliferation occurred within the bottom two

thirds of distal colonic crypts 48-96 hours post-irradiation. These findings suggest

that there may be signalling between the epithelium and PCFS in order regulate

the regenerative response. However the uptake of (H]thymidine into potentially

proliferating myofibroblast cells may have been due to cases of polyploidy rather

than mitosis (Neal and Potten, 1981a); suggesting that the negative Ki67 and

BrdU staining observed in this thesis is true. Even though there does not appear

to be any proliferation within the PCFSat any timepoint following irradiation, we

showed that the number of myofibroblasts increased significantly from 6 hours

post-irradiation in both the small intestine and colon. Migration from another site

is the likely cause of this increase in myofibroblast numbers. Neal and Potten

(1981a) suggested that myofibroblasts differentiate from replicating mesenchymal

cells within the lamina propria; and that differentiated myofibroblasts then

migrate to the PCFS at the niche in which they are required. Brittan et al. (2002)

demonstrated using in situ hybridisation that myofibroblasts in female mice which

had been irradiated prior to receiving a male bone marrowtransplant contained

the male Y-chromosome. Complementary to this, the Y-chromosome has been

observed in myofibroblasts in gastrointestinal biopsies obtained from human

females who had developed graft versus host disease. At 6 weeks post-bone

marrow transplant in mice, Y-chromosome-positive myofibroblasts comprised the

entire PCFS; strongly suggesting that this migration is primarily responsible for

myofibroblast influx. Bone marrow-derivation of myofibroblasts has also been

observed in mouse lung, stomach, oesophagus, skin, kidney and adrenal capsule

(Direkzeet al., 2003). This, together with the evidence that myofibroblast uptake

of [H]thymidine is possibly to be due to polyploidy, suggests that migrating

bone-marrow cells are responsible for the observed increase in myofibroblast

numbersfollowing irradiation.

To assess a-SMA abundance as a measure of myofibroblast abundance, small

intestinal and colonic mucosa was removed whole from mice 0-96 hours post-

12Gy y-irradiation by using a microscope slide scraped along longitudinally cut

tissues. While this technique was successful in removing the myofibroblasts
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surrounding the epithelial cells, other stromal cells such as IELs and plasmacells

(see Section 1.1.5) were also present in mucosal scrape samples. Also, scraping

the tissue from the underlying muscle layers could have removed someof the

muscle layeritself; giving inaccurate Western blots for a-SMA abundance. This

could account for the discrepancy in colonic a-SMA abundance in IHC and

Western blotting observed in Sections 5.4.1.2 and 5.4.1.3. In future studies it may

be necessary to isolate the myofibroblasts exclusively to study a-SMA expression.

Wuetal. (1999) successfully isolated human myofibroblasts from gastric biopsies

by denudingthe tissue of epithelial cells using consecutive washes of EDTA. The

de-epithelialised tissue was then cultured in flasks, with cells migrating from the

lamina propria out into the culture medium. Subpopulations of cells were then

sorted using FACSor cytospin into specific cell types. This technique could be

easily modified for mouse small intestine and colon; and as such give a greater

yield of myofibroblasts (as whole mousetissues are physically larger than human

biopsy samples). Similarly, Hoang er al. (2007) cultured intestinal myofibroblasts

by denuding mouse small intestine and colon of epithelial cells with EDTA,

digesting the remaining tissue with dispase and collagenase D,straining the tissue

pieces and culturing the resulting cells. Non-adherent cells were washed away

leaving adherent myofibroblasts and macrophages in culture. The macrophages

died following several days of culture, leaving only myofibroblasts (confirmed by

using a-SMA IHC).

Along with myofibroblast proliferation, myofibroblast apoptosis was assessed

using the same experimental timepoints. No morphologically apoptotic cells were

observed within the intercrypt region in any of the three tissues at any timepoint

following irradiation. Therefore, the number of myofibroblasts in these tissues

may not be regulated by apoptosis in the same way as intestinal epithelial stem

cells (Potten, 1990). However,it is possible that apoptosis could occur less than 6

hours following irradiation; or between 6 hours and 24 hours and these timepoints

were not covered by our experiments. Neal and Potten (1981b) suggested that

apoptotic PCFS cells do not undergo degeneration within the PCFS itself, but

detach from the PCFS following injury or senescence and migrate into an area of
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the lamina propria termed the ‘graveyard’ zone; where they undergo apoptotic

fragmentation and are phagocytosed by macrophages. This model of

myofibroblast apoptosis would explain why no apoptotic bodies could be seen

within the mucosa surrounding regenerating intestinal crypts, as the mixed cell

population of the lamina propria makesidentification of apoptotic bodies from a

specific cell type impossible (Neal and Potten, 1981b). Therefore we also stained

sections with anti-active caspase-3 antibody, which labels cells undergoing

apoptosis (see Section 1.5). However active caspase-3 expression was only

observed within the epithelial cells of the tissues studied; and it was not observed

in the intercrypt spaces any timepoint following irradiation. This suggests that

either myofibroblasts do not undergo apoptosis following 12Gy y-radiation at the

timepoints studied;or that the pericryptal myofibroblasts were in an early stage of

apoptosis and therefore did not stain for active caspase-3. In the later stages of

apoptosis, these myofibroblasts may have migrated out of the PCFS and expressed

active caspase-3 in the postulated ‘graveyard’ of the lamina propria (Neal and

Potten, 1981b). Although Neal and Potten (1981b) describe apoptosis of

intestinal myofibroblasts within the PCFS, we did not observe this in our

laboratory. Discrepancies could have been due to differences in mouse strains

(we used male CD1 mice as opposed to male DBA2/J and female B6D2F, mice),

differences in radiation doses (12Gy rather than 30cGy) or differences in

timepoints studied (0-96 hours instead of 1-10 hours post-irradiation). The low y-

radiation dose used by Neal and Potten (1981b) was not sufficient for use in this

thesis, as regeneration only occurs in the intestinal epithelium following high

doses of radiation. Their study reports that the plateau dose for apoptosis in the

PCFS is 40cGy. Neal and Potten (1981b) describe peak small intestinal

myofibroblast apoptosis at 4 hours post-irradiation, with ultrastructural changesin

morphology at 3 and 6 hours. Only the 6 hour timepoint was assessed in this

chapter. Likewise in the colon, peak myofibroblast apoptosis was observed at 10

hours post-irradiation, which was not covered by our regeneration assay

timepoints.
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We have shown that myofibroblast numbers increased during the course of

intestinal regeneration (especially in the small intestine); and hypothesised that

this increase in myofibroblast number could enhance the mucosal regeneration

process (possibly due to epithelial-mesenchymal signalling). However, the

mechanismsresponsible have not yet been elucidated. FGF-2 has previously been

implicated in this process. Houchenet al. (1999) observed FGF-2 expression in

the intercrypt space of irradiated small intestinal tissue, suggesting that the

myofibroblasts signalled to the epithelial cells via this mechanism. In our study

however, FGF-2 expression was found only in epithelial cells. The pattern of

distribution within the epithelial cells of both the small intestine and distal colon

was of increased staining intensity towards the bottom of the crypts with

expression extending up the crypt axis during the course of regeneration. This

suggests that FGF-2 was expressed bythe proliferating cells of the crypts; as seen

with Ki67 and BrdU staining in Section 5.4.1. GF-2 has been shown to

significantly increase the uptake of (H]thymidine into isolated human colonic

myofibroblasts (McKaig et al., 1999). Therefore FGF-2 could be involved in the

observed increase in numbers of these cells by a signalling mechanism from

epithelium to mesenchyme. However as no myofibroblast mitosis was observed

in our study, it is possible that FGF-2 promotes polyploidy rather than cell

division. Other possibilities for the discrepancy between ourfindings and those of

Houchenetal. (1999)are that the antibody used only recognised FGF-2 bound to

its receptor; or that the processes of fixation and paraffin embedding used in our

laboratory may have destroyed any FGF-2 present extracellularly in these tissues.

The antibody used in Section 5.4.2 was not the same as that used by Houchen et

al. (1999), although the experiment was repeated using the same anti-FGF-2

antibody (Chemicon International, Temecula, CA, USA). This antibody gave the

same pattern of staining as the one used in Section 5.4.2 but at a far lower

intensity (data not shown). Houchenetal. (1999) used also female FVB/N mice;

and these mice may display different FGF-2 expression than male CD1 mice.

Also, 12Gy y-radiation was used by us as opposed to 13Gy. Finally, we used 4%

formalin solution to fix our tissues rather than Bouin’s; which could have

preserved epithelial FGF-2 and not stromal FGF-2. Similarly, Houchen etal.

Zo



(1999) could have preserved the stromal, but not the epithelial FGF-2 in their

study. To overcome this potential antigen destruction in future studies,

cryosections could be used wherethe tissues are instantly frozen without chemical

fixation.

FGF-2 is one of the ligands for FGFR-3, along with FGF-1 and FGF-9 (Zhang et

al., 2006). There are four FGFR proteins in mammalian cells and each one is

capable of being differentially spliced. The FGFR-3IIIb splice variantis the most

common form of FGFR-3 in the small intestine and colon; and activation of this

protein in Caco-2 cells has been shownto induce cellular proliferation in vitro

(Kanai et al., 1997). We have demonstrated that FGF-2 expression occurs at the

same positions as the proliferating cells which express Ki67 and integrate BrdU,

but that myofibroblasts do not appearaid the regeneration process via secretion of

FGF-2 and subsequentactivation of FGFR-3 IIIb.

The potential role of FGF-2 in regulating intestinal regeneration following injury

could be further explored by the use of inhibitors such as the ATP-competitive

FGF inhibitor molecule Stemolecule™ PD173074 (Stemgent, Cambridge, MA,

USA). Bansal et al. (2003) showed that this compound effectively inhibited

FGF-2-mediated proliferation and differentiation of oligodendrocyte-lineage

precursor cells via inhibition of the tyrosine kinase pathways of the FGFRs.

Mohammadi et al. (1998) have also previously demonstrated that PD173074 is

active in vivo and inhibited angiogenesis in mice.

Further work in this area could also involve the isolation of myofibroblasts from

normal and regenerating intestinal tissues and using a combined proteomics and

bioinformatics approach similar to that used in Chapter 4 to identify other

myofibroblast-derived signalling proteins which may be involved in the

regeneration of irradiated tissue. For example, myofibroblasts are known to

synthesise extracellular matrix (ECM)proteins such as type IV collagen; which

Simon-Assman et al. (1990) suggested plays a role in the proliferation and

differentiation of developing mouse intestine. Another potentially important
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signalling molecule between intestinal myofibroblasts and epithelial cells is

matrix metalloproteinase (MMP)-7, which Hemers ef al. (2005) showed was

secreted by epithelial cells to cleave the insulin-like growth factor binding protein

(IGFBP)-5 whichis secreted by colonic myofibroblasts. Cleavage of this protein

liberated insulin-like growth factor (IGF) II, which in turn promoted proliferation

of gastric epithelial cells as well as myofibroblasts. MMP-7 was also shown to be

increased in H. pylori-infected gastric biopsies, suggesting a role in the

hyperproliferation of epithelial and stromal cells observed in gastric

carcinogenesis (McCaig et al., 2006). It is therefore possible that the

MMP-7/IGFBP-5/IGF II pathway is involved in the restitution of normal mucosal

morphology following injury by stimulating the proliferation of surviving

clonogenic cells. MMPsare involved in the breakdownofthe extracellular matrix

in repair and remodelling of the mucosa and their activity is controlled by tissue

inhibitors of metalloproteinases (TIMPs) (Gomez ef al., 1997). Myofibroblasts

from Crohn’s disease patients have been shown to express higher levels of

TIMP-1 than those isolated from normal mucosa and patients with ulcerative

colitis (McKaig er al., 2003). The same group also showed that TGF-B1 and

TGF-f2 regulate the activity of TIMP-1, therefore suggesting that TGF isoforms

are involved in tissue repair. Overexpression of TGF isoforms by Crohn’s disease

myofibroblasts could therefore be responsible for the fibrotic scarring observed in

this condition. TGF-f3 on the other hand has been shownto induce tissue repair

without scarring and therefore could be important in the intestinal epithelial

regeneration process (McKaig et al., 1999). Similarly, Vallance et al. (2005)

described a-SMA-positive cells and increased collagen deposition surrounding

areas of fibrotic scarring induced by adenoviral insertion of a TGF-B1 transgene

into mouse colon. The modulation of TIMP-1 activity therefore presents a

possible therapeutic target. This was demonstrated by Di Sabatinoet al. (2007),

who showed that TNFs were capable of altering TIMP-1 expression; and that anti-

TNEantibodies were capable of increasing TIMP-1 expression in isolated Crohn’s

disease myofibroblasts. Subsequently, myofibroblast migration was shown to

increase and facilitate woundhealing.
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Bienz and Clevers (2000) suggested that intestinal myofibroblasts are a possible

source of Wntsignalling proteins, as Powell et al. (1999) demonstrated that co-

cultures of intestinal myofibroblasts with epithelial cells stimulated proliferation.

Also, intestinal myofibroblasts are known to produce several paracrine growth

factors such as epimorphin, which are possible activators of Wnt genes and hence

could lead to proliferation of surviving clonogenic epithelial cells following injury

(Fritsch et al., 2002). Expression of the mRNA for Wnt 2-4, 5a, 5b has been

demonstrated in intestinal myofibroblasts; and Wnt 3, Sa and 5b mRNAhasbeen

detected in intestinal crypt cells. Also, mRNA for the Wnt receptors frizzled

(Fzd) 1-7 has been detected in both myofibroblasts and crypt epithelial cells,

suggesting that Wnt signalling is predominantly from the myofibroblasts; and that

Wntsignalling can act in a paracrine mannerto the epithelial cells as well as an

autocrine manner within intestinal myofibroblasts to enable the maintenance of a

stem cell niche (Andohet al., 2007).

In summary, our data suggest that the myofibroblasts comprising the PCFS in the

small intestine and colon are involved in the healing and regeneration of these

tissues following radiation-induced injury. It is likely that these cells migrate

from elsewhere in the body to mediate these effects. FGF-2 is one of the possible

signalling molecules involved in regulating the regeneration of the normal

epithelium following injury.
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Chapter6:

Discussion
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The stem cells of the GI tract are believed to be located towards the isthmus

region of gastric glands and the base of small intestinal and colonic crypts.

However to date, no molecular markers have been discovered with which to

specifically identify them. As such, their number and characteristics have mostly

been inferred indirectly from radiation studies in the murine intestine

(Al-Dewachi etal., 1980; Potten et al., 1990; Hendry et al., 1989).

Several candidate gastrointestinal stem cell marker proteins have been proposed

(see Section 1.2.2); however there is considerable disagreement as to whether

these are bona fide stem cell markers, as the localisation and expression of these

proteins do not correlate in each case. Current evidence suggests that Lgr5 is the

strongest candidate.

Robert Whitehead and colleagues recently proposed the glycoprotein CD24 as a

potential stem cell marker in the murine colon (see Section 1.2.2.8). The function

of CD24 in the GI tract was unknownatthe start of starting this thesis, although

its function has been elucidated in other tissues (Miller et al., 1985; Nielsen et al.,

1997; Senneret al., 1999). CD24 has also recently been shownto be expressed in

colon cancer stem cells (Vermeulen ef al., 2008); and increased expression of

CD24 in colon cancer has been demonstrated to correlate with shortened patient

survival (Weichert et al., 2005).

Chapter 3 therefore investigated the expression and function of CD24 in the GI

tract in order to confirm or eliminate this glycoprotein as a stem cell marker in

these tissues. CD24 expression was investigated using primary cultures of gastric

glands and colonic crypts. Using dual immunofluorescent staining, CD24 was

shownto be expressed in someparietal and enteroendocrinecells of gastric glands

as well as some enteroendocrine cells of colonic crypts. Interestingly, CD24 was

also expressed in a few cells which were neither parietal nor enteroendocrine

cells, suggesting that CD24 is expressed by a subpopulation of cells, which may

include the stem cells, in these tissues (see Sections 3.3.3.2 and 3.3.3.3). These

findings correlate with recent studies, which have shown that CD24 is expressed
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in subpopulations of colonic and pancreatic cancer stem cells (Vermeulen et al.,

2008; Lee et al., 2008; Huanget al., 2008); and liver progenitor cells (Yovchev er

al., 2008). It was also shown using this technique that CD24 overexpression was

not solely localised to the bottom of colonic crypts, where the stem cells are

postulated to reside in thistissue.

The function of CD24 wasrelatively unknownin the GI tract prior to the work

described in this thesis. We used both in vitro and in vivo techniques to

investigate CD24 function and employed a GI cell line model and a transgenic

mouse modelrespectively. Similar results were obtained in each case. Jn vitro,

CD24 function was elucidated by reducing its expression in HT29 colon cancer

cells using siRNA (see Section 3.3.2). Results showed that reduced CD24

expression caused increased apoptosis and reduced proliferation in this cell line;

implying that CD24 acts in an anti-apoptotic/pro-proliferative manner. However,

cells were designated apoptotic based on detachment from the culture flask and

proliferative if they remained attached. This technique however may not give an

accurate estimate of each process. Therefore in future, the differences in

apoptosis and proliferation between CD24 siRNA and control siRNA-reated cells

need to be confirmed using apoptotic/mitotic specific-assays, such as FACS for

BrdU-labelled or active caspase-3-labelled cells or the Caspase-Glo® 3/7 assay

(Promega UK, Southampton, UK); which produces luminescence proportional to

the concentration of caspase-3 present in cell samples.

In vivo, we report for the first time that CD24” mice show increased epithelial

apoptosis in the stomach, small intestine and colon (both in the resting state and

following DNA damage by y-irradiation) when compared to the wild type

C57BL/6 background strain. Also, reduced crypt survival was observed in

Ccp24” mice following high doses of radiation (10Gy and 12Gy). These

findings suggest that CD24acts in an anti-apoptotic mannerin the GItract in vivo.

This correlates with observations of increased CD24 expression in colon cancer

(Jung et al., 2004b; Lim and Oh, 2005; Vermeulen eral., 2008), as evasion of
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apoptosis is one of the properties suggested by Hahn and Weinberg (2002)that a

cell must possess in order for it to become malignant.

Howeverwhen the pre-cancerous lesions known as ACFs were induced in mouse

colon using the carcinogen AOM (see Section 1.6.5), no differences were found

between CD24? mice and C57BL/6 mice. Therefore, CD24 is unlikely to be

involved in the induction of tumour formation in this tissue.

CD24 expression was also observed to be slightly up-regulated in regenerating

small intestinal epithelium by Western blotting (see Section 3.3.4). Regenerating

epithelia are theoretically enriched for stem cells (Hendry ef al., 1992); and

therefore this increase in CD24 abundance could be representative of the

increased numbersof clonogenic cells present.

This thesis described the phenomenon of CD24’s effect on apoptosis in the GI

tract, but not the mechanism by whichit acts. It would therefore be interesting to

elucidate this mechanism further. One possibility would be to use cDNA or qPCR

microarrays to determine which apoptosis-regulating genes (see Section 1.5.1) are

differentially expressed when CD24 is knocked out in both cell line and

transgenic mouse models.

As CD24 was not shownto be a specific stem cell marker protein in the GItractin

Chapter 3, Chapter 4 attempted to identify novel candidate stem cell marker

proteins using proteomics techniques. Regenerating small intestinal epithelia

from wild type C57BL/6 mice 96 hours following 12Gy y-irradiation were

compared to unirradiated controls using 2D SDS-PAGE;and proteins judged to

be up-regulated in the regenerating samples were assessed further. Mortalin-2

(Mot-2) and Keratin-19 (K-19) were selected as candidate stem cell markers

following subsequentliterature searching (see Section 4.3.1).

Mot-2 has been shownto bind to and sequester p53 to the cytoplasm (Wadwhaer

al., 2002), thus extending the lifespan of human lung fibroblasts and TIG-1 cells
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(Kaula et al., 2000; Wadhwaet al., 2005) and also to interact with telomerase to

maintain chromosomal telomeres (Kaul et al., 2003). In addition, Mot-2 is

associated with malignant transformation of murine NIH 3T3 cells when

overexpressed (Kaul et al., 1998) and has been shownto correlate with poorer

survival and prognosis in humancolorectal adenocarcinoma (Dundaset al., 2004).

These factors led us to postulate that Mot-2 could be a potential intestinal stem

cell marker. Although Mot-2 and Mot-1 proteins are closely related in terms to

sequence (differing by only two amino acid residues and sharing a protein

accession number), C57BL/6 mice express only the Mot-2 isoform (Wadhwaet

al., 1996). Therefore Mot-1 was not investigated further. In Sections 4.3.3 and

4.3.4 we showed by IHC that Mot-2 was expressed in several cell types in healthy

small intestinal and distal colonic crypts, as well as small intestinal villi. These

data suggest that Mot-2 is not solely a stem cell marker in these tissues. This

technique also showed that Mot-2 expression was maximal at 96 hours post-

irradiation in both tissues, possibly implicating Mot-2 in proliferation or evasion

of apoptosis during crypt regeneration. Alternatively, this increased expression

could have resulted not from enrichment for clonogenic cells; but as a response to

the oxidative stress placed on tissues by the ionising properties of y-radiation

(Riley, 1994).

The increased Mot-2 expression observed using 2D SDS-PAGEandlater by IHC

could not however be confirmed using Western blotting in Sections 4.3.3 and

4.3.4; possibly due to the different sample preparation methods used for the two

techniques (see Sections 2.16 and 2.17). Therefore the increased Mot-2

abundance shown by the 2D SDS-PAGEgels needs to be validated using an

alternative experimental technique (such as qPCR).

K-19 is a small cytokeratin that has previously been identified as a marker of skin

stem cells (Michel et al., 1996; Xie et al., 2006). Also, K-19 is thought to be

expressed by stem cells in the pancreas (Yangef al., 2007) and liver (Schmelzeret

al., 2006). Similarly to the postulated stem cell markers CD24 and Mot-2, K-19

overexpression in cancer has been shown to correlate with shortened patient

239



survival and poorer prognosis (Hoffmannet al., 2007). Based on these data, K-19

wasselected as our second candidate stem cell marker in Chapter 4.

Using IHC, K-19 was shownin Section 4.3.6 to be expressed towards the base of

unirradiated small intestinal crypts, but expression was also seen in villus cells,

suggesting that this protein also is not solely a stem cell marker in this tissue. The

K-19-positive cells in the crypt region were interspersed amongst the Panethcells.

Therefore K-19 may be expressed by the so-called crypt base columnarcells (see

Lgr5 expression, Section 1.2.2.5) as well as by absorptive enterocytes. K-19

expression was shown to initially decrease and then increase during the

regenerative period following y-irradiation in the small intestine, which is

concurrent with the initial increase then decrease in the numberof apoptoticcells.

The changesin protein abundance were confirmed using Western blotting. In the

colon, K-19 expression was shown by IHC and Western blotting to be increased

from 6 hours post-irradiation; and to then remain elevated throughout the

regenerative period (see Section 4.3.7). This was possibly due to the colon being

more radioresistant than the small intestine; and therefore K-19 could potentially

exert an anti-apoptotic effect. In fact, K-19 has been shownto be up-regulated in

the MCF-7 MRbreast cancer cell line (along with other self-healing proteins)

when apoptosis was induced (Monge er al., 2006). In the small intestine, the

decrease in K-19 expression observed at 6 hours post-irradiation may allow DNA-

damagedcells to undergo apoptosis and hence be deleted from thereplicatingcell

population. This mechanism reducesthe likelihood that mutatedcells are retained

by the tissue.

While the two selected proteins studied were judged unlikely to be solely stem

cell markers in the GI tract, several other proteins that were found to be up-

regulated in irradiated mouse epithelia by proteomic analysis currently remain

unevaluated (see Chapter 4, Table 4.1). Of these, nucleophosmin (Li et al., 2006;

Nozawaetal., 1996; Zouet al., 2005), heat shock cognate 71 kDa protein (Son er

al., 2005) and a-enolase (Lyngholm et al., 2008) could be of further interest with

regard to being potential stem cell markers; while secretogranin-1 (Bryan et al.,
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1991; Lampert et al., 1985) could be of further interest clinically in relation to

graft versus host disease (see Section 4.4). Therefore there are several avenues of

future work open to further study arising from this chapter.

In Chapter 5, we explored the response of pericryptal myofibroblasts during the

course of regeneration following irradiation in the small intestine and colon. The

normal homeostasis of the gut epithelium is reliant upon signals such as

cytokines, growth factors, chemokines and inflammatory mediator proteins

(Powell et al., 1999) produced by the adjacent myofibroblasts in a paracrine

manner. Although the epithelial response to radiation-induced injury has been

well characterised (Merritt et al., 1996; Potten and Grant, 1998; Martin er al.,

1998), the response of intestinal myofibroblasts has been less well investigated.

Additionally, myofibroblasts have been implicated in diseases such as colon

cancer (Powell et al., 2005; Adegboyega er al., 2002; Beppu et al., 2008) and

inflammatory conditions of the GI tract (McKaig er al., 2002; McKaig et al.,

2003; Francoeuret al., 2009; Jackson et al., 2000).

We used 12Gy y-irradiation and evaluated the changes in_ pericryptal

myofibroblast numbers at key time points during the course of regeneration (6

hours, 24 hours, 48 hours, 72 hours and 96 hours post-irradiation). Using IHC

and IHF for the myofibroblast marker a-SMA, we found that myofibroblast

numbers increased from 6 hours to 72 hours post-irradiation; and that this increase

was more marked in the small intestine than in the colon (see Section 5.4.1.1).

This change waslikely to be due to the myofibroblasts assisting in reconstituting

the architecture of the normal epithelium following injury. Although Neal and

Potten (1981a) described mitosis of myofibroblasts following radiation injury in

the small intestinal mucosa, we did not observe any myofibroblast proliferation

using either Ki67 or BrdU IHC. Therefore the increased number of

myofibroblasts present in the mucosa adjacentto the epithelium waslikely to have

been due to inward migration from the bone marrow asdescribed by Brittan etal.

(2002). Alternatively, differences in experimental conditions (such as the mouse

strain, radiation dose and timepoints studied) between our studies and those of
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Neal and Potten (1981a) could account for any discrepancies. Similarly, when

investigating apoptosis, no active caspase-3-positive myofibroblasts were

observed following irradiation; even though myofibroblast apoptosis was

previously described by Neal and Potten (1981b). Apoptosis of myofibroblasts is

still a possibility, as previous studies used different timepoints, different mouse

strains and different doses of radiation compared to the studies described in

Chapter 5. It is also possible that myofibroblast apoptosis occurs within the

lamina propria in a ‘graveyard’ zone (Neal and Potten, 1981b) and that

myofibroblasts migrate away from the PCFS before expressing active caspase-3

and undergoing subsequent fragmentation.

Although we found changes in myofibroblast numbers during gut regeneration

following irradiation, the mechanism(s) which govern this process remain to be

elucidated. As we found that the growth factor FGF-2 was unlikely to be

involved in the regeneration of the gut via epithelial-mesenchymalsignalling (see

Section 5.4.2), future work needs to identify which factors are actually

responsible. Possibilities include extracellular matrix proteins (Simon-Assmanet

al., 1990), MMP-7/IGFBP-5/IGF II pathway proteins (Hemers ef al., 2005;

Gomez et al., 1997; McKaig et al., 2003; Vallance et al., 2005) and Wnt-

signalling proteins (Bienz and Clevers, 2000; Fritsch et al., 2002).

To conclude, the stem cells of the GI tract remain elusive. Although the proteins

CD24, Mot-2 and K-19 were eliminated as specific stem cell marker candidates,

they nevertheless represent interesting avenues for future work involving the

regulation of homeostasis in the GI tract. Likewise, this thesis has implicated

myofibroblasts in the regulation of homeostasis in the small intestine and colon;

although the mechanisms by whichthis occurs haveyetto be elucidated.
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Appendix 1:

Buffers and solutions
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Al1.1_ Phosphate-buffered saline (PBS)

NaCl 8.0g

KCL 0.2g

Na2HPO, 1.44¢

KH2PO,4 0.24¢

800ml of dH2O was added and the pH adjusted to 7.4. This was then made up to

1L and all PBS used in tissue or cell culture was autoclaved to sterilise

beforehand.

A1.2. Tris-buffered saline (TBS)

Tris base 6.05g

NaCl 8.5¢g

800ml of dH2O was added andthe pH adjusted to 7.4. This was then made up to

1L.

A1.3. 4% Formalin solution

100ml of 40% formalin stock solution was added to 900ml PBS.

Al.4. 2% (3-Aminopropy])triethoxysilane (APES) solution

8ml of APES stock solution was added to 400ml of acetone. Slides were

immersed in this working solution for 2 minutes, repeatedly dipped in acetone

until beading ceased, dipped in 2 washes of dH2O until beading ceased and dried

at 37°C overnight.

A1.5_ Citric acid buffer

2.94¢ of sodium citrate dihydrate was dissolved in 800ml dH)O, the pH adjusted

to 6 and this was diluted to 1L.
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A1.6 Tris-HCI/1% bovine serum albumin (BSA)

NaCl 8.1g

Tris base 0.6g

1M HCl 3.8ml

BSA 10g

800ml of dH2O was added andthe pH adjusted to 7.6. This was then made up to

1L.

Al1.7 RIPAbuffer

5M NaCl

10% igepal CA-630

8.5ml

10ml

0.5M ethylenediaminetetraacetic acid (EDTA) 200u1

5% deoxycholic Acid

1M tris base, pH 8.0

10% sodium dodecyl sulphate (SDS)

0.5M NaF

0.4M sodium orthovanadate

10ml

Sml

Iml

2ml

100ul

100mL of dH»O was added and the RIPA buffer stored at 4°C. 1% protease

inhibitor cocktail set III and 0.07% 8-mercaptoethanol were addedpriorto use.

A1.8 SDSpolyacrylamidegel electrophoresis (SDS-PAGE)stacking gel (per

test and loading control gel)

dH20

Acrylamide/bis-acrylamide

0.5Mtris base, pH6.8

10% SDS

10% ammonium persulphate (APS)

Tetramethylethylenediamine (TEMED)

6.17ml

1.33ml

2.5ml

100u1

50ul

10ul

245



A1.9 10% SDS-PAGEresolving gel (per test and loading control gel)

dH,O 8.4m]

Acrylamide/bis-acrylamide 6.6ml

1.5M tris base, pH 8.8 5ml

10% SDS 200u1

10% APS 100u1

TEMED 10u1

A1.10 12% SDS-PAGEresolving gel (per test and loading control gel)

dH20 7ml

Acrylamide/bis-acrylamide 8ml

1.5M tris base, pH 8.8 5ml

10% SDS 200u1

10% APS 100u1

TEMED 10u1

A1.11 SDS-PAGErunning buffer

Glycine 14.4¢

Tris base 3.03g

10% SDS 10ml

Dissolved in 1L dH20.

A1.12 SDS-PAGEtransfer buffer

Glycine 14.4g

Tris base 3.03¢

Methanol 200ml

Dissolved in 800ml dH,0.
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A1.13 Iso-electric focussing (IEF) lysis buffer

Urea 16.8¢

Thiourea 6.1g

3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonat (CHAPS)  1.6g

Tris base 194mg

40ml of ddH2O was added and the IEF lysis buffer stored in aliquots at -20°C.

1% Dithiothreitol (DTT) was addedpriorto use.

A1.14 IEF rehydration solution

Urea 13.5g

CHAPS 0.5g

Bromophenol blue a few grains

25ml of ddH2O was added and the IEF rehydration solution stored in aliquots at

-20°C. Immobilised pH gradient (IPG) buffer and DTT were added before use as

described in Materials and methods.

A1.15 SDS equilibration solution

1.5M tris/HCl, pH 8.8 6.7ml

Urea 72.07¢g

Glycerol 69ml

SDS 4.0g

Bromophenolblue a few grains

200ml of ddH2O wasadded and the SDS equilibration solution stored in aliquots

at -20°C. DTT or iodoacetamide was added before use as described in Materials

and methods.

A1.16 2DE SDS-PAGEresolving gel (per test and control gel)

Electrophoresis buffer (National Diagnostics, Atlanta, Georgia, USA) 160ml

Protogel (National Diagnostics, Atlanta, Georgia, USA) 100ml

10% APS 1.6ml

TEMED 160u1
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A1.17 Agarose sealing solution

Agarose 0.5g

Electrophoresis buffer 100ml

Bromophenol blue _a few grains

The mixture was microwavedcarefully until all of the agarose had dissolved and

the agarose sealing solution wasthen stored in aliquots at -20°C.

A1.18 50% Acetonitrile (ACN)/50mM ammonium bicarbonate

ACN 5ml

100mM ammonium bicarbonate S5ml

A1.19 60% ACN/1% trifluorocetic acid (TFA)

ACN 600u1

TFA 10ul

ddH20 400u1

A1.20 Trypsin solution

Stock trypsin (Promega UK Ltd., Southampton, Hampshire, UK) solution of

400ug/ml was diluted 1:80 in 5|0mM ammonium bicarbonate to give a working

solution of Sng/ul.

A1.21 Matrix solution

a-cyano-4-hydroxycinnamic acid (HCCA) matrix (LaserBio Labs, Sophia-

Antipolis, France) was equilibrated to RT in a desiccator prior to dissolving and

the following added:

HCCA 10mg

ACN 500u1

ddH2O0 500ul

TFA Iul
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Appendix 2:

List of identified proteins found to be up-regulated

in irradiated mouse small intestine
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Protein (accession Mowse

 

 

 

 

 

 

 

 

 

 

 

 

  

Function Reference
number) score

10 kDaheat shock

ichaadsai 108 Mitochondrial protein biogenesis. Tees

(Q64433)

a eroteinshock Mitochondrial protein import and

mitochondrial 17 macromolecular assembly. May http://www.expasy.org

facilitate the correct folding of /aniprot/P63038
[Precursor] : .
(P63038) imported proteins.

7B EDa. glucose Facilitates the assembly of ;
regulated protein 260 eee tei 1 http://www.expasy.org

[Precursor] mas THepro raesaad /uniprot/P20029
(P20029) inside the ER.

ATPsynthase

subunit alpha, .

mitochondrial 104 Produces ATP from ADP. http://wwwexpasy.org
(Precursor! /uniprot/Q03265

(Q03265)
ATPsynthase

Seva beta, http://www.expasy.org
mitochondrial 135 Produces ATP from ADP. Juniprot/P56480

[Precursor] P

(P56480)
Creatine kinase,

ubiquitous Reversibly catalyses the transfer of hitp://www.expasy.org

mitochondrial 74 phosphate between ATP and h ni */P30278

[Precursor] various phosphogens. a

(P30275)

Cyisehrome Deel Componentof the ubiquinol- http://www.expasy.org

complex SubaGst7 as cytochromec reductase complex /uniprot/Q9D855(Q9D855) pee P
Heat shock cognate http://www.expasy.org

71 kDaprotein 123 Chaperone. fani rot/P6301 7 °

(P63017) 2
Organisation of myofibers.

Keratin, type I Together with KRT8,helps to link http://www.expasy.org

cytoskeletal 19 173 the contractile apparatus to h ‘ TBIBORL

(P19001) dystrophin at the costameres of uMPTO

striated muscle.

Malate

aa 84 Catalyses (S)-malate + NAD*to http://www.expasy.org

oxaloacetate + NADH. /uniprot/P08249
[Precursor]

(P08249)
Nucleobindin-1 Major calcium-binding protein of http:

: 3 ttp://www.expasy.org
[Precursor] 118 the Golgi. May havea role in /uniprot/Q02819

(Q02819) calcium homeostasis.

Protein disulfide- Catalyses the formation, breakage ;
isomerase ; http://www.expasy.org

195 and rearrangementof disulfide :
[Precursor] bonds /uniprot/P09103

(P09103) ‘
Protein disulfide-

isomerase A3 146 Catalyses the rearrangement of http://www.expasy.org

[Precursor] disulphide bondsin proteins. /uniprot/P27773

(P27773)     
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Secretogranin-1 A neuroendocrine secretory granule
http://www.expasy.org

 

 

 

 

 

 

  protein 2 (Q4U4S6)   

[Precursor] 78 protein, may be the precursor for .

(P16014) other biologically active peptides. AUSpeOUETOU

Serum albaonn Regulation of the colloidal osmotic http://www.expasy.org

LeSrusor] “ ressure of blood /uniprot/P07724(P0724) Press unip
Inhibits the auto- and

SH3 domain- transphosphorylation activity of

binding protein 5 104 BTK.Negative regulatory role in http://www.expasy.org

(oozi 31) BTK-related cytoplasmic signaling /uniprot/Q9Z131

in B-cells. Involved in BCR-

induced apoptotic cell death.

Short-chain specific

angie Catalyses Butanoyl-CoA + acceptor
dehydrogenase, 6 fo, 3SuenosCoA sredoped http://www.expasy.org

mitochondrial y /uniprot/Q07417
acceptor.

[Precursor]

(Q07417)

Stress-70 paotein, Implicated in the controlof cell
mitochondrial . . . http://www.expasy.org

68 proliferation and cellular aging.
[Precursor] May also act as a chaperone /uniprot/P38647

(P38647) y Perone.
Tubulin alpha-1C : : . http://www.expasy.org
chain (P68373) 94 Major constituent of microtubules. /uniprot/P68373

Tubulin beta-5 chain . http://www.expasy.org
(P99024) 121 Majorconstituent of microtubules. juniprot/P99024

Xin actin-binding . .
repeat-containing 74 Protects actin filaments from http://www.expasy.org

depolymerisation.  /uniprot/Q4U4S6  
 

Table A2.1: List of up-regulated proteins identified by MALDI-TOF in

irradiated mouse small intestine 2D SDS-PAGEgel 1.
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Protein (accession Mowse

 

 

 

 

 

 

 

 

 

 

 

 

  

Function Reference
number) score

10 kDa heat shock

protein, ; . ae . http://www.expasy.org/
miteciondtal 70 Mitochondrial protein biogenesis. uniprot/Q64433

(Q64433)

“ KDaheatshock Mitochondrial protein import and

<aamdri“fl 102 macromolecular assembly. May http://www.expasy.org/

(Presursor| facilitate the correct folding of uniprot/P63038

(P63038) imported proteins.

Te kDa glucose Facilitates the assembly of
regulated protein a = http://www.expasy.org/

75 multimeric protein complexes .
[Precursor] inside the ER uniprot/P20029

(P20029) .

Acyl-coenzyme A

thioesterase 10, Catalyses the hydrolysis of acyl- .
mitochondrial 151 CoAsto the free fatty acid and agees

[Precursor] coenzyme A (CoASH). P

(Q32MW3)
Acyl-protein Hydrolyses fatty acids fromS- http://www.expasy.org/

thioesterase 1 89 acylated cysteine residues in uniprot/P97823

(P97823) proteins. P
Role in glycolysis, plays a part in

growth control, hypoxia tolerance

Alpha-enolase 75 and allergic responses. Receptor http://www.expasy.org/

(P17182) and activator of plasminogen on uniprot/P17182

the cell surface of several cell-

types.

ATPsynthase

subunit d, http://www.expasy.org/

mitochondrial ol Peodlives Soi-toat aieE uniprot/Q9DCX2

(Q9DCX2)
Cytochrome b-cl Lo. .

; Componentof the ubiquinol- http://www.expasy.org/
complex subunit 7 101 .

(Q9D855) cytochromec reductase complex. uniprot/Q9D855

Galectin-2 . - . http://www.expasy.org/
(Q9CQWS) 92 Binds beta-galactoside. uniprovQ9CQWS

Heat shock cognate .

71 kDa protein 68 Chaperone. saeeeerPeon

(P63017)
Hemoglobin Involved in oxygen transport from .

subunit alpha 68 the lung to the various peripheral httpSe

(P01942) tissues. P
Involved in the packaging of pre-

ee mRNAinto hnRNPparticles, http://www.expasy.org/
. . 100 transport of poly(A) mRNA from saadiliitie ton je
ribonucleoprotein uniprot/P493 12

the nucleusto the cytoplasm and
Al (P49312) Se as .

may modulate splice site selection.

Involved with pre-mRNA

Heterogeneous processing. Forms complexes

nuclear 77 (ribonucleosomes) with at least 20 http://www.expasy.org/

ribonucleoproteins other different hnRNP and uniprot/O88569

A2/B1 (088569)   heterogeneous nuclear RNA in the

nucleous.   
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Keratin,type I

Organisation of myofibers.

Together with KRT8,helps to link
http://www.expasy.org/

 

 

 

 

 

 

 

 

 

 

 

     

cytoskeletal 19 209 the contractile apparatus to .

(P19001) dystrophin at the costameres of uniprot/P19001

striated muscle.

Malate

ae 157 Catalyses (S)-malate + NAD+ to http://www.expasy.org/

[Precursor] oxaloacetate + NADH. uniprot/P08249

(P08249)
. ‘ Binds F-actin, may play a role in

Micromabuleset 75 cross-linking actin to other http://www.expasy.org/

1 (090X260) cytoskeletal proteins. Also binds to uniprot/Q9QXZ0

microtubules.

Nucleobindin-1 Major calcium-binding protein of http://www.expasy.org/
[Precursor] 118 the Golgi. May havea role in uniprot/Q02819

(Q02819) calcium homeostasis. P

Associated with nucleolar

. ribonucleoprotein structures and .

ane 149 bind single-stranded nucleic acids. SeCale=

Mayfunction in the assembly P

and/or transport of ribosomes.

Protein disnlfides Catalyses the formation, breakage .
isomerase . http://www.expasy.org/

103 and rearrangementof disulfide .
[Precursor] ends uniprot/P09 103

(P09103) .

RUNand FYVE
domain-containing http://www.expasy.org/

protein 4 e Deksiowal uniprot/Q6ZNE9

(Q3TYX8)
Secretoeranin-1 A neuroendocrine secretory

recutsor] 99 granule protein, may be the http://www.expasy.org/

(P16014) precursor for other biologically uniprot/P16014

active peptides.

seed 88 Regulation of the colloidal osmotic http://www.expasy.org/

(Orie4) pressure of blood. uniprot/P07724

Inhibits the auto- and

. transphosphorylationactivity of

bes mee 5 6 BTK.Negative regulatory role in http://www.expasy.org/

m (052131)- BTK-related cytoplasmic signaling uniprot/Q9Z131

in B-cells. Involved in BCR-

induced apoptotic cell death.

Short-chain
specific acyl-CoA _

dehydrogenase, Catalase Butanoy! CoA http://www.expasy.org/
: . 76 acceptor to 2-butenoyl-CoA + .

mitochondrial uniprot/Q07417
[Precursor] reduced acceptor.

(Q07417)
Stress-70 protein, . .

mitochondrial nopheaiee in the control of ask http://www.expasy.org/
69 proliferation and cellular aging. :

[Precursor] uniprot/P38647
(P38647) Mayalso act as a chaperone.

Tubulin alpha-1C ; ‘ ‘ http://www.expasy.org/
chain (P68373) 69 Major constituent of microtubules. uniprot/P68373
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Voltage-dependent
anion-selective

Forms a channel through the

mitochondrial outer membrane and
the plasma membrane. Allows http://www.expasy.org/

 

 

channel protein 1 zt diffusion of small hydrophilic uniprot/Q60932

(Q60932) molecules. Involved in cell

volumeregulation and apoptosis.

Xin actin-binding
repeat-containing 68 Protects actin filaments from http://www.expasy.org/

protein 2 depolymerisation. uniprot/Q4U4S6

(Q4U4S6)     
 

Table A2.2: List of up-regulated proteins identified by MALDI-TOF in

irradiated mouse small intestine 2D SDS-PAGEgel 2.
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Protein (accession Mowse

 

 

 

 

 

 

 

 

 

 

 

 

     

Function Reference
number) score

10 kDa heat shock

protein, : : wi Gl http://www.expasy.org/
mitochondrial 208 Mitochondrial protein biogenesis. uniprot/(Q64433

(Q64433)

a kDaheatBOER Mitochondrial protein import and

aitiondrial 9] macromolecular assembly. May http://www.expasy.org/

iFiecanon) facilitate the correct folding of uniprot/P63038
(P63038) imported proteins.

Acyl-protein Hydrolyses fatty acids fromS- http://www.expasy.org/

thioesterase 1 97 acylated cysteine residues in niprot/P97823

(P97823) proteins. ump
Role in glycolysis, plays a part in

- growth control, hypoxia tolerance .

Alpha-enolase 123 and allergic responses. Receptor and http://www.expasy.org/
(P17182) narlesmpar cant uniprot/P17182

plasminogenonthecell

surface of several cell-types.
Calcium-regulated membrane-

Annexin A2 binding Protein cieises aetnayet http://www.expasy.org/
(P07356) 78 calcium is greatly enhanced by uniprot/P07356

anionic phospholipids. It binds two

calcium ions with highaffinity.

ATPsynthase

subunit alpha, .

mitochondrial 108 Produces ATP from ADP. LngWeepUSYOU
uniprot/Q03265

[Precursor]

(Q03265)
ATPsynthase
subunit beta, .

mitochondrial 191 Produces ATP from ADP. itp.WvWWGeRpasy-ONe!
uniprot/P56480

[Precursor]

(P56480)
ATPsynthase

subunit d, http://www.expasy.org/

mitochondrial 160 Produces.ATE mem.0r uniprov(Q9DCX2
(Q9DCX2)

Cyioehrome ba Componentof the ubiquinol- http://www.expasy.org/

complex Subunit? a cytochromec reductase complex uniprot/Q9D855
(Q9D855) :

Elongation factor Promotes the GTP-dependent

Tu, mitochondrial 99 binding of aminoacyl-tRNAto the A- http://www.expasy.org/

[Precursor] site of ribosomes during protein uniprot/Q8BFRS

(Q8BFRS) biosynthesis.

Galectin-2 : : http://www.expasy.org/
(Q9COWS) 82 Binds beta-galactoside. uniprot/(Q9CQWS

Guanine : Involved in modulating or .
nucleotide-binding . . http://www.expasy.org/

’ 83 transducing in various ‘

Protein alpuaels transmembranesignaling systems. uniprouE2760!
subunit (P27601) °

Hemoglobin Involved in oxygen transport from .

subunit alpha 112 the lung to the various peripheral aeee

(P01942) tissues. P
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Involved with pre-mRNAprocessing.

 

 

 

 

 

 

 

 

 

 

 

    

Heterogeneous ;
nuclear Forms complexes (ribonucleosomes) hitp://www.expasy.org/

. . 141 with atleast 20 other different _ : 5
ribonucleoproteins hnRNPand h > 1 uniprot/O88569
A2/B1 (088569) n and heterogeneous nuclear

RNAin the nucleous.

Keratin, type I Organisation of myofibers. Together

cytoskeletal 19 204 with KRT8,helpsto link the http://www.expasy.org/

(P19001) contractile apparatus to dystrophin at uniprot/P19001

the costameres of striated muscle.

Plays a significantrole in
Keratin, type I maintaining keratin filament

éytoskeletal 20 69 organization in intestinal epithelia. http://www.expasy.org/
(Q9D312) When phosphorylated, plays a role in uniprot/Q9D3 12

the secretion of mucin in the small

intestine.

Keratin, type II Together with KRT19, helps to link

cytoskeletal 8 75 the contractile apparatus to http://www.expasy.org/

(P11679) dystrophin at the costameres of uniprot/P11679

striated muscle.

Componentof the nuclear lamina,

Lamin-A/C 102 whichis thought to provide a http://www.expasy.org/

(P48678) framework for the nuclear envelope uniprot/P48678

and mayalso interact with chromatin.

Malate

peaetry 100 Catalyses (S)-malate + NAD+ to http://www.expasy.org/

[Precurser] oxaloacetate + NADH. uniprot/P08249

(P08249)
. . Binds F-actin, may play role in

croselinkingfactor 82 cross-linking actin to other http://www.expasy.org/

1 (Q9QXZ0) cytoskeletal proteins. Also binds to uniprot/Q9QXZ0

microtubules.

Nucleobindin-1 Major calcium-binding protein ofthe .

[Precursor] 68 Golgi. May havea role in calcium httpaaaREASOT

(Q02819) homeostasis. uniprovQ02819
Associated with nucleolar

Nucleophosmin ibsnuclenprotsin structures and bind http://www.expasy.org/
(Q61937) 77 single-stranded nucleic acids. May uniprov/Q61937

function in the assembly and/or

transport of ribosomes.

Enola disalbde- Catalyses the formation, breakage .
isomerase f disulfide http://www.expasy.org/

[Precursor] 233 andl Teamangemento uniprot/P09 103
(P09103) bonds.

Protein disulfide-

isomerase A3 146 Catalyses the rearrangementof http://www.expasy.org/

[Precursor] disulphide bonds in proteins. uniprot/P27773

(P27773)
seceat 10 A neuroendocrine secretory granule http:/www.expasy.org/

protein, may be the precursor for uniprot/P 16014

(P16014) otherbiologically active peptides.

a alburnun 73 Regulation of the colloidal osmotic http://www.expasy.org/

[Or, pressure of blood. uniprot/P07724  
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Stress-70 protein,
Implicated in the controlof cell

 

 

 

     

mitochondrial . . : . http://www.expasy.org/
(Paennaat| 89 proliferation and cellular aging. May uniprot/P38647

(P38647) also act as a chaperone.

Tubulin alpha-1C 5 http://www.expasy.org/
chain (P68373) 104 Major constituent of microtubules. uniprot/P68373

Tubulin beta-5 . . . http://www.expasy.org/
chain (P9024) 76 Major constituent of microtubules. uniprot/P99024

Forms a channel through the
Voltage-dependent mitochondrial outer membrane and

anion-selective 88 the plasma membrane. Allows http://www.expasy.org/

channelprotein 1 diffusion of small hydrophilic uniprot/Q60932

(Q60932) molecules. Involved in cell volume

regulation and apoptosis.

Xin actin-binding

repeat-containing 68 Protects actin filaments from http://www.expasy.org/

protein 2 depolymerisation. uniprot/Q4U4S6

(Q4U4S6)
 

Table A2.3: List of up-regulated proteins identified by MALDI-TOF in

irradiated mouse small intestine 2D SDS-PAGEgel3.
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