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1.1 Structure of the large intestine 

1.1.1 Gross anatomy 

The human large intestine is approximately 1.5 m in length and is comprised of 

the caecum, the ascending, transverse, descending and sigmoid colon, the rectum and the 

anal canal (Figure 1.1). The caecum is a blind ending pouch below the ileocaecal valve, 

forming the boundary between the caecum and the colon. The ascending colon is 

approximately 15 cm in length and passes upwards from the caecum, before forming the 

right colic flexure marking the transition to the transverse colon. The transverse colon 

(50 cm) extends between the right and left colic flexures, and is suspended along most of 

its length by the transverse mesocolon, a double fold of peritoneum. At the left colic 

flexure, the transverse colon becomes the descending colon, which extends 

approximately 25 cm to the sigmoid colon. The sigmoid colon forms a loop within the 

pelvis and becomes continuous with the rectum. The rectum joins the anal canal at the 

anorectal junction, located in front of the tip of the coccyx. Along the length of the 

colon run taeniae of longitudinal muscle, which form sacculations known as haustrations 

in the colonic wall.
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Figure 1.1 Gross anatomy of the human large intestine 
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(Adapted from Grays Anatomy, 1995) 

The wall of the colon, like the small intestine, is made of a number of layers. 

Proximal to the lumen of the colon is the mucous membrane, consisting of the 

epithelium, lamina propria and muscularis mucosae (Figure 1.2). The epithelium is 

composed of numerous crypts (see section 1.1.2) up to 0.5 mm in depth. The lamina 

propria contains numerous single or aggregated lymphoid follicles extending into the 

submucosa. The muscularis mucosae is composed of thin inner circular and outer
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longitudinal visceral muscles layers, along with occasional elastic fibres. Underlying the 

mucous membrane is the submucosa, which is surrounded by a muscular coat containing 

both a thin layer of continuous circular muscle fibres and three longitudinal taeniae 

muscle fibre bundles. The muscular coat is covered by a protective serous layer, or in 

some areas such as between the ascending and descending colon and the posterior 

abdominal wall, simply by connective tissue. 

  

Figure 1.2 Structure of the human colonic wall 
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1.1.2 The colonic epithelium 

The colonic epithelium is composed of numerous crypts, surrounded by the 

lamina propria (Figure 1.2). Stem cells at the base of the crypts give rise to progenitor 

cells which differentiate along one of three cell lineages; columnar absorptive, goblet or 

enteroendocrine, as they migrate up the crypt axis towards the lumenal surface (Figure 

1.3). After 3-5 days, cells are lost from the lumenal surface by apoptosis (Hermiston ef 

al., 1994). Apoptosis is the process of programmed cell death, characterised by 

chromatin condensation and internucleosomal fragmentation of DNA (Wyllie, 1980). 

Goblet cells synthesise mucins and are characterised by a flat, basally located 

nucleus, abundant mucigen granules and extensive Golgi apparatus. Enteroendocrine 

cells are generally sparsely distributed in the lower half of the crypts, although taken 

collectively may constitute one of the largest endocrine glands in the body. The 

columnar absorptive cells are mainly located on the surface of the epithelium, and have 

specialized properties suited to their absorptive role. Fully differentiated absorptive 

epithelial cells (colonocytes) have a brush border membrane membrane composed of 

numerous microvilli. They possess tight junctions and other structural specialisations 

associated with the transepithelial transport of fluid and electrolytes (Colony, 1989). 

Mature colonocytes are polarised and have distinct apical and basolateral domains (see 

section 1.1.3).
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Figure 1.3 The colonic epithelium 
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1.1.3 Marker proteins of the colonocyte apical and basolateral membranes 

All epithelial cells possess both apical (or luminal) and basolateral plasma 

membrane domains, separated by tight junctions located in the lateral plasma 

membranes. The apical membrane of gastrointestinal cells face the intestinal lumen, and 

the basolateral membranes rest upon the underlying basal lamina. Most gastrointestinal 

epithelial cells display specialised structures associated with the plasma membrane
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domains, such as the microvilli of the colonocyte apical membrane. The protein 

composition of the apical and basolateral domains of intestinal epithelial cells is largely 

distinct (Table 1.1). This polarity of membrane protein localisation allows the vectorial 

transport of molecules, such as a variety of nutrients, across the epithelium. 

Table 1.1 Proteins of the apical and basolateral membranes of intestinal epithelial cells. 

Apical membrane 

Transport proteins: 

CFTR 

SGLT1 

GLUT3 

GLUTS 

P-glycoprotein 

NHE3 

Proteases: 

Aminopeptidase A 

Aminopeptidase N 

Angiotensin converting enzyme 

Miscellaneous proteins: 

Alkaline phosphatase 

Villin 

Muc-1 (mucin) 

(Adapted from Rindler and Hoops, 1994) 

Basolateral membrane 

Transport proteins: 

Ca ATPase 

GLUT1 

GLUT2 

Na,K-ATPase 

Na-K-2Cl cotransporter 

Receptors and associated proteins: 

CCK receptor 

Adenylate cyclase 

EGF receptor 

Miscellaneous proteins: 

CD4 

MHC class1 

MEC class II
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The polarity of protein expression in the apical and basolateral domains of colonic 

epithelial cells allows the characterisation of apical and basolateral domains according to 

the presence or absence of specific marker proteins. This is particularly useful when 

confirming the purity of plasma membrane preparations or when localizing a protein to a 

particular membrane domain by immunohistochemical techniques. The properties of 

some membrane marker proteins in the colonic epithelium are discussed below. 

1.1.3.1 Villin 

Villin is a structural protein exclusively associated with the microvillus core of 

the apical brush border of intestinal epithelial cells (Dudouet et al., 1987). The 

microvillus contains a bundle of 20-30 actin microfilaments, connected laterally by short 

microfilaments. Villin along with another protein, fimbrin, binds the actin filament along 

its length (Ho, 1992). Villin is a 95 kDa polypeptide (Bretscher and Weber, 1980) with 

three high affinity calcium binding sites (Hesterberg and Weber, 1983). It interacts with 

actin in a Ca**-dependent manner (Craig and Powell, 1980; Mooseker, 1985), and is 

essential for the establishment of apical microvilli (Costa de Beauregard ef al., 1995). 

Indeed, transfection of human villin cDNA into fibroblasts causes redistribution of actin 

and the formation of microvilli (Friederich et al., 1989). Immunohistochemical studies 

have localised villin exclusively to the brush border membrane of healthy colonic 

epithelial cells (Ho, 1992), confirming its suitability as a membrane marker.
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1.1.3.2 Na‘/H’ exchanger (NHE) 

The first Na’/H’ exchanger (NHE1) was first isolated from a mutant mouse 

fibroblast cell line (Sardet et al., 1989), but has subsequently been found to be widely 

expressed (Yun ef al., 1995). NHE1 is a 820 amino acid, amiloride sensitive, protein 

which transports Na” into the cell in exchange for a proton. Immunohistochemical 

analysis has localised NHE1 to the basolateral membrane of several epithelia (Tse et al., 

1991). Four more NHE isoforms have since been isolated, designated NHE2-5. Whilst 

showing significant structural homology, the NHE isoforms differ in cellular location, 

kinetics and sensitivity to hormonal regulation (Bianchini and Pouyssegur, 1994). The 

role of the NHE isoforms is to regulate intracellular volume and pH (Yun et al., 1995). 

All the NHE isoforms are activated by acidic conditions and cease to function at >pH 6 

(Sardet et al., 1989). NHE2 and NHE3 are expressed abundantly in the apical 

membrane of colonic epithelial cells (Hoogerwerf ef al., 1996). Neither protein has been 

detected in the basolateral membrane of mature intestinal epithelial cells (Hoogerwerf et 

al., 1994), making them suitable marker proteins of the colonocyte apical membrane. 

1.1.3.3. Na-K-2Cl cotransporter 

Na-K-2Cl cotransport proteins are expressed in many epithelial cells (Haas, 

1994), and are intrinsic to the vectorial transport processes. A number of structurally 

related cation-chloride cotransporters have recently been identified which all show 

sensitivity to diuretics such as bumetanide and exhibit strict ion interdependence (Payne 

et al., 1995; Xu et al., 1994). In gastrointestinal epithelial cells, the Na-K-2Cl isoform 

NKCC1 (BSC2) has been localised to the basolateral membrane of crypt cells
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(Matthews ef al., 1998). Here, it mediates Cl- transduction in concert with the 

basolateral Na-K ATPase and apical plasma membrane channels such as the cystic 

fibrosis transmembrane conductance regulator, CFTR (Halm ef al., 1990; Fuller and 

Benos, 1992). 

1.1.3.4 Facilitative glucose transporters 

Facilitative glucose transporters (GLUTs) transport glucose down a 

concentration gradient, and are expressed in the majority of mammalian cell types 

(Mueckler, 1994). The GLUTs belong to a large superfamily of 12 transmembrane 

domain transporters, and serve to mediate the uptake of glucose from the blood into the 

cell. Ten isoforms have so far been identified, each displaying distinct cellular location 

and kinetic properties. The major features of the characterised GLUT isoforms are 

shown in Table 1.2. 

Table 1.2 Mammalian glucose transporters 

  

Name Tissue distribution Function 

GLUT1 Abundant in human erythrocytes, transport across bloodbrainbarrier, 

foetal cells, endothelia, immortal- increased glucose supply for 

ized cells. growing cells. 

GLUT2 Hepatocytes, pancreatic B-cells high-capacity, low-affinity 

intestine, kidney transepithelial transport 

GLUT3 Wide tissue distribution in basal transport in many cells 

humans 

GLUT4 Skeletal muscle, heart, adipocytes rapid increase in transport in 
response to insulin 

GLUTS5 Small intestine, muscle, brain, intestinal absorption of fructose 

kidney 

GLUT7 hepatocytes mediates flux across endoplasmic 

reticulum 

  

(adapted from Mueckler, 1994)
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In the intestine, GLUT2 is expressed exclusively on the basolateral membrane of 

epithelial cells (Thorens, 1993), and is the only GLUT isoform expressed in the healthy 

colonic epithelium (Pinches ef al., 1993). Here it functions to absorb glucose from the 

blood across the basolateral membrane (Pinches et al., 1993). GLUT2 is a low affinity- 

high turnover transporter, with a comparatively high Km (Gould ef al., 1991). 

GLUT1 is a high affinity glucose transporter expressed predominantly in 

erythrocytes and in endothelial cells of the blood-brain barrier (Maher ef al., 1994). 

Transformation of cultured cells with ras or src oncogenes rapidly induces the 

expression of GLUT1 mRNA (Flier e¢ al., 1987; Birnbaum ef al., 1987), and GLUT] is 

aberrantly expressed in a wide range of human neoplasms (Younes ef al, 1996), 

including colonic carcinomas (Haber et al., 1998). 

1.2 Functions of the human colon 

The mammalian colon maintains fluid and electrolyte balance, absorbs nutrients, 

temporarily stores excreta, and contains a great diversity of commensal microflora. 

Whilst the absence of a colon, usually the result of surgery for ulcerative or neoplastic 

disease, is not necessarily fatal in man (Devroede ef al., 1971), it results in excessive 

levels of sodium, chloride and water loss (Phillips, 1969); dehydration and decreased 

body sodium (Clarke et al., 1967), and increased incidence of renal caculi (Bennet and 

Jepson, 1966). These debilitating effects reflect the importance of the colon in the 

maintenance of homeostasis in man.
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1.2.1 Absorption and secretion 

The healthy human colon absorbs 5-6 litres of water and 800-1000 mEq of 

sodium and chloride ions per day (Phillips and Devroede, 1979). This serves to 

dehydrate the faeces and protect against excessive losses of fluid. Absorption of water 

across the epithelial apical membrane is the result of osmotic pressure gradients caused 

by solute movement. The net uptake of water is proportional to the rate of Na’ 

absorption (Curran and Schwartz, 1960). The mammalian colon actively transports Na™ 

against a Na’ gradient (Devroede and Phillips, 1969) via a Cl dependent, electroneutral 

mechanism (Binder and Rawlins, 1973; Charney and Feldman, 1984). Na’ is extruded 

across the basolateral membrane by a Na, K-ATPase. The uptake of Na’ is regulated by 

steroids such as aldosterone, via the down-regulation of Na-H exchange and the 

concomitant induction of Na” channels (Foster et al., 1983). Chloride ions are absorbed 

by passive diffusion, along an electrochemical gradient, or actively via electroneutral Cl- 

HCO3 exchange and electroneutral NaCl absorption (Binder and Sandle, 1994). 

Potassium is thought to be absorbed by an electroneutral K-H exchange energized by a 

luminal membrane ATPase (Suzuki and Keneko, 1989). 

In addition to its absorptive role, the healthy human colon also secretes 

potassium and bicarbonate ions. Active potassium secretion has been demonstrated in 

the rat and rabbit proximal colon, and is inhibited by ouabain and sodium depletion 

(McCabe ef al., 1982; Wills and Biagi, 1982; Foster ef al., 1983). These results suggest 

the presence of a pump-leak mechanism, whereby the action of a basolateral potassium 

transporter (Na, K-ATPase or Na-K-2Cl cotransporter) results in high intracellular
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potassium levels and a net potassium secretion (Foster ef al., 1984). The secretion of 

bicarbonate ions is thought to play an important role in colonic function. Bicarbonate 

ions are absorbed across the basolateral membrane of colonocytes via sodium dependent 

Cl-HCO; exchange or electrogenic Na-HCO; cotransport (Rajendran ef al., 1991). 

Bicarbonate is then secreted across the apical membrane by Cl-HCO3 or SCFA-HCO3 

exchange (Binder and Sandle, 1994; see section 1.2.4). 

1.2.2 Microflora of the colon 

Indigestible components of the diet entering the colon are available for 

fermentation by commensal microflora present there. Conditions in the colon are ideal 

for bacterial growth and fermentation, with slow transit times and efficient mixing of 

lumenal contents (Hill, 1995). The bacterial load of the colon is estimated at 104 

organisms, with a total metabolic activity equivalent to that of the liver (Hill, 1986). 

This population is made up of a number of genera (Table 1.3). 

The major substrates for the microflora resident in the colon are complex 

carbohydrates, of which resistant starch, derived from foodstuffs such as peas and rice, 

accounts for 8-40 g/day (Englyst and Cummings, 1987). Other substrates include non- 

starch polysaccharides (NSP; cellulose, hemicellulose, pentosans) and endogenous 

substrates such as exfoliated epithelial cells and dead bacteria.
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Table 1.3 Microflora of the adult human colon 

EL  —————L—— 

Genus of bacteria logio (number per gram faeces) 

  

Non-sporing anaerobic bacteria: 

Bacteriodes spp 10-11 

Bifidobacterium spp 10-11 

Eubacterium spp 9-11 

Propionibacterium spp 9-11 

Veillonella spp 5-8 

Sporing anaerobic bacteria: 

Clostridium spp 5-10 

Bacillus spp 3-7 

Microaerophic bacteria: 

Lactobacillus spp 7-9 

Streptococcus spp 7-9 

Enterococcus spp 5-7 

Facultative bacteria: 

Escherichia spp 7-9 

Other enterobacteria 5-9 

  

(adapted from Hill, 1995) 

The major products of microbial fermentation are the short chain fatty acids 

(SCFA) acetate, propionate and butyrate. Ramussan (1992) proposed the following 

equation for overall fermentation in the gut: 

69 C6H1206 — 96 acetate + 22 propionate + 10 butyrate + 116 CO2 + 190 H2 + 21 H20 

The simplicity of this formula, however, disguises a considerable degree of complexity. 

The majority of the anaerobic bacteria present in the colon ferment carbohydrates via the
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Embden-Meyerhof-Panas pathway (Figure 1.4). In this pathway, carbohydrates are 

hydrolysed to simple sugars such as pyruvate, which are subsequently fermented to 

SCFA, with lactate and ethanol produced at low levels. The hydrogen produced by the 

fermentation process is utilised by methogenic, acetogenic or sulphate reducing bacteria 

or is excreted in breath or faeces (Macfarlane and Cummings, 1991) 

  

Figure 1.4 Pathways of microbial fermentation in the colon 
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1.2.3 Metabolism of SCFAs by the colonic epithelium 

In colonocytes isolated from healthy colonic mucosa, approximately 70% of the 

oxygen consumption is a result of butyrate metabolism (Roediger, 1982). Of the SCFAs 

absorbed by the colonic epithelium, butyrate is the preferred energy source, with 

propionate and acetate oxidised to a lesser degree (Roediger, 1982; Clausen and 

Martensen, 1994). Butyrate has the lowest Km of the SCFAs and suppresses the 

oxidation of both acetate and propionate. This is reflected by a very low concentration 

of butyrate detectable in the portal blood, with higher levels of acetate and propionate 

(Cummings et al., 1987; Dankert et al., 1981; Peters et al., 1992). Propionate present in 

the portal blood is taken up by the liver and converted into oxaloacetate (Bergman, 

1990). Acetate is utilised as a metabolic fuel by a number of tissues, including cardiac 

and skeletal muscle, brain and adipose tissue (Bergman, 1990; Macfarlane and Gibson, 

1995). SCFAs are metabolised by colonocytes to CO, and the ketone bodies 

acetoacetate and B-hydroxybutyrate via B-oxidation and ketogenesis. 

1.2.4 Absorption of SCFAs 

Short chain fatty acids are absorbed rapidly along the length of the colon 

(Cummings, 1994; Bergman, 1990), a process associated with secretion of bicarbonate 

and electrolyte absorption (Argenzio et al., 1977; Argenzio and Whipp, 1979). For 

many years it was thought that SCFAs were absorbed across the luminal membrane of 

the colonic epithelium by diffusion of the free acid (Ruppin ef al., 1980; Jackson, 1974). 

At the colonic luminal pH of 7, however, 95% of the SCFAs are present in the anionic 

form, which are unable to pass through the plasma membrane via diffusion. It is now
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increasingly evident that the transport of SCFAs occurs predominantly by a carrier- 

mediated mechanism. 

Carrier mediated transport is characterised by, amongst others; saturation 

kinetics, transport against a concentration gradient, cotransport with associated ions, and 

competitive substrate inhibition (Titus and Ahearn, 1992). All of these characteristics 

have been identified for SCFA transport across the lumenal membrane of a variety of 

cell types (Mascolo et al., 1991; Ritzhaupt et al., 1998a; Harig and Knaup, 1990). 

The mechanism of SCFA transport across the colonic epithelium has been 

studied using a variety of methods, namely, in vitro flux measurements across intact 

tissue using voltage-clamp conditions, in vivo luminal perfusion studies and uptake into 

purified luminal and basolateral membrane vesicles (Binder and Sandle, 1994). The 

results of studies using each of these techniques are summarised below. 

1.2.4.1 In vivo SCFA transport studies 

The absorption of SCFAs in the colon has been studied in vivo in a variety of 

species, including rat (Umesaki ef al., 1979), guinea pig (Rechkemmer and Engelhardt, 

1988) and human (Holtug eft al., 1995; Ruppin ef al., 1980). These studies have 

indicated that SCFA absorption displays saturation kinetics, indicative of a carrier 

mediated process (Reckhemmer ef al., 1995). The absorption of SCFA was invariably 

accompanied by increasing luminal bicarbonate concentrations (Umesaki ef al., 1979), 

implicating an SCFA-HCO; exchange process.
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1.2.4.2 In vitro voltage-clamp SCFA transport studies 

In vitro voltage-clamp measurements are made using Ussing chambers. In this 

technique, the mucosal layer of the intestine is mounted in Ussing chambers and the 

isotopic flux is measured across the luminal membrane under voltage-clamped 

conditions. These conditions eliminate any driving forces for passive transport across the 

membrane (Rechkemmer ef al., 1995), allowing the flux of specific radiolabelled 

moeities across the mucosa to be measured under controlled conditions. Whilst studies 

using this technique have provided useful data regarding the transport of sodium, 

chloride and potassium in the intestinal epithelium, less information has been gained 

regarding SCFA transport. Although studies using Ussing chambers have reported 

SCFA absorption across rat, guinea pig and rabbit colon to occur via passive diffusion 

(Rechkemmer et al., 1995), others have identified a net secretion of SCFA (Hatch, 1987; 

Sellin and DeSoignie, 1990). As the serosal concentrations of SCFAs are known to be 

low, the physiological relevance of these findings is considered doubtful (Binder and 

Sandle, 1994). 

1.2.4.3 Studies of SCFA transport using apical membrane vesicles 

A number of studies have been performed analysing the mechanism of SCFA 

uptake into purified colonic apical membrane vesicles. These studies have consistently 

reported SCFA transport to occur via a carrier mediated, anion-exchange process with 

non-ionic diffusion playing little or no part (Mascolo et al., 1991; Stein et al., 1995; 

Ritzhaupt ef al., 1998a). Butyrate transport in luminal membrane vesicles (LMV) 

isolated from rat and human colon occurs via a DIDS insensitive mechanism displaying 

saturation kinetics (Mascolo ef al., 1991; Ritzhaupt ef al., 1998a). The uptake was
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stimulated by low pH, optimal at pH 6, but did not require the presence of an inwardly 

directed pH gradient. The uptake of butyrate was stimulated by an outwardly directed 

bicabonate gradient, supporting the evidence of butyrate-HCO3 exchange provided by in 

vivo studies (see Section 1.2.4.1). 

1.2.4.4 Identification of the human colonic butyrate transporter 

Ritzhaupt et al. (1998b) first reported that the protein responsible for the carrier- 

mediated transport of butyrate across the luminal membrane of human and rat colon is 

the monocarboxylate transporter 1 (MCT1). This conclusion was based on the findings 

that a) MCT1 is expressed in colonic epithelial cells, b) butyrate transport into colonic 

LMV is inhibited by monocarboxylates and known inhibitors of MCT1, c) expression of 

rat MCT1 in Xenopus oocytes results in significantly elevated rates of butyrate uptake 

(Ritzhaupt, 1998). These findings have since been supported by studies analysing the 

mechanism of butyrate uptake into human colonic epithelial cells in culture (Cuff ef al., 

2001; Stein et al., 2000; Hadjiagapiou et al., 2000). 

1.2.5 Monocarboxylate transporter 1 (MCT1) 

MCTI1 was first serendipitously identified by Kim ef al. (1992) whilst studying a 

mutant Chinese hamster ovary (CHO) cell line with greatly enhanced rates of 

mevalonate uptake. Sequence analysis of the cDNA of the transporter responsible for 

the increased uptake (Mev) revealed a point mutation in the membrane spanning region 

when compared to the wild-type cDNA. Subsequent expression studies by the same 

group demonstrated that the wild-type protein catalysed inhibitor sensitive 

monocarboxylate transport in a breast carcinoma cell line, leading them to name it
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monocarboxylate transporter 1 (MCT1; Garcia ef al., 1994a, Garcia et al., 1994b). The 

functional properties of MCT1 were found to be identical to the previously unidentified 

protein responsible for L-lactate transport in erythrocytes (Broer et al., 1997). 

Lactate is produced by glycolysis and must be transported out of the cell to 

prevent intracellular acidification, leading to inhibition of further glycolysis. This is 

particularly important in tissues such as white muscle and red blood cells, which utilise 

glycolysis as their main source of ATP under normal conditions. Other tissues (brain, 

heart, skeletal muscle, liver) readily oxidise lactic acid, which must therefore be 

absorbed by the cells from the blood. Lactate (pKa 3.86) is present almost entirely in its 

anionic form at physiological pH, and therefore requires a specific transport protein to 

cross the plasma membrane. Lactate transport was first studied in erythrocytes, which 

were found to transport lactate rapidly with classical Michaelis-Menton kinetics, 

indicative of the presence of a single transport protein (Halestrap, 1976). This was 

supported by the demonstration that lactate transport could be blocked by low 

concentrations of a-cyano 4-hydroxycinnamate (Halestrap and Denton, 1974). 

Confirmation of the role of MCT1 as the lactate transporter was achieved by purification 

of the active protein from erythrocytes by DIDS labeling followed by N-terminal 

sequencing (Poole and Halestrap, 1994).
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Figure 1.5 Topology of MCT1 
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(adapted from Halestrap and Price, 1999) 

MCT1 is a 40-45 kDa protein with a wide tissue distribution (Price ef al., 1998). 

It has the proposed topology of 12 transmembrane-spanning (TM) helices, intracellular 

C-and N-termini and a large intracellular loop between TM 6 and 7 (Figure 1.5; Juel and 

Halestrap, 1999). MCT1 transports lactate via a proton symport mechanism, whereby a 

proton binding precedes the binding of a lactate ion, followed by translocation across the 

membrane and sequential release (Poole and Halestrap, 1993). MCT1 is known to 

transport a wide range of monocarboxylates, including short-chain fatty acids; and has a 

number of inhibitors (Table 1.4). MCT1 also displays diversity in the mechanisms of
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Table 1.4 Substrates and inhibitors of MCT1 

  

Substrates Short chain fatty acids eg acetate, propionate, butyrate. Formate and branched 

chain monocarboxylates are poor substrates. 

Monocarboxylates substituted with halogens, hydroxyl, cyano or azido groups 

in 2 or 3 position eg monochloroacetate, dichloroacetate, L-lactate, L-2- 

chloropropionate, B-hydroxybutyrate and 3-chloro-propionate 

2 or 3 oxo-acids eg pyruvate, 2-oxobutyrate, acetoacetate 
Aromatic and branched chain monocarboxylates substituted in the 2 position 

are poor substrates but good inhibitors. 

Inhibitors Substituted aromatic monocarboxylates eg o-cyano-4-hydroxycinnamate, 

phenyl pyruvate, o-fluorocinnamate 

Sulphydryl reagents eg p-chloromercuribenzene, pyridoxal phosphate and 
phenylglyoxyl 

Miscellaneous eg phloretin, quercetin. 

(adapted from Juel and Halestrap, 1999) 

substrate transport. Whilst the transport of lactate in erythrocytes (Poole and Halestrap, 

1991), cardiac myocytes (Wang ef al., 1996) and hepatocytes (Jackson and Halestrap, 

1996) is proton coupled, in kidney it is sodium coupled (Poole and Halestrap, 1993). In 

colon, MCT1 transports butyrate via an anion exchange mechanism (Ritzhaupt ef al., 

1998b; see section 1.2.4.3). Known inhibitors of MCT1 include the branched chain 

aromatic monocarboxylates such as 4-CHC, bioflavenoids such as phloretin, thiol 

reagents such as p-chloromercuribenzene sulphonate (pCMBS) and, in the case of 

lactate transport, stilbene derivatives such as DIDS and SITS. Interestingly, DIDS and 

SITS are reported to have no effect on butyrate transport in the colon (Ritzhaupt ef al.,
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1998a), possibly reflecting the mechanistic differences compared with lactate transport 

in other tissues. 

1.2.5.1 Identification and characterisation of other MCT isoforms 

Studies of monocarboxylate transport in a range of tissues has indicated the 

existence of a family of monocarboxylate transporter proteins (Halestrap ef al., 1997). 

This was confirmed by the cloning and functional expression of a novel MCT isoform 

with 60% sequence identity with MCT1, named MCT2 (Garcia et al., 1995). MCT2 has 

subsequently been cloned and sequenced in cDNA libraries from rat (Jackson et al., 

1997) and mouse (Koehler-Stec et al., 1998). The mct2 gene has been mapped to 

chromosome band 12q13 (Lin ef al., 1998), and in humans is expressed at the level of 

mRNA in liver, kidney, brain and testes (Juel and Halestrap, 1999). Following the 

identification of MCT2, at least six more MCT isoforms have been identified in humans, 

which differ in chromosomal location, tissue distribution and function (Table 1.5). 

Whilst the substrate specificities and kinetic properties of MCT2, 3 and 4 have been at 

least partially characterised, little is still known of the roles of MCTS-MCTS8. 

Expression of the MCT isoforms 2-4 in Xenopus oocytes has revealed that all are 

capable of transporting a wide range of short-chain substituted monocarboxylates. 

Expression of rat and human MCT2 in Xenopus oocytes has revealed some information 

regarding its mechanistic properties. MCT2 has very high affinity for a number of 

substrates, including pyruvate, L-lactate, acetoacetate and D,L-fh-hydroxybutyrate (Lin et 

al., 1998; Broer et al., 1999). The Km values for these substrates are up to ten times
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lower than for MCT1, suggesting MCT2 may have a role in conditions of low substrate 

concentrations where rapid uptake is necessary (Halestrap and Price, 1999). 

Table 1.5 Properties of human MCT isoforms 

  

MCT isoform Chromosomal Tissue distribution Primary role 

location 

MCT1 1p13.2-p12 Most tissues Transport of lactate and 

in heart, muscle, brain. 

Transport of SCFA in 
colon. 

MCT2 12q13 Testis, brain, Transport of pyruvate 

kidney, liver and lactate at low 
substrate availability 

MCT3 22q12.3-13.2 Retinal pigment Lactate transport in 

epithelium (RPE) RPE* 

MCT4 17 Most tissues Lactate exchange 

between cells’ 

MCTS5 1 Testes, placenta Unknown 

MCT6 Unknown Kidney, placenta Unknown 

MCT7 Unknown Pancreas, brain Unknown 

MCT8 Xq13.2 liver, kidney, Unknown 
heart 

MCT9 10 Unknown Unknown 

(data collated from Halestrap and Price, 1999; *Yoon et al., 1997; ‘ Debouchaud ef al., 

2000). 

MCTS3 is restricted in its expression to the retinal pigment epithelium (RPE), 

where it is thought to mediate the transport of lactate from Muller glial cells into the 

photoreceptors, where it is utilised to fuel oxidative metabolism (Yoon ef al., 1997).
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Lactate transport in frog sartorius muscle, which expresses high levels of MCT4, 

displays transport kinetics similar to those of MCT1 (Mason and Thomas, 1988). The 

expression of MCT4 in Xenopus oocytes, however, revealed this isoform has a 

significantly lower affinity for L-lactate than MCT1 (Juel and Halestrap, 1999). 

Although the precise role of MCT4 has yet to be fully elucidated, it is thought to 

participate with MCT1 in the cell-cell lactate shuttle (Dubouchaud ef al., 2000). Indeed, 

MCT4 is reported to be colocalized with MCT1 in the plasma membrane of rat cardiac 

myocytes, in association with another protein, CD147 (Kirk ef al., 2000). Expression of 

CD147 is reported to be necessary for correct intracellular localisation of MCT1 and 

MCT4 in rat lymphocytes (Kirk et al., 2000). The role of CD147 in man is not yet 

known. 

Little information is available regarding the properties or role of any of the other 

MCT isoforms. It is noteworthy, however, that sequence analysis of MCTS has revealed 

the absence of an arginine residue (Arg’”* ) conserved in all the other known MCT 

isoforms of humans and other higher eukaryotes (Halestrap and Price, 1999). This 

arginine residue is located in TM 8 and is thought to be intimately involved in the 

binding of the carboxylate group (Rahman et al., 1999), suggesting MCT5 may not be 

involved in monocarboxylate transport (Halestrap and Price, 1999). 

1.2.5.2 Regulation of MCT expression 

It has been reported that endurance and high-intesity training increase the 

maximal rate of lactate transport in rat skeletal muscle by 30-100% (Dubouchaud ef al., 

2000; Pilegaard et al., 1993), accompanied by a corresponding induction of MCT1
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protein expression (McCullagh et al., 1997). These findings are supported by reports 

that training induces the expression of MCT1 in human skeletal muscle, with an 

associated increase in lactate transport (Bonen ef al., 1998; Pilegaard ef al., 1999). The 

regulatory mechanisms underlying the increase in red muscle MCT1 expression in 

response to training remain to be elucidated. Prior to this study, no data was available 

regarding the regulation of MCT1 in any other tissue type. 

1.3 Colorectal cancer 

Colorectal cancer is a major cause of mortality in western societies, accounting 

for about 15% of all cancer deaths. The transition to malignancy is a complex multi- 

stage process involving the accumulation of a number of genetic abnormalities 

(Vogelstein et al., 1988). The majority (80%) of colorectal cancers are sporadic, with 

the remaining cases made up by two hereditary forms, familial adenomatous polyposis 

coli (FAP) and hereditary non-polyposis colon cancer (HNPCC). 

1.3.1 The adenoma-carcinoma sequence 

The majority of colorectal carcinomas (with the exception of HNPCC) develop through 

a chain of events involving mucosal cell hyperproliferation, adenoma formation and 

malignant transformation (Winawer ef al., 1991) generally referred to as the adenoma- 

carcinoma sequence (Figure 1.6). Fearon and Vogelstein (1990) identified changes in 

the expression of a number of genes commonly occuring during the progression to 

malignancy in the colon (Figure 1.6). In this model it was proposed that colorectal 

tumours occur as a direct result of activation of oncogenes together with inactivation of
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tumour suppressor genes (see section 1.3.2). It should be noted, however, that these 

molecular alterations do not occur in all colorectal carcinomas, and that other changes in 

gene expression may contribute to malignant transformation (Kinzler and Vogelstein, 

1996). 

  

Figure 1.6 Adenoma-carcinoma sequence 
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The transition from normality to malignancy through the adenoma-carcinoma 

sequence is accompanied by a number of histological changes. Adenomas are 

drumstick-shaped structures which stand proud of the epithelium, and are histologically 

graded as tubular, tubular-villous or villous. Of these, villous adenomas are regarded as
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having the greatest malignant potential (O'Brien ef al., 1990). Adenomas exhibit altered 

crypt morphology, with foci of epithelial dysplasia in otherwise normal crypts (Hamilton 

et al., 1982). Carcinomas display moderate or severe dysplasia, and often invade by 

direct extension into the adjacent colonic wall. Tumours may be well differentiated with 

gland structures, or poorly differentiated with severely disrupted epithelial structure 

(Hamilton, 1989) 

1.3.2 Genetics of colorectal cancer 

Mutations in proto-oncogenes are generally 'gain of function mutations’ which 

result in the activation of genes with a positive role in the regulation of critical processes 

such as cellular proliferation. Mutations in tumour suppressor genes, such as p53, result 

in a reduction in the activity of genes with a negative role in the regulation of processes 

such as proliferation, resulting in an enhancement of cell growth. A number of such 

mutations, along with other molecular changes, are thought to be necessary to promote 

tumourigenesis. Some of the more common genetic alterations identified in colorectal 

carcinogenesis are outlined below. 

1.3.2.1 Adenomatous Polyposis Coli (APC) 

Mutations in the adenomatous polyposis coli (APC) gene were first identified in 

the germline of FAP patients (Miyoshi ef al., 1992), but have since been found in a 

significant number of sporadic adenomas and carcinomas (Powell ef al., 1992). The 

APC gene has been localised to chromosome 5q.21 (Bodmer ef al., 1987), and mutations 

of the gene almost invariably result in truncation of the gene product. It is thought that 

the truncated APC protein binds the wild-type protein, inactivating the remaining wild-
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type APC function (Su et al., 1993). The APC gene encodes a 2843 amino acid protein 

and is expressed in a wide range of tissues, including the colonic epithelium (Smith et 

al., 1993). In the colon, the APC protein is predominantly expressed in cells on the 

surface of the mucosa (Smith ef al., 1993), and is thought to be involved in the 

regulation of apoptosis via modulation of the B-catenin-Tcf pathway (Bondonaro et al., 

1999: see section 1.3.9.3). The gradient of expression of the APC protein along the 

crypt-surface axis indicates it may also have a role in cellular maturation (Smith et ai., 

1993). 

1.3.2.2 Mutated in colorectal cancer (MCC) 

Mutations in a tumour suppressor gene, MCC (mutated in colorectal cancer) 

have been identified in a number of sporadic colonic carcinomas. The MCC gene is 

located close to the APC gene in the chromosome 5q.21 region (Kinzler et al., 1991) and 

encodes an 829 amino acid protein thought to be involved in G-protein activation 

(Lechleiter et al., 1990). Signal transduction pathways involving G-protein activation 

are involved in malignant transformation (Lechleiter et al., 1990), suggesting a role for 

MCC mutations in the development of colonic carcinomas. 

1.3.2.3 Deleted in colorectal cancer (DCC) 

Deletions in chromosome 18q have been observed in 75% of colorectal 

carcinomas and 47% of large adenomas (Cho and Vogelstein, 1992). The presence of a 

tumour suppressor gene on this chromosome was implicated by reports that 

reintroduction of chromosome 18 into colorectal carcinoma cells in culture reduced their 

tumourigenicity (Goyette et al., 1992). One such tumour suppressor gene, DCC (deleted
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in colon cancer), was identified by Fearon ef al., (1990), and is thought to have a role in 

cell-cell adhesion. Subsequently deletions of another tumour suppressor gene located on 

chromosome 18g, DPC4, were identified in over a third of colorectal carcinomas 

(Kinzler and Vogelstein, 1996). 

1.3.2.4 p53 

Mutations and deletions in the p53 locus on chromosome 17p are present in 

almost all human maligancies, including colorectal cancers. Changes in p53 are thought 

to occur as a late event in colorectal carcinomas, with 75% of carcinomas displaying 

mutations or deletions compared to only 10% of adenomas (Vogelstein ef al., 1988). 

p53 was initially thought to be an oncogene capable of immortalising cells in culture, but 

it was subsequently realised that the gene involved in the transformation was a mutated 

form of p53 (Levine et al., 1991). Transfection of wild-type p53 into tumour cell lines 

terminates cell division (Mercer ef al., 1990), and can reverse the effects of mutant p53 

(Finlay et al., 1989). These results led to the conclusion that p53 is actually a potent 

tumour suppressor. 

The p53 gene encodes a 53 kDa phosphoprotein thought to bind to DNA as a 

homotetramer, modulating the expression of target genes. In addition, p53 binds to 

cyclin and cdk-2 protein complexes, inhibiting DNA synthesis (Kastan ef al., 1995). 

Mutations in p53 are clustered into four highly conserved regions (Pavletich ef ai., 

1993). These mutations result in the production of defective proteins which form 

complexes with wild-type p53, inhibiting its function (Baker et al., 1990).
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1.3.2.5 K-ras 

Mutations in ras oncogenes are found in both sporadic and hereditary colorectal 

carcinomas, indicating this family of genes has an important role in colorectal neoplasia 

(Farr et al., 1988). Mutations in the Kirsten-ras (K-ras) oncogene have been identified 

in 70% of colorectal carcinomas and 42% colonic adenomas (Bos ef al., 1987). The 

cellular homologues of ras oncogenes are G-proteins involved in signal transduction 

(Barbacid, 1987), suggesting ras mutations may lead to alterations in intracellular 

signalling pathways. 

1.3.3 Epidemiology of colorectal cancer 

Colorectal cancer is equally prevalent in males and females. The disease is 

common in North America, northern and western Europe, Japan and Australasia, and 

occurs comparatively infrequently in Asia, Africa and South and Central America (Hill, 

1989; see Table 1.4). The disease has a higher incidence in urban than rural areas, but is 

not related to socioeconomic status (Correa and Haenszel, 1978). The increase in the 

prevalence of colorectal cancer in migrants from areas of low risk to areas of high risk 

has led to the proposal that increased incidence of colon cancer is associated with a 

"Western' lifestyle (Armstrong and Doll, 1975). 

1.3.4 Aetiology of colorectal cancer 

Whilst the causes of colorectal cancer are probably mutifactorial, genetic 

susceptibility (Cannon-Albright ef al., 1988) and environmental factors (Doll and Peto, 

1981) have been consistently implicated in the development of large bowel
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malignancies. Compelling evidence indicates that diet and nutrition are key factors in 

the aetiology of colon cancer (Drasar and Irving, 1973; Armstrong and Doll, 1975; Rose 

et al., 1986). Many studies have attempted to classify dietary components according to 

their ability to inhibit or encourage the development of colorectal cancer (Caygill et al., 

1996; Trock et al., 1990; Sorensen ef al., 1988). Whilst these studies have often 

provided conflicting data, the weight of evidence implicates dietary fibre as having a 

protective role in the human colon (Clausen, 1995; Lipkin et al., 1999). 

1.3.5 Protective role of dietary fibre 

The possibility that a diet high in fibre may be protective against colorectal 

cancer was first proposed over thirty years ago, based on the observation that black 

Africans consuming high levels of fibre and low levels of fat showed a lower incidence 

of colon cancer than their white counterparts consuming high fat, low fibre diets 

(Burkitt, 1971). This early hypothesis has subsequently been tested by a great number 

of prospective and case-control studies. Whilst prospective studies have tended to yield 

somewhat conflicting data (Steinmetz et al., 1994; Giovannucci ef al., 1994), the overall 

trend is supportive of a protective role for dietary fibre (Lipkin ef al., 1999), despite a 

large study of 88000 women which failed to demonstrate a protective role for dietary 

fibre (Fuchs et al., 1999). Convincing evidence for the protective effect of dietary fibre 

against the development of colon cancer is provided by case-control studies, the majority 

of which report an inverse relationship between the amount of dietary fibre consumed 

and the incidence of colon cancer (Howe ef al., 1992). This epidemiological evidence is 

supported by the results of clinical trials analysing the effect of wheat bran 

supplementation on colon cancer development (DeCosse ef al., 1989), and animal
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studies using chemically-induced colon cancer models (Watanabe ef al., 1979; Reddy et 

al., 1983). 

1.3.6 Mechanism of action of dietary fibre 

Several mechanisms have been proposed by which dietary fibre may exert 

protective effects in the colon. Initial theories considered the physical properties of 

dietary fibre. One of the earliest reports suggested that high fibre diets result in increased 

faecal bulk and reduced transit time, reducing the exposure of the colonic mucosa to 

potentially carcinogenic substances (Burkitt, 1971). More recent studies have 

implicated stool bulk as a risk factor in the development of colon cancer (Cummings ef 

al., 1992); however transit time was found to be less significant (Jensen et al., 1982; 

Nakamura et al., 1984). Whilst the physical properties of dietary fibre may contribute to 

its protective effects, it is becoming increasingly widely accepted that the products of 

dietary fibre fermentation, SCFAs (see section 1.2.2) are the principle mediators of the 

beneficial effects of fibre. |The SCFAs acetate, propionate and butyrate are the 

predominant anions present in the lumen of the colon. Concentrations are highest in the 

caecum and decline with substrate availability to the distal colon (Cummings ef al., 

1987). Of the SCFAs produced by microbial fermentation of fibre, butyrate is of the 

most interest as, along with being the preferred metabolite of the healthy colonocyte (see 

section 1.2.3), it also has a number of other important cellular effects (see below). 

1.3.7 Effects of SCFAs in vivo 

SCFAs have a number of important effects on the mammalian colonic mucosa, 

including the stimulation of epithelial regeneration (Harig ef al., 1989) and the inhibition
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of tumour development (Reddy ef al., 1983). Circumstances resulting in reduced 

luminal levels of butyrate are associated with a number of pathologies. Animals raised 

under germ-free conditions, resulting in an inability to produce SCFA from dietary fibre, 

exhibit marked mucosal hypoplasia, reduced crypt cell proliferation and reduced crypt 

column height (Alam ef al., 1994). Surgical procedures resulting in the diversion of the 

faecal stream, reducing the concentration of SCFAs in the colon, often cause the 

development of a form of inflammatory bowel disease known as diversion colitis (Harig 

et al., 1989). This condition is ameliorated by the reintroduction of SCFAs into the 

colon (Harig et al., 1989). Reduction of the colonic luminal concentrations of SCFAs by 

total parenteral nutrition or the feeding of elemental diets leads to profound colonic 

atrophy and reduced bowel function in both humans and animals (Goodlad et al., 1992; 

Kapadia et al., 1995). 

Defects in the ability of the colonic mucosa to utilize SCFAs can also lead to the 

development of disease. It has been reported that patients suffering from ulcerative 

colitis have a reduced capacity to metabolise butyrate (Roediger, 1980). Significantly, 

SCFA enemas are known to improve the condition of patients suffering from ulcerative 

colitis (D'Argenio et al., 1994). SCFAs also appear to have an important role in the 

regulation of cell shedding, or apoptosis, in the colonic epithelium. Mice in which the 

short-chain acyl-CoA dehydrogenase (Scad) gene has been deleted, resulting in an 

inability to metabolise butyrate, exhibit abnormally low levels of apoptosis (Augenlicht 

et al., 1999). Collectively, these studies indicate the vital role played by SCFAs in the 

maintenance of the health of the colonic mucosa.
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1.3.8 Effects of SCFAs ex vivo 

Studies using primary cultures of colonic epithelial cells and colonic mucosa 

mounted in Ussing chambers have reported that butyrate stimulates proliferation and 

reduces differentiation in colonic tissue ex vivo. Furthermore, butyrate is reported to 

reduce the 'mass apoptosis’ that occurs when guinea pig proximal colon is mounted in 

Ussing chambers (Haas et al., 1997). Care, however, must be taken in the interpretation 

of these results, as methods used to isolate colonic epithelial cells may cause damage to 

the cells (Gibson and Rosella, 1995) and produce inconsistent results. The apparent 

discrepancy between the ex vivo and in vitro data is discussed in Section 1.3.9.5). 

1.3.9 Effects of SCFAs in vitro 

Butyrate, and to a lesser extent acetate and propionate, has profound effects on 

cells in culture (Kruh, 1982; Siavoshian ef al., 1997a). Butyrate modulates proliferation, 

differentiation and apoptosis of transformed colonic epithelial cells in vitro by regulating 

the expression of a number of genes involved in these processes. 

1.3.9.1 Effect of butyrate on proliferation 

Butyrate is widely reported to have anti-proliferative effects on transformed cells 

grown in culture (Gamet ef al., 1992; Heerdt et al., 1999), via induction of cell cycle 

arrest in the GO/G1 phase (Wang and Friedman, 1998; Archer et al., 1998). This 

inhibition of proliferation is correlated with alterations of the levels of several proteins 

involved in regulation of the cell cycle, such as cyclin D3 (Siavoshian et al., 1997b) and 

the cyclin-cdk inhibitor p21"?! (Archer et al., 1998). p21"?! (p21) binds cyclin-
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cdk complexes in the nucleus, leading to cell cycle arrest (El-Deiry, 1996; Nakano et ai., 

1997) 

1.3.9.2 Effect of butyrate on differentiation 

In addition to its effects on cellular proliferation in vitro, butyrate also stimulates 

the differentiation of colonic epithelial cells in culture to a more absorptive phenotype. 

Exposure of transformed colorectal cancer cells to butyrate results in the upregulation of 

the expression of markers of intestinal epithelial cell differentiation, including 

carcinoembryonic antigen (Saini ef al., 1990), brush border hydrolases (Chung ef al., 

1985), villin (Hodin et al., 1996) and paracellular permeability (Mariadason ef al., 

1997). These changes are associated with the down-regulation of markers of crypt cells, 

such as Na-K-2CI cotransporter (Matthews ef al., 1998) and intestinal trefoil factor 

(Tran et al., 1998). 

1.3.9.3 Effect of butyrate on apoptosis 

Butyrate is also known to induce apoptosis in a number of transformed colorectal 

cell lines (Hague ef al., 1993; Heerdt et al., 1994) in a p53 independent manner. The 

induction of apoptosis by butyrate has been reported to involve an inhibition of 

expression of Bcl-2 (an inhibitor of apoptosis) and elevated levels of the pro-apoptotic 

Bcl-2 family members Bax and Bak (Hague ef al., 1997; Mandal et al., 1997). Butyrate 

is also thought to regulate apoptosis in the colonic epithelium by modulating the B- 

catenin-Tcf pathway. In this pathway, B-catenin forms a complex with a transcription 

factor, Tcf-4, causing migration to the nucleus where it regulates the expression of target
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genes (Korinek ef al., 1997). Butyrate activates this pathway by an unknown 

mechanism, leading to apoptosis (Bondonaro ef al., 1999). Interestingly, the APC gene 

product (see section 1.3.2.1) is also involved in the regulation of B-catenin-Tcf 

signaling. Wild-type APC binds B-catenin and targets it for degradation, inhibiting 

apoptosis (Rubinfeld et al., 1993). Mutant APC (present in many colorectal tumours 

and other tumours) is unable to trigger degradation of B-catenin, resulting in increased 

levels of apoptosis (Morin et al., 1996). The significance of these findings has yet to be 

elucidated. 

1.3.9.4 Effects of acetate and propionate 

Acetate and propionate are reported to be significantly less effective modulators 

of gene expression than butyrate in colorectal cells in culture (Meng ef al., 1999; 

Siavoshian ef al., 1997). It has been reported that butyrate-induction of differentiation 

and apoptosis is sensitive to molecular structure, in that analogues of butyrate have no 

effect (Heerdt et al., 1994). This apparent structural specificity may explain the inability 

of acetate and other SCFAs to mimic the effects of butyrate in vitro. 

1.3.9.5 In vivo-in vitro 'paradox' 

Initial inspection of the data regarding the effects of butyrate in vivo and in vitro 

appears to reveal some contradictory findings. In general, the studies report that 

butyrate stimulates proliferation in vivo, whilst inhibiting proliferation in vitro. 

Similarly, butyrate appears to have an inhibitory effect on apoptosis in vivo, whilst 

stimulating cell shedding in transformed colonic epithelial cells in culture. These
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apparently contradictory findings are often referred to as the butyrate ‘paradox’. This 

paradox can be at least partly explained, however, upon closer analysis of the available 

data. 

The role of metabolism in modulating the effects of butyrate was first analysed 

by Jass et al. (1985). This study proposed that the rapid metabolism of butyrate by 

epithelial cells previously starved of SCFAs (by surgical intervention or total parenteral 

nutrition; see section 1.3.7) would result in the production of energy and subsequent 

proliferation and regeneration of the colonic mucosa (Kripke ef al., 1989). Furthermore, 

it has been proposed that the rapid metabolism of butyrate by healthy colonic epithelial 

cells would reduce its intracellular concentration below the level required to modulate 

gene expression (Singh ef al., 1997). It has also been reported that butyrate may have 

differential effects on colonic epithelial cells in vitro depending on the availability of 

other energy sources (Singh et al., 1997). Colonocytes grown in culture are exposed to 

an un-physiologically high concentration of glucose. When cells were grown in glucose 

depleted medium, butyrate was found to have a trophic effect, whereas at high glucose 

concentrations butyrate stimulated apoptosis and reduced cell growth (Singh ef al., 

1997). Taken together, these results at least partially account for the different effects of 

butyrate in vivo and in vitro. 

1.3.10 Mechanisms of action of butyrate 

Butyrate is known to induce a number of changes within the nucleus, including 

DNA methylation (Boffa et al., 1994; Annunziato et al., 1995), histone phosphorylation 

(Boffa et al., 1981; Kruh et al., 1994) and histone hyperacetylation (Riggs et al., 1977;
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Sealy and Chalkey, 1978). Of these, the most well characterised is the ability of 

butyrate to induce hyperacetylation of histones. 

1.3.10.1 Butyrate mediated histone hyperacetylation 

All eukaryotic chromosomes consist of a regularly repeating protein-DNA 

complex known as the nucleosome. The nucleosome is made up of a protein octamer, 

composed of two each of histones H2A, H2B, H3 and H4, around which is wrapped 

approximately 200 bp DNA. Between each nucleosome lies the fifth histone, H1. 

Core histones undergo acetylation at the s-amino group of specific lysine 

residues located in their N-terminal tails (Allfrey et al., 1964; Csordas, 1990). The level 

of acetylation of these residues is determined by the equilibrium of the activities of 

histone deacetylase and histone acetyltransferase (Figure 1.7). Acetylation of histones is 

thought to cause a change in the configuration of the histone core, allowing transcription 

factor binding and resulting in transcriptionally active chromatin (Hebbes et al., 1988; 

Loidl, 1994). 

Figure 1.7 Equilibrium of histone acetylation levels 
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Butyrate causes histone hyperacetylation through a noncompetitive and 

reversible inhibition of histone deacetylase (Sealy and Chalkley, 1978; figure 1.7). 

Whilst the precise mechanism by which butyrate inhibits histone deacetylase is unclear, 

it is reported that the inhibition may involve the activation of a phosphatase (Cuisset er 

al., 1998). Studies using other inhibitors of histone deacetylase, such as trichostatin A 

(TSA), have indicated that many of the cellular effects of butyrate, including 

proliferation, differentiation and apoptosis, may, at least in part, be the result of histone 

hyperacetylation (Wu ef al., 2001; Mariadason ef al., 2000). These findings are 

supported by reports that TSA mimics the effect of butyrate on the expression of genes 

such as p21 in colorectal carcinoma cells (Archer ef al., 1998). Furthermore, the effects 

of butyrate and TSA on the expression of p21 can be reversed by the overexpression of 

histone deacetylase (Archer et al., 1998), providing direct evidence of the involvement 

of histone hyperacetylation in the effects of butyrate on gene expression in colorectal 

cells in vitro.
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1.4 Aims and Objectives 

The initial aims of this study were two-fold. Firstly, to elucidate the pattern of 

expression of the human colonic butyrate transporter, MCT1, in the healthy human 

colon by immunohistochemistry and in situ hybridisation analysis; secondly, to examine 

the levels of MCT1 and other colonic nutrient transporters during the transition from 

normality to malignancy. 

Having identified a reduction in the level of MCT1 expression during colonic 

carcinogenesis, I next sought to identify factors involved in the regulation of MCT1 

expression in the human colon. In order to do this, it was first necessary to characterise 

a suitable in vitro model of the human colonic epithelium. 

Following the identification of a suitable in vitro model, an attempt was made to 

elucidate the mechanisms involved in the regulation of MCT1 expression in the human 

colonic epithelium.
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2.1 Materials 

2.1.1 Chemicals and radiochemicals 

All chemicals and solvents were of highest analytical grade and obtained from 

Sigma-Aldrich (UK), Fisher Scientific (UK), B.D.H Chemicals Ltd (UK) and BioRad 

Laboratories (UK) unless otherwise stated. 

[a-**P]dCTP (specific activity 800 Ci mmol") was obtained from Amersham Ltd (UK). 

Sodium [U-'4C] butyrate (specific activity 55 mCi mmol’) was obtained from ARC Inc. 

(MO, USA). 

2.1.2 Antibodies 

The antibody to MCT1 was raised in rabbits against a _ peptide 

(CQKDTEGGPKEEESPV) corresponding to the C-terminus region of human MCT1, 

based on the procedure described by Lachmann et al. (1986). The GLUT1 antibody was 

a kind gift from S. Baldwin (University of Leeds, UK). The GLUT2 and villin 

antibodies were purchased from Biogenesis Ltd (UK) and The Binding Site (UK), 

respectively. The monoclonal antibody to Na-K-2Cl cotransporter was purchased from 

the Developmental Studies Hybridoma Bank (Iowa, USA). The NHE3 antibody was 

kindly provided by Dr M. Donowitz (Johns Hopkins University, Baltimore, USA). Anti- 

mouse and anti-rabbit horseradish peroxidase-conjugated secondary antibodies were 

purchased from Dako Ltd (UK). FITC conjugated anti-rabbit and anti-mouse secondary 

antibodies were purchased from Vector Laboratories (UK).
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2.1.3 Oligonucleotides 

All oligonucleotides were custom synthesized by MWG Biotech (UK) unless 

otherwise stated. 

The antisense primer against human heart MCT1 cDNA had the following sequence: 

(5'-GGCCCGATTGGTCGCATGAGGGCT-3'), and the sequence of the sense primer 

was (5'-GGCTGGGCAGTGGTAATTCGAGCT-3’). 

The antisense primer against human MCT2 cDNA had the following sequence: 

(5'-TGCTACCACAATAGCCCCAC-3'), and the sequence of the sense primer was (5'- 

GGCTGGTTCCCTCATGAGAC-3'). 

The sequence of the antisense primer against haman MCT4 cDNA was 

(5'-GCCACGGCGTAAAGCACAAAG-3'), and the sense primer had the sequence 

(5'-TCCCCAAGGCCGTCAGTGT-3'). 

The antisense primer complementary to human MCT5 cDNA had the sequence 

(5'-ATGCTGAAGAGGGAGGGGAAGG-3') and the sequence of the sense primer was 

(5'-GCCGCAGAGGATGAGGTAAGAC-3'). 

The sequence of the antisense primer against human MCT8 cDNA had the following 

sequence (5'-GCACACCGGCAAAGTAGAAGGC-3') and the sense primer sequence 

was (5'-GCCTCCATACCAGCTCCTTCAC-3'). 

2.1.4 Bacterial strains 

The following bacterial strains were used in transformation with recombinant 

plasmid: 

E. coli DH5a (supE44, AlacU169, (80 lacZAM15), hsdR17, recAl, endA1, gyrA96, 

thi-1, relA1)
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E.coli JM109 (recAl, endA1, gyrA9%6, thi, hsdR17, relA1, A(lac-proAB). [F' traD36, 

proAB’, lacl®, lacZAM15]) 

2.1.5 Plasmids 

pGEM-T was purchased from Promega (UK) and used for direct cloning of PCR 

products. Plasmids containing GLUT1 and GLUT2 cDNA were kindly provided by S. 

Baldwin (Leeds University, UK). 

2.1.6 Human colonic tissue 

2.1.6.1 Tissue sections 

Paraffin embedded archival colonic tissue sections from both male and female 

patients aged 54-84 years were provided by the Royal Liverpool University Hospital 

Tissue Bank. Sections were also prepared from biopsies obtained from male and female 

patients (aged 53-82) undergoing colonoscopy. Together they consisted of sections 

from 25 healthy colon samples, 20 histologically graded adenomas and 30 carcinomas. 

2.1.6.2 Resections and biopsies 

Segments of colonic tissues were obtained from 5 consenting male and female 

patients (aged 53 - 82) undergoing surgery for colon carcinomas. The histologically 

normal boundaries were removed and designated as normal colonic tissue, whilst the 

remainder as carcinoma. Biopsy samples were removed from various regions of the 

colon of 10 individuals, aged 35-82, undergoing routine examinations. The biopsies 

were shown to be histologically normal. After removal they were frozen rapidly in 

liquid nitrogen and subsequently stored at —80°C until use.
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Approval was obtained from the Royal Liverpool and Broadgreen Hospitals 

ethical committee for the work presented in this thesis. Informed written consent was 

secured from all individuals prior to removal of tissue. 

22 Cell culture 

2.2.1 Routine maintenance of cell cultures 

The human colonic adenoma-derived cell line, AA/C1 (kindly provided by C. 

Paraskeva, Bristol, UK) was routinely passaged using 0.1% (w/v) trypsin/0.1% (w/v) 

EDTA. Cells were seeded at a density of 1 x 10° cells ml! and grown in glutamine-free 

Dulbecco's modified Eagle's minimal essential medium (DMEM; Sigma-Aldrich, UK) 

containing 20% (v/v) foetal bovine serum (FBS; Gibco, batch selected), 2mM 

glutamine, 100units/ml penicillin, 100jg/ml streptomycin, 0.2units/ml human Actrapid 

insulin (Novo Nordisk) and 1pg/ml hydrocortizone sodium succinate. 

The human colonic carcinoma-derived cell line, HT-29 (kindly provided by C. 

Paraskeva, Bristol, UK) was grown in glutamine-free DMEM containing 10% (v/v) 

FBS, 2mM glutamine, 100units/ml penicillin and 100ug/ml streptomycin. Cells were 

routinely seeded at a density of 5 x 10° cells mI’! 

2.2.2. Treatment with monocarboxylates 

Sodium butyrate (NaBt), sodium acetate (NaAc) and sodium propionate (NaPr) 

were dissolved in tissue culture quality water to a concentration of 1 M, and added to
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confluent AA/C1 monolayers (14 days post-seeding) at a final concentration of 0.5-10 

mM. Where indicated, the medium was resupplemented with NaBt every 24 h. 

2.2.3 Treatment with actinomycin D 

Actinomycin D (Sigma) was dissolved in ethanol and added to confluent cells to 

a final concentration of 5 ug ml'. An equal volume of ethanol was added to control 

flasks. 

2.2.4 Treatment with trichostatin A 

Trichostatin A (TSA, Sigma) was dissolved in ethanol and added to confluent 

cells to a final concentration of 0.3 uM for 8 h. An equal volume of ethanol was added 

to control flasks. 

2.2.5 Treatment with o-cyano-4-hydroxycinnamate (4-CHC) 

Sodium oa-cyano-4-hydroxycinnamate was synthesised from «a-cyano-4- 

hydroxycinnamic acid (Sigma) by titration with sodium hydroxide, and purified by 

rotary evaporation. The resulting powder was dissolved in tissue culture quality water 

and added to cells at a final concentration of 5 mM. An equal volume of water was 

added to control flasks. 

2.2.6 Electron microscopic analysis of cells 

Cells were grown to confluence in 35mm plates and fixed overnight in 2ml 0.1M 

phosphate buffer pH 7.2 containing 2.5% (w/v) glutaraldehyde and 4% (w/v) 

paraformaldehyde, before incubation in 1% (w/v) osmium tetroxide for 5 min. The cells 

were dehydrated in ethanol and embedded in Taab epoxy resin prior to sectioning (60-90
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nm). Sections were counterstained with Reynolds lead citrate solution and uranyl acetate 

for 5 min and examined by transmission microscopy (Hitachi H600). 

2.3 Isolation of total RNA 

2.3.1 Tissue 

Total RNA was isolated from healthy biopsies or 30-60 mg of paired normal and 

carcinoma tissue samples using the RNeasy kit (Qiagen) according to the manufacturer's 

instructions. Briefly, frozen tissue was pulverised in liquid nitrogen before 

homogenisation in 700 pl lysis buffer with a polytron probe (Ystral, UK) at setting five 

for 2 min. The lysate was centrifuged for 3 min at full speed (10000g) in a bench top 

microfuge (Eppendorf, UK). 1 volume 70% (v/v) ethanol was added to the resulting 

supernatant and added to an RNeasy spin column (Qiagen) before centrifugation for 15 s 

at 8000g. The flow-through was discarded and the column washed according to the 

manufacturer's instructions. RNA was eluted from the column in 30 pl RNase-free 

ddH20. 

2.3.2 Cells 

Confluent cell monolayers were washed twice with PBS, detached from growing 

surfaces with a cell-scraper and collected by centrifugation at 2000 rpm (Mistral 1000, 

MSE) for 4 min. The cells were resuspended in 700 ul lysis buffer and total RNA was 

isolated using the RNeasy kit (Qiagen) as described above. RNA was quantified as 

described (see section 2.4.4) and the integrity confirmed by denaturing agarose gel 

electrophoresis (see section 2.5.3).
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2.4 Cloning of cDNA fragments 

2.4.1 RT-PCR (Reverse transcriptase - polymerase chain reaction) 

The technique of RT-PCR involves the conversion of mRNA transcripts into 

single stranded cDNA using complementary oligonucleotides and a reverse transcriptase 

enzyme. The cDNA then serves as a template for subsequent PCR amplification. The 

procedure described here is a single tube reaction. The following components were 

assembled in a 50 pl reaction: 1 x reaction buffer (Promega, UK), 800 uM dNTPs 

(Advanced Biotechnologies, UK), 1.5 mM MgCh, 50 pmol primers (each), 1 ug RNA 

template, 5 units AMV reverse transcriptase (Promega, UK), and 2 units Bio-X-Act 

DNA polymerase (Bioline, UK). The reverse transcription reaction was performed for 

45 min at 48 °C, followed by a denaturation step of 94 °C for 2 min. The reaction mix 

was subjected to the following amplification cycles: 94 °C, 30 s; 55 °C, 30 s; 72 °C, 1 

min for 35 cycles followed by a final extension step at 72 °C for 10 min. Thermal 

cycling was performed in an automated cycler (GeneAmp 2400, Perkin-Elmer, UK). 

The resulting cDNA amplicons were analysed by agarose gel electrophoresis as 

described in section 2.4.2. 

2.4.2 Agarose gel electrophoresis of DNA 

DNA samples were separated by electrophoresis on a 1% (w/v) agarose gel 

containing 0.1% (v/v) ethidium bromide. 0.4 g agarose was melted in 40 ml 1 x TTE (3 

mM Tris, 3 mM Tris, 0.1 mM EDTA) and ethidium bromide added to a final 

concentration of 0.1% (v/v). The gel mix was poured onto a flat casting rig (Hoefer, 

UK) and allowed to set. Samples were mixed with 1% (v/v) DNA loading buffer
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(Promega, UK) and electrophoresed in 1 x TTE at 100 V. DNA bands were visualised 

under UV illumination. 

2.4.3 Gel extraction and purification of cDNA 

Bands of interest were excised from agarose gels under UV illumination and the 

gel slices transferred to 2 ml microfuge tubes. cDNA was extracted and purified from 

the agarose using GenElute spin columns (Sigma-Aldrich, UK), according to the 

manufacturer's instructions. Briefly, excised gel pieces were placed in a GenElute spin 

column and centrifuged at 14,000 rpm for 10 min. The column was discarded and the 

volume of flow-through was measured. 0.1 volume sodium acetate pH 5.2 and 2 

volumes 100% ethanol were added, mixed and placed on ice for 1 h. The solution was 

centrifuged at 14,000 rpm for 10 min and the supernatant discarded, before the pellet 

was washed with 500u] 70% ethanol and centrifuged at 14,000 rpm for 1 min. The 

resulting pellet was air dried and resuspended in 20 pl ddH20. The purified cDNA was 

quantified by electrophoresis alongside 100 bp DNA markers (Promega, UK). 

2.4.4 Quantification of DNA and RNA 

The concentration of nucleic acids can be calculated from their optical density 

(O.D) at 260 nm. One O.D unit is equivalent to 50 pg ml! double stranded DNA and 40 

ug ml’ single stranded RNA. The concentration of CDNA and RNA was measured in 

this way using a spectrophotometer (U-2000 Hitachi, UK). The purity of DNA or RNA 

can be estimated from the ratio of O.D readings at 260 nm and 280 nm. A 260/280 nm 

ratio of 1.8-2.0 was indicative of low protein contamination levels in purified DNA and 

RNA.
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2.4.5 Ligation of cDNA into bacterial plasmids 

The non-template dependent addition of adenosine residues to the 3' end of 

amplified DNA by the Bio-X-Act DNA polymerase allows the fragment to be directly 

cloned into a T/A cloning vector such as pGEM-T (Promega, UK). The optimum 

amount of DNA required for ligation was calculated with the following equation: 

ng DNA = (ng vector x insert size/vector size) x (3/1) 

using an insert : vector ratio of 3 : 1. A reaction was set-up containing: 1 x T4 ligase 

buffer (Promega, UK), 50 ng vector DNA, 3 units T4 DNA ligase (Promega, UK) and 

the calculated volume of cDNA insert, and incubation carried out for 3 h at room 

temperature. 

2.4.6 Transformation of competent cells 

Aliquoted competent FE. coli JM109 cells (Promega, UK) were thawed on ice, 

and 5 ul ligation mix (100-500 ng plasmid DNA) was added. The cells were incubated 

on ice for 30 min, and subjected to heat shock treatment at 42 °C for 90 s before being 

placed on ice for 5 min. 400 pl SOC medium (20 g I’ Bacto-tryptone, 5 g I’ Bacto-yeast 

extract, 10 mM NaCl, 2.5 mM KCl, 20 mM Mg”* stock (1 M MgCl, e 6H20, 1 M 

MgSO, e 7H20), 20 mM glucose) was added to the cells and incubated at 37°C with 

very slow agitation for 1 hour. To select for transformants, LB plates (LB medium plus 

15 g I Bacto agar (Difco, USA) were supplemented with 100 ul mg” ampicillin. To 

select for recombinants, containing the disrupted LacZ’ gene, the ampicillin 

supplemented LB plates were pre-spread with 100 ul of 100 mM isopropyl-f-d-
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thiogalactopyranoside (IPTG) and 50 pl of 50 mg ml! X-Gal (Promega, UK). IPTG is a 

non-metabolisable inducer of the /ac operon and is needed to switch on the expression of 

LacZ’. 200 ul of transformed cells were plated out and incubated at 37 °C overnight. 

Recombinant cells were identified by their white colour whereas non-recombinants were 

blue. 

2.4.7 PCR-based screening of recombinant colonies 

Several white colonies were picked from plates grown up overnight and 

resuspended in 50u1 LB medium. A PCR based strategy was then employed to identify 

the presence of the cDNA of interest in the picked colonies. The same primers used to 

amplify the cDNA in the original RT-PCR step (Section 2.4.1) were used in a 50 ul 

reaction mix containing: 1 x reaction buffer, 200 uM dNTPs, 1.5 mM MgCh, 0.5 uM 

synthetic primers, 10 pl colony mix, 1 unit Thermoprime plus Taq polymerase 

(Promega, UK). The samples were heated to 94 °C for 5 min before amplification was 

performed using the following temperature cycle: 94 °C, 20 s (denaturation); 60 °C, 30s 

(primer annealing); 72 °C, 45 s (extension) for 25 cycles. A final extension step of 72 °C 

for 5 min was carried out, and the amplicons analysed by DNA agarose gel 

electrophoresis (see section 2.4.2). The presence of bands of a size corresponding to the 

cDNA of interest indicated successful transformation. 

2.4.8 Plasmid minprep from transformants 

Colonies identified as having been successfully transformed were incubated at 37 

°C overnight, agitating vigorously, in 5 ml LB containing 100 pg ml! ampicillin (Sigma, 

UK). The cells were then centrifuged at 2000 rpm for 5 min, and the plasmids isolated
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and purified using the commercially available Qiaprep Spin Miniprep kit (Qiagen, UK). 

The procedure was carried out according to the manufacturer’s instructions. Purified 

plasmids were eluted in distilled water and analysed on a DNA agarose gel along with 

quantitative markers (Promega, UK) to give an approximation of concentration. 

2.4.9 Sequencing and sequence analysis 

Sequencing of the plasmids containing the cDNA insert was carried out by staff 

in the School of Tropical Medicine, Liverpool, on an ABI 377 automated sequencing 

machine (Applied Biosystems, UK). T7 and SP6 primer sites present within the pGEM- 

T vector were utilised as start sites for sense strand and antisense strand sequence 

analysis. Sequences were analysed using Vector Nti (Informax, USA). 

2.5 Northern analysis 

2.5.1 Preparation of cDNA probe 

The cDNA template for oligolabelling was amplified from the appropriate 

plasmid template (section 2.4 and section 2.1.5) by PCR (section 2.4.6), and gel purified 

(section 2.4.3). The cDNA was labelled according to the method described by 

Sambrook ef al. (1989) using a cDNA oligolabelling kit (Pharmacia, UK). Briefly, 25-50 

ng of purified cDNA was diluted in ddH2O to a volume of 17 pl. The cDNA was 

denatured at 95 °C for 2 min and immediately placed on ice. The following components 

were then added to the cDNA: 5 ul reaction buffer, 2.5 pl [a-**P]dCTP (final activity 25 

uwCi) and 0.5 pl Klenow Fragment. The reaction mixture was centrifuged briefly and 

incubated at 37 °C for 1 h. Unincorporated nucleotides were removed using a NICK 

column (Pharmacia, UK) according to the manufacturer's instructions. Briefly, the
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column was rinsed twice with TEN buffer (50 mM Tris-HCl pH 7.5, 100 mM NaCl, 1 

mM EDTA) and the products of the cDNA labeling reaction added. The purified 

radiolabelled cDNA probe was eluted in 400 pl TEN buffer. 

2.5.2 Denaturing agarose gel electrophoresis of RNA 

Total RNA was separated on 1% (w/v) denaturing agarose gels. 0.4 g agarose 

was melted in 34 ml RNase free ddH20, and allowed to cool to 55 °C. 4 ml 10x MOPS 

(0.4 M MOPS, 100 mM sodium acetate and 10 mM EDTA pH 7) and 2.16 ml 40% 

(w/v) formaldehyde were added to the gel mix, and the gel poured on a flat casting rig 

(Hoefer, UK) in a fume hood. A comb was inserted and the gel allowed to set. The gel 

was placed in a rig (Hoefer, UK) and equilibrated in running buffer (1 x MOPS) cooled 

to 4 °C. RNA samples (5-10 tug) were heated in an equal volume of sample buffer (100 

ul deionised formamide, 30 pl 40% formaldehyde and 10 pl 10 x MOPS) at 65 °C for 5 

min and cooled on ice. Loading buffer (Promega) was added and the samples loaded 

onto the gel alongside RNA markers (Promega). Electrophoresis was carried out at 80 V 

(10 V cm’) until the dye front reached the end of the gel. Gels were either stained with 

0.2% (w/v) ethidium bromide and viewed by UV illumination or treated as described 

below. 

2.5.3 Transfer of RNA onto nylon membrane 

Capillary action was utilised to transfer the RNA from denaturing agarose gels 

onto a nylon membrane (Duralo-UV, Stratagene, UK) under high salt conditions. 

Briefly, a sponge was soaked in 10 x SSC (3 M NaCl, 0.3 M sodium citrate pH 7.0). 

Two pieces of Whatman 3MM paper were then placed on the sponge, followed by the
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RNA gel (upside down), a piece of nylon membrane cut to the size of the gel slab, 

followed by a further two pieces on Whatman 3MM paper. Saran wrap was then placed 

around the gel to eliminate wicking and a stack of dry paper towels was placed on the 

filters. A 500 g weight was placed on the whole assembly, and the transfer allowed to 

continue overnight. Following transfer, the RNA was fixed to the nylon membrane by 

UV cross-linking (UV Stratalinker-2400, Stratagene, UK). Even loading of RNA 

samples was confirmed by reversibly staining with a methylene blue-based dye (0.02% 

(w/v) methylene blue, 0.3 M sodium acetate pH 5.5) as described by Herrin and Schmidt 

(1988). The membrane was washed in destain solution (0.2 x SSC, 1% (w/v) SDS) for 

15min with constant agitation, and either used immediately or stored at -20 °C for future 

use. 

2.5.4 Hybridisation of probe 

Nylon membranes were prewashed in 2 x SSC in hybridisation bottles (Hybaid) 

rotating at 42 °C in a hybridisation oven (Mini 10, Hybaid, UK) for 15 min. The 

membranes were then incubated for 4-6 h at 55 °C with prehybridisation solution 

(Ultrahyb, Ambion, UK). 200 pl of radiolabelled cDNA probe (section 2.5.1) was added 

and the incubation allowed to proceed overnight. 

2.5.5  Post-hybridisation washes 

Nylon membranes were washed for 15 min in 5 x SSC plus 5% SDS (w/v) and 

0.25% (w/v) sarkosyl at 42 °C in a hybridisation oven. During this wash step, the 

temperature of the oven was gradually raised to 55°C, before the membrane was washed 

3 x 15 min in 0.1 x SSC plus 0.1% (w/v) SDS. Membranes were placed on a sheet of
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3MM filter paper to remove excess liquid and then wrapped in Saran wrap. The 

membranes were marked with Trackertape (Amersham Ltd., UK) and subjected to 

autoradiography (section 2.5.7). 

2.5.6 Autoradiography and quantification 

The wrapped membrane was placed in an X-ray cassette (Sigma, UK) with a 

sheet of Kodak BioMax MS-1 (Anachem Ltd., UK) photographic film placed on top. 

Trans-Screen (Anachem Ltd., UK) intensifying screens were placed over the film to 

increase the intensity of the signal obtained. Cassettes were stored at -80 °C for an 

appropriate length of time before the film was photographically developed (see section 

2.7.7). Band intensities were quantified using Phoretix 1D software (Non-linear 

Dynamics). 

2.5.7 Stripping and reprobing of nylon membranes 

Probes were regularly stripped from northern blot membranes to allow 

reprobing for a different transcript species. Nylon membranes were soaked in 0.5 

x SSC at 95 °C for 10 min, allowed to cool, and placed in prehybridisation 

solution as described (section 2.5.4). Hybridisation of the probe of interest was 

subsequently carried out as described in section 2.5.4.
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2.6 Preparation of purified plasma membranes from cells and tissue 

2.6.1 Isolation of luminal membranes from AA/C1 cells 

Cell monolayers were detached from growing surfaces using a cell scraper, 

centrifuged at 2000 rpm and the resulting pellet washed with PBS. Cell pellets were 

stored at -80 °C. Luminal membrane vesicles were prepared from the cells using a 

cationic precipitation/differential centrifugation method as described by Shirazi-Beechey 

et al. (1990) with minor modifications. Briefly, cell pellets were thawed in 125 ul buffer 

1 (100 mM mannitol, 2 mM Hepes-Tris pH 7.1), and gently pipetted to eliminate cell 

clumps. The resulting homogenate was transferred to a 2 ml Eppendorf tube and 

vibromixed (model E-1, Alpha Lavel, UK) on full power for 60 s using a glass probe. 

The volume was then made up to 1 ml with buffer 1 and mixed. 50 pl of the homogenate 

was taken for later analysis. MgCl. was added to the remaining homogenate to a final 

concentration of 10 mM and mixed for 20 min at 4 °C before being subjected to 

centrifugation at 3000 g for 10 min (Sorvall RC5, SS05 rotor). The supernatant was 

transferred to a fresh 1.5 ml Eppendorf tube and the pellet (P1) retained for later 

analysis. The supernatant was centrifuged at 30000g for 45 min, and the resulting final 

pellet was resuspended in 5-20 ul buffer 3 (300 mM mannitol, 20 mM Hepes-Tris pH 

7.5, 0.1 mM MgSO). 

2.6.2 Preparation of post-nuclear membrane fractions from colonic biopsies 

Human colonic tissue samples, 60-100 mg wet weight, from healthy colon and 

colonmic carcinomas were homogenised using a polytron probe (6T microshaft, Ystral)
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with 500 pl of a buffer (100 mM mannitol, 2 mM Hepes/Tris pH 7.1). The probe was 

washed with a further 250 pul of the same buffer, added to the suspension, and 

centrifuged at 500g for 10 min (Sorvall RC5C). The supernatant was centrifuged at 

30,000g for 30 min and the resultant pellet was resuspended in a buffer containing 300 

mM mannitol, 20 mM Hepes/Tris pH 7.4 and 0.02 % (w/v) NaN3, and made 

homogeneous with a hamilton syringe. The protein concentration of the membranes was 

determined as described (see below). 

2.6.3 Protein determination 

Protein content was determined by a microscale assay based on the method of 

Bradford (1976) utilising a commercially available protein dye (BioRad, UK). A 

standard curve was generated using bovine gamma globulin (3- 18 pg) diluted in 800 pl 

buffer 3 (section 2.2.1). 1 pl of each sample was diluted in 800 pl buffer 3, and 200 pul 

undiluted dye reagent added. The samples were mixed by vortexing and the absorbance 

read at Asosnm. The concentration of protein in each sample was calculated from the 

standard curve.
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2.7 SDS-PAGE and western blotting 

2.7.1 Preparation of samples 

5- 20 ug protein was diluted 1:3 in sample buffer (62.5 mM Tris-HCl pH 6.8, 

0.1% (w/v) glycerol, 2% (w/v) SDS, 0.05% (v/v) B-mercaptoethanol and 0.00125% 

(w/v) bromophenol blue) and heated at 65 °C for 3 min, before being placed on ice. 

High molecular weight markers (Biorad, UK) were treated in the same way and loaded 

onto gels alongside the samples of interest (see below). 

2.7.2 Gel electrophoresis 

SDS-Polyacrylamide gel electrophoresis was carried out using BioRad Mini 

Protean II apparatus. The separating gel was prepared as shown in Table 2.1 and poured 

between clean glass plates separated by 1 mm spacers. An 8% (w/v) polyacrylamide gel 

was routinely used for the separation of membrane proteins. The gel was covered with a 

thin layer of butanol-saturated ddH2O and allowed to polymerise for 1 h. The stacking 

gel mix was prepared as shown in Table 2.2. Following aspiration of the butanol- 

saturated ddH2O, the gel was dried and the stacking gel poured. A comb was inserted 

and the gel allowed to polymerise for 30 min. The polymerized gels were placed in a 

buffer chamber containing 0.3 % (w/v) Trizma base (Sigma), 1.44 % (w/v) glycine and 

0.1 % SDS, and the samples loaded. Electrophoresis was carried out at 100 V until the 

bromophenol dye front reached the end of the separating gel.
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Table 2.1 Composition of running gel for PAGE analysis 

a 
8% running gel      

        

    

      

    
     

Table 2.2 Composition of stacking gel 

a eo stacking et | 

10% (w/v) APS 

TEMED 
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2.7.3 Electrotransfer 

Two pieces of 3MM filter paper (Whatman, UK) and a sheet of nitrocellulose 

(BioRad Trans-Blot, 0.45 um) were soaked in transfer buffer (20 % (v/v) methanol, 20 

mM Trizma base, 150 mM glycine). The polyacrylamide gel was carefully removed 

from between the glass plates and the stacking gel removed and discarded. The gel was 

placed in transfer buffer and the transfer cassette assembled in the following order: fibre 

pad, 3MM filter paper, gel, nitrocellulose membrane, filter paper, fibre pad. Air bubbles 

were excluded and the cassette placed in the buffer chamber. Electrotransfer was carried 

out for 1 h at 100 V with constant stirring. 

2.7.4 Immunodetection of MCT1 

Following electrotransfer, equality of loading was assessed by staining with 

Ponceau Red (1 % (w/v) in 3 % (w/v) trichloroacetic acid). Following rinsing in ddH2O, 

non-specific protein binding sites were blocked by immersion in PBS-TM (0.5 % (w/v) 

milk protein (Oxoid, UK), 0.05 % Tween 20 in PBS) for 1 h at room temperature. The 

nitrocellulose membranes were then incubated for 1 h with the primary antibody diluted 

in PBS-TM. Membranes were also incubated with primary antibody that had been pre- 

incubated with the immunizing peptide (10 pl antibody and 1 pg ml’! peptide in PBS) at 

37 °C for 1 h. Membranes were washed 3 x 10 min in PBS-TM and incubated with the 

swine anti-rabbit horseradish peroxidase-conjugated secondary antibody (DAKO, UK) 

diluted 1:2000 in PBS-TM. The nitrocellulose membranes were washed three times 

with PBS-TM as described above and the immunoreactive bands visualised as described
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in section 2.7.7. All incubations and washes were carried out at room temperature on a 

rocking platform. 

2.7.5 Immunodetection of Na-K-2Cl cotransporter, villin and B-actin 

To determine the abundance of Na-K-2Cl, villin and B-actin, non-specfic protein 

binding sites on the nitrocellulose membranes were first blocked by immersion in PBS- 

TM as described above. The membranes were incubated with the appropriate primary 

antibody diluted in PBS-TM (Na-K-2Cl, 1:5000; villin, 1:1000; B-actin, 1:5000) for 1 h. 

Membranes were washed as described (section 2.7.4) and incubated with rabbit anti- 

mouse horseradish peroxidase-conjugated secondary antibody (Dako, UK) diluted 

1:2000 in PBS-TM. Final washes were carried out as described and the immunoreactive 

bands visualised (Section 2.7.7). All incubations and washes were carried out on a 

rocking platform. 

2.7.6 Immunodetection of GLUT1 and GLUT2 

Non-specific protein binding sites on the nitrocellulose membranes were blocked 

by immersion in PBS-TE (0.1 mM EDTA and 0.5% (v/v) Triton X-100 in PBS) for 1 h. 

Primary antibodies to GLUT1 and GLUT2 were added at a concentration of 1:2000 in 

PBS-TE, and incubation carried out for 1 h. Following 3 x 10 min washes in PBS-TE, 

the nitrocellulose membranes were incubated with swine anti-rabbit horseradish 

peroxidase secondary antibodies for 1 h. Subsequently, three further washes were carried 

out for 10 min each in PBS-TE and the immunoreactive bands visualised (section 2.7.7). 

All incubations and washes were carried out on a rocking platform.
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2.7.7 Development of western blots 

Immunoreactive bands were visualised using an enhanced chemiluminescence 

kit (ECL; Amersham Ltd., UK) according to the manufacturer's instructions. Briefly, 

following immunoblotting, nitrocellulose membranes were incubated in 2 ml of each of 

the two solutions provided for 1 min at room temperature. Excess solution was removed 

with paper tissues and the membranes were placed in saran wrap, before exposure to 

photographic film (Biomax-ML; Kodak, UK) in a dark room. The exposure times 

varied according to the strength of signal, ranging from 10 s to 5 min. Following manual 

development, the film was rinsed with water and dried. Band intensities = were 

quantified using scanning densitometry software (Phoretix 1D, Non-linear Dynamics, 

UK). 

2.7.8 Stripping and reprobing of membranes 

Nitrocellulose membranes previously used for immunoblotting were regularly 

reprobed for other proteins, such as villin and B-actin, to confirm the equality of loading. 

Antibodies were stripped from the membranes by washing 3 x 10 min in an acidic buffer 

containing 137 mM NaCl, 20 mM glycine/HCl pH 2.5 (Dyer ef al., 1997). The 

nitrocellulose membranes were subsequently rinsed in the appropriate blocking solution 

for 10 min and immunoblotting carried out as described.
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2.8 Immunohistochemistry 

2.8.1 Preparation of tissue sections 

Tissue sections from paraffin embedded tissue were kindly provided by the 

Royal Liverpool University Hospital Tissue Bank (see section 2.1.6.1). Sections were 

also prepared from paraformaldehyde fixed biopsies snap-frozen in O.C.T medium. 

Biopsies were obtained from consenting patients and immediately immersed in freshly 

prepared 4% (w/v) paraformaldehyde. Following incubation for 2 h at 4 °C, biopsies 

were transferred to 30% (w/v) sucrose solution and incubated at 4 °C overnight. 

Subsequently, the biopsies were orientated on a cork mat (1 cm x 1 cm), immersed in 

O.C.T medium, and snap frozen in liquid nitrogen-cooled isopentane. The frozen 

biopsies were sectioned (8 um) onto APES treated slides (Fisher, UK) using a freeze 

knife cryostat. 

2.8.2 Fluorescence immunohistochemistry 

Snap frozen, O.C.T. embedded tissue sections (8 1m) mounted on APES treated 

glass slides were thawed and rehydrated in PBS. The sections were microwaved in 1% 

(w/v) ZnSO, for 10 min and allowed to cool, before endogenous peroxidase activity was 

quenched by incubation in 0.3% hydrogen peroxide for 15 min. Non-specific antibody 

binding sites were blocked by incubation in 5% bovine serum albumin (BSA) for 1 h at 

room temperature. Excess blocking solution was removed and the appropriate primary 

antibody added to a final concentration of 1:200-— 1:1000 in PBS containing 1% (w/v) 

BSA. The concentrations of primary antibodies used are given in Table 2.3. Sections
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were incubated at 4 °C overnight in a humid container, before rinsing twice in PBS. In 

the case of MCT1, control sections were also incubated overnight with primary antibody 

pre-incubated with the immunizing peptide (see section 2.7.4). FITC conjugated anti- 

rabbit or anti-mouse secondary antibodies (Vector Laboratories, UK) were added at a 

concentration of 1:200- 1:500 in PBS containing 1% (w/v) BSA (Table 2.3), and 

incubation carried out at 25 °C for 1 h in a humid container. The sections were rinsed in 

PBS and coverslips mounted in Vectorshield medium (Vector Laboratories) before 

viewing by fluorescent excitation microscopy. 

Table 2.3 Antibody dilutions for fluorescence immunohistochemistry 

MCT1 

NHE3 

Na-K-2Cl 1:1000 Anti-mouse, 1:500 

2.8.3 Enzyme-linked immunohistochemistry 

Primary antibody (dilution in | Secondary antibody (dilution in       
   
    

      

     

PBS + 1% (w/v) BSA) PBS + 1% (w/v) BSA)     
Anti-rabbit, 1:200 

    
  

Anti-rabbit, 1:200      

Wax embedded archival human normal, adenoma and carcinoma colonic tissue 

samples (see section 2.1.6.1) were sectioned (10 um) onto APES treated slides. Sections 

were dewaxed in 100% xylene and hydrated through graded ethanol to PBS, before 

being microwaved on full power for 10 min in 1% (w/v) ZnSO. After cooling to room 

temperature, the slides were rinsed twice in PBS and placed in 0.3% (v/v) H202 in PBS 

for 15 min to block endogenous peroxidase activity. The sections were rinsed twice for 5
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min in PBS and non-specific protein binding sites blocked by incubation in 5% (w/v) 

BSA in a humid chamber for 1 h. The slides were rinsed in PBS and incubated with the 

appropriate primary antibody (MCT1, 1:200 in 1% (w/v) BSA; GLUT1 and GLUT2, 

1:100 in 1% (w/v) BSA; villin, 1:100 in 1% (w/v) BSA) overnight at 4 °C in a humid 

chamber. Sections were washed three times (10 min each) in PBS and incubated with the 

appropriate peroxidase-conjugated secondary antibody (swine anti-rabbit (Dako, UK), 

1:200 in 1% (w/v) BSA for MCT1, GLUT1 and GLUT2; rabbit anti-mouse (Dako, UK) 

1:100 in 1% (w/v) BSA for villin) at room temperature for 1 h in a humid chamber. 

Subsequently, the sections were washed three times in PBS (10 min each) and incubated 

in DAB solution (0.5 mg ml). The reaction was monitored and stopped with ddH,0. 

Sections were counterstained by incubation in Haemalum-Mayer (Raymond Lamb, UK) 

for 3 min, and placed under running tap water for 5 min. The counterstained sections 

were dehydrated in 100% ethanol and allowed to air dry before coverslips were mounted 

with D.P.X (Raymond Lamb, UK). Sections were viewed by light microscopy and 

photographed (Orthomat-W, Leitz, UK). 

2.9 In-situ hybridisation 

2.9.1 Preparation of tissue sections 

Healthy human distal colonic biopsies were fixed in 4% paraformaldehyde/PBS 

for 2 h at 4 °C immediately upon removal from consenting patients, before being 

embedded in paraffin wax and sectioned (8 um) onto APES treated slides. Wax 

embedded archival normal and diseased colonic tissue was also sectioned (10 tum) onto
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APES treated slides. All fixation and sectioning was carried out under RNase-free 

conditions. 

2.9.2 Preparation of probe 

Target cDNA was synthesized from total RNA using RT-PCR, purified and 

directly cloned into pGEM-T (Promega; as previously described). The resulting 

construct was linearised at either side of the insert with appropriate restriction enzymes 

(Table 2.4) to provide a template for subsequent in vitro transcription of both sense and 

antisense cRNAs. cRNA was prepared from the linearised cDNA template using the 

digoxygenin (DIG) RNA labelling kit (Roche, UK), according to the manuacturer's 

instructions. Briefly, 1 ug cDNA template was added to 5 pl labelling buffer (2 pl 10X 

buffer, 2 pl NTP mix, 1 pl RNase inhibitor) and made up to a final volume of 19 wl with 

ddH20. cRNA synthesis was initiated by the addition of 1 pl of either SP6 or T7 RNA 

polymerase, to produce both sense and antisense cRNA (Table 1.3). Synthesis was 

continued for 2 h at 37 °C. Template DNA was removed by the addition of 2 ul] DNase 

followed by incubation at 37 °C for 15 min. The reaction was stopped by the addition of 

2 pl 0.2 M EDTA. cRNA was precipitated overnight at -20 °C with 1/10 volume 4 M 

LiCl and 3 volumes 100% pre-chilled ethanol, pelleted by microcentrifugation (13,000 

rpm, 10 min) and resuspended in 48 pl ddH20 and 2 pl RNAsin (Promega). The integrity 

of the resulting cRNA was confirmed by denaturing electrophoresis as previously 

described (section 2.5.3). Efficiency of labeling was determined by dot-blotting 

alongside a control DIG labeled cRNA of known concentration (provided).
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Table 2.4 Preparation of template for CRNA synthesis 

ata 
       

     

      

      

2.9.3 Pre-treatments 

Sections were dewaxed in 100% xylene before being hydrated in graded ethanol 

solutions to ddH2O. Hydrated sections were placed in 0.2 M HCl for 20 min, washed in 

2 x SSC twice for 3 min and rinsed in 0.05 M Tris/HCl, pH 7.4. Sections were incubated 

in proteinase K (1-15 pg ml’, optimised for each sample) in an omnislide incubation 

chamber (Hybaid, UK) at 37 °C for 1 h and rinsed twice in 0.2% glycine/PBS. Post 

fixation was carried out in 4% paraformaldehyde/PBS for 4 min before the slides were 

rinsed in PBS and transferred into 20% acetic acid for 45 s to block endogenous alkaline 

phosphatase activity. Sections were rinsed in 0.1 M triethanolamine and immersed in 

freshly prepared 0.25% (w/v) acetic anhydride, 0.1 M triethanolamine pH 8.0 for 10 

min. At this stage, one slide was incubated in RNase (1-10 pg ml") at 37 °C for 1 h, 

with the remaining slides maintained at room temperature in PBS. Following RNase 

pretreatment, all the sections were rinsed in ddH2O and heated to 60 °C for 5 min, before 

being incubated at 50 °C in prehybridisation solution (50% formamide, 0.3 M NaCl, 20 

mM Tris pH 8, 5 mM EDTA pH 8, 10 mM DTT, 1 x Denhardt's solution, Img ml! 

E.coli tRNA) for 1 h in an Omnislide chamber (Hybaid, UK).
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2.9.4 Hybridisation and post-hybridisation washes 

The prehybridisation solution was removed and hybridisation solution added 

(50% formamide, 0.3 M NaCl, 20 mM Tris pH 8, 5 mM EDTA pH 8, 10 mM DTT, 1 x 

Denhardt's solution, 1 mg ml! E.coli tRNA, 100 mg ml! dextran sulphate, 200 ng mI” 

'DIG-labelled cRNA) and incubation at 50 °C continued overnight. Following 

hybridisation the sections were rinsed in 2 x SSC, 1 mM DTT at room temperature and 

transferred to 2 x SSC for 1 h. The slides were incubated at 50 °C in wash buffer (0.3 M 

NaCl, 20 mM Tris/HCl pH 8, 1 mM EDTA, 1 mM DTT) overnight, washed in 2 x SSC 

for 30 min at room temperature and transferred into 0.1 x SSC for 30 min. 

2.9.5 Detection 

Slides were placed in wash buffer (100 mM Tris-HCl pH 7.5, 150 mM NaCl) for 

5min, and non-specific protein binding sites blocked by incubation in 0.5% blocking 

buffer (Roche, UK) at room temperature for 30 min. Blocking buffer was removed and 

the sections incubated with anti-DIG antibody (Roche, 1:500 in blocking buffer) at room 

temperature for 2 h. Following incubation, the antibody was removed by rinsing in wash 

buffer, and the sections placed in equilibration buffer (100 mM Tris-HCl pH 9.5, 100 

mM NaCl, 50 mM MgCl) for 5 min. The sections were incubated in the dark in 

detection buffer (100 mM Tris-HCI pH 9.5, 100 mM NaCl, 50 mM MgCh, 0.18 mg mI" 

BCIP, 0.34 mg ml! NBT) and the reaction monitored. The reaction was stopped when 

appropriate by immersion in ddH20. The sections were counterstained with methyl 

green (0.5% (w/v), 15s), air-dried and coverslips mounted with Loctite UV adhesive. 

Sections were viewed by light microscopy and photographed (Orthomat-W, Leitz).
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2.10 [1-'C] butyrate transport studies 

2.10.1 Timecourse of butyrate uptake 

AA/C1 cells grown to confluence in 24-well plates were washed twice with PBS 

and incubated in equilibration buffer (280 mM mannitol, 10 mM HEPES/Tris pH 7.0) at 

25 °C for 30 min. Following aspiration of the equilibration solution, 500 pl of standard 

uptake buffer consisting of 278 mM mannitol, 10 mM MES/Tris pH 6.0 and 1 mM [U- 

'4C] butyrate (5 nCi per reaction) was added to each well. After incubation at 25 °C for 

appropriate lengths of time (15 s- 30 min), the uptake buffer was aspirated and the cells 

washed twice with 1 ml of ice-cold stop buffer (280 mM mannitol and 10 mM MES/Tris 

pH 6). The cells were incubated with 100% ethanol for 30 min and the lysate transferred 

to scintillation vials. 4 ml scintillation fluid (Optiphase, Perkin Elmer, UK) was added 

and scintillation counting carried out (LS6500, Beckman-Coulter, USA). 100 pl 0.1 M 

sodium hydroxide was added to each well and the solubilised protein quantified as 

described in section 2.6.3. An internal standard (10 ul uptake solution) was also taken 

for scintillation counting and the result used to calculate the amount of [U-'“C] butyrate 

taken up by the cells in each well. 

2.10.2 Effect of pH 

Following equilibration (see above), confluent cells were incubated in 500 ul of 

uptake buffers of varying pH (pH 5.5- 8.0) for 1 min. The uptake buffers of pH 5.5- 6.5
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consisted of 278 mM mannitol, 10 mM MES/Tris pH 5.5- 6.5 and 1 mM [U-“C] 

butyrate (5 nCi per reaction), whilst the uptake buffers of pH 7.0- 8.0 were composed of 

278 mM mannitol, 10 mM HEPES/Tris pH 7.0- 8.0 and 1 mM [U-'4C] butyrate (5 nCi 

per reaction). Following incubation at 25 °C for 1 min, uptake was stopped and 

scintillation counting carried out as described above. 

2.10.3 Competitor studies 

Confluent cells were equilibrated as described (section 2.10.1) and incubated in 

500 ul of an uptake buffer containing 260 mM mannitol, 10 mM MES/Tris pH 6.0, 1 

mM [U-'4C] butyrate (5 nCi per reaction) and either 10 mM NaBt, 10 mM NaAc or 10 

mM NaPr for 1 min at 25 °C. Uptake was subsequently stopped, the cells lysed and 

scintillation counting carried out as described in section 2.10.1. 

2.10.4 Inhibitor studies 

Confluent cells were allowed to equilibrate as described (section 2.10.1) before 500 ul 

pre-incubation buffer, composed of 278 mM mannitol, 10 mM MES/Tris pH 6.0 and the 

appropriate concentration of inhibitor, was added to each well. The inhibitors used and 

their concentrations are given in the text and figure legends of the results section. Cells 

were pre-incubated for 15 min at 25 °C before uptake was measured for 1 min in 

standard uptake buffer (see section 2.10.1) containing the same concentration of 

inhibitor as the pre-incubation solution. 

2.10.5 Concentration dependence studies 

Following equilibration, the rate of uptake of fu-"C] butyrate was measured into 

confluent cells for 1 min at 25 °C in standard uptake buffer containing NaBt varying in
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concentration from 0.5 mM to 20 mM. The concentration of mannitol was adjusted to 

maintain the osmolarity of the uptake solution. The uptake was stopped and scintillation 

counting carried out as described in section 2.10.1. Values for Vmax and Km of uptake 

were calculated by linear regression analysis of Eadie-Hofstee plots. 

2.11 Histone acetylation assays 

2.11.1 Preparation of histones 

Histones were extracted from confluent monolayers essentially as described by 

Coussens ef al. (1979). AA/C1 cells were treated with 2 mM butyrate or 0.3 uM TSA 

and harvested using a rubber policeman before being collected by centrifugation at 2000 

rpm for 5 min. The cell pellet was washed once with PBS and resuspended in 1 ml ice 

cold lysis buffer (10 mM Tris-HCI pH 6.5, 50 mM sodium bisulphite, 1% (v/v) Triton 

X-100, 10 mM MgCh, 8.6% (w/v) sucrose). The cell suspension was transferred to a 

Dounce homogeniser and homogenised with five strokes of a tight fitting pestle. The 

nuclei were collected by centifugation at 1000g for 10 min, washed three times with the 

lysis buffer and once with 10 mM Tris-HCl, 13 mM EDTA pH 7.4. Following a further 

centrifugation at 1000g for 10 min, the pellet was resuspended in 100 yl ice-cold ddH2,O 

by vortexing and concentrated H2SO, added to a final concentration of 0.2 M (1.12 pl). 

Following incubation at 4 °C for 2 h, the suspension was centrifuged at 15000 rpm for 5 

min in a microcentrifuge, and the supernatant taken and mixed with 1 ml ice cold 

acetone. After incubation at -20 °C overnight, the precipitated histones were collected by 

centrifugation at 10000 rpm for 10 min and allowed to air dry. The resulting pellet was
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thoroughly resuspended in 50 yl ddH2O and the protein concentration ascertained 

spectrophotometrically (section 2.6.3). 

2.11.2 Acid Urea Triton X-100 gel electrophoresis 

The level of hyperacetylation of the purified histone residues was analysed using 

acid urea Triton X-100 (AUT) gel electrophoresis. A separating gel mixture was made 

up consisting of 1 M acetic acid, 8 M urea, 16% (w/v) acrylamide and 45 mM NH3 and 

0.5% Triton X-100. 150 ul TEMED and 0.004% (w/v) riboflavin were added and the 

mixture poured between two 11 cm x 13 cm glass plates (Biorad). The gel was 

polymerised by exposing to strong light for 1 h. A stacking gel (1 M acetic acid, 6.3 M 

urea, 4.4% acrylamide, 100 ul TEMED, 0.004% riboflavin) was then poured onto the 

polymerised separating gel and a comb inserted. The stacking gel was polymerised as 

described for the separating gel. 50 ug purified histones were incubated with 2 volumes 

of loading buffer (8 M urea, 0.25% (v/v) B-mercaptoethanol, 1 M acetic acid, 0.001% 

(w/v) pyronin G) for 5 min at room temperature before being loaded onto the stacking 

gel. Electrophoresis was carried out at 15 V cm” overnight in 0.2 M glycine, 1 M acetic 

acid. Gels were stained with Coomassie Brilliant Blue R-250 (Sigma), dried and 

photographed. 

2.12 Statistical analyses 

Except where otherwise stated, all results are given as means + S.E.M of n 

separate experiments.
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CHAPTER 3 

Pattern of expression of the butyrate transporter, MCT1, in the healthy 

human colon
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3.1 Introduction 

The large intestinal epithelium is composed of multiple cell types originating 

from pluripotent stem cells present in the base of the crypt structures. Over a period of 3- 

5 days, mature absorptive epithelial cells emerge from the crypts and acquire specialised 

absorptive functions as they reach the non-proliferative zone on the lumenal surface of 

the epithelium, before being shed by apoptosis (Gordon JI, 1993). Short-chain fatty 

acids (SCFA), particularly butyrate, are thought to play an important role in regulating 

pathways of colonic epithelial cell maturation (Alam ef al., 1994; Harig ef al., 1989; 

Goodlad et al., 1992). SCFAs are produced in the lumen of the human colon by 

microbial fermentation of dietary fibre and non-starch polysaccharide. Butyrate is the 

preferred metabolic fuel of the healthy colonocyte (Cummings, 1984) and has a number 

of profound biological effects. Jn vitro, butyrate regulates the expression of a meio of 

genes involved in the maintenance of cellular homeostasis (Archer ef al., 1998; 

Siavoshian ef al., 2000; Hague et al., 1997), whilst in vivo butyrate stimulates epithelial 

regeneration (Harig ef al., 1989) and inhibits tumour formation in a chemical model of 

colon cancer in rats (Medina ef al., 1988). 

In order for butyrate to exert these effects, it must first be absorbed by the 

colonic epithelial cells. At the luminal pH (pH 7), butyrate (pKa 4.7) dissociates almost 

entirely to the butyrate anion (Phillips and Devroede, 1979). This charged species is 

unable to cross the membrane by free diffusion, and therefore requires a specific 

transport protein. Accordingly, it has been shown that butyrate is transported across the 

colonic luminal membrane by a carrier mediated mechanism (Mascolo ef al., 1991;
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Ritzhaupt et al., 1998a). More recently, we have provided evidence that this transport 

protein is the monocarboxylate transporter, MCT1 (Ritzhaupt e¢ al., 1998b). MCT1 is 

expressed in colonic epithelial cells and is able to transport butyrate when expressed in 

Xenopus oocytes. We have shown previously, by western blot analysis, that the MCT1 

protein is enriched 15-20 fold in luminal membrane vesicles (LMV) isolated from 

human colonic epithelial cells compared to the corresponding cellular homogenate. 

Markers of the luminal membrane of the colonocyte, such as villin and NHE3, were 

enriched in the LMV by a similar magnitude (Ritzhaupt, 1998c). 

In the work presented in this chapter, immunohistochemistry was used to 

establish the pattern of expression of MCT1 in the healthy human colon. Jn-situ 

hybridisation histochemistry was utilised to examine the profile of expression of the 

MCT1 transcript along the crypt-surface axis. I report that in the human colon, MCT1 is 

predominantly expressed on the luminal membrane, with no detectable basolateral 

staining. The abundance of the protein is greatest in surface epithelial cells and declines 

with descent into the crypts. The MCTI transcript, however, is expressed 

homogeneously along the crypt surface axis. This study confirms the findings of 

Ritzhaupt et al (1998b), and is the first to reveal the pattern of MCT1 expression in the 

human colonic epithelium.
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3.2 Immunohistochemical detection of membrane marker proteins in healthy 

human distal colon 

In order to characterise the luminal and basolateral plasma membrane domains of 

colonic epithelial cells, the cellular expression of two well-documented markers of the 

colonocyte luminal membrane domain, villin (Bretscher and Weber, 1979) and NHE3 

(Hoogerwerf ef al., 1996), and two markers of the basolateral domain, Na-K-2Cl 

cotransporter (Greger, 2000) and GLUT2 (Pinches et al., 1993) were examined. 

Immunofluorescent detection, using an FITC conjugated secondary antibody, 

demonstrated a luminal staining pattern for NHE3 in healthy human colonic biopsies 

(Fig. 3.1A, B). A strong basolateral signal was obtained for Na-K-2Cl cotransporter in 

sections prepared from the same biopsy specimen (Fig. 3.1C, D). Immunohistochemical 

detection using peroxidase-conjugated secondary antibodies localised villin and GLUT2 

to the apical and basolateral membrane domains, respectively (Fig. 3.2A and B).



Results CHAPTER 3 78 

Figure 3.1. Immunofluorescent detection of NHE3 and Na-K-2Cl in tissue sections 

from healthy human distal colon. 

  
Immunohistochemical localisation of NHE3 and Na-K-2Cl was performed on healthy 

human distal colonic biopsy sections using an FITC conjugated secondary antibodies as 

described in the methods section. Sections were viewed by fluorescent excitation 

microscopy. A - NHE3 x 20 magnification; B - NHE3 (x 40); C - Na-K-2Cl 

cotransporter (x 20); D - Na-K-2Cl cotransporter (x 100). Bars represent 50 yum. 

Specific staining is indicated by white arrows.
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Figure 3.2. | Immunohistochemical localisation of villin and GLUT2 in tissue 

sections from healthy human colon. 

  

Immunohistochemistry for villin and GLUT2 was carried out on tissue sections prepared 

from healthy colonic biopsies using horseradish peroxidase conjugated secondary 

antibodies as described in the methods section. A. Villin, x 100 magnification; B. 

GLUT2 x 400 magnification. Pictures shown are representative of results obtained from 

sections prepared from 4 different individuals. Bars represent 50 tum. Specific staining is 

indicated by arrows.
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3.3 Immunohistochemical detection of MCT1 in human colonic biopsies 

We have shown previously by immunoblotting that the butyrate transporter, 

MCT1, is enriched 15-20 fold in the luminal membranes isolated from healthy human 

colonic tissue compared to the cellular homogenate, indicating that the protein is 

predominantly located on the luminal membrane of human colonocytes (Ritzhaupt et al., 

1998b). Here, immunohistochemistry was used to confirm and extend this observation to 

investigate the pattern of MCT1 expression along the crypt-surface axis. 

Immunohistochemical detection of MCT1 using a horseradish peroxidase-conjugated 

secondary antibody confirmed that MCT1 is predominantly located on the luminal 

membrane of healthy colonocytes (Figure 3.3A, B, C). The signal was blocked by pre- 

incubation of the antibody with the immunising peptide (Figure 3.3D). The abundance 

of MCT1 was greatest in the luminal membrane of epithelial cells on the surface of the 

colonic mucosa, and declined rapidly with descent into the crypts (Figure 3.3A, B, C). 

MCT1 is also present on the membranes of erythrocytes, contributing a degree of 

staining within the lamina propria. A similar pattern of expression was revealed using 

immunofluorescent histochemistry (Fig. 3.4A, B). MCT1 staining was strongest in the 

apical membrane of the surface colonocytes, with the signal declining with descent into 

the crypts. The MCT1 protein was barely detectable in cells at the base of the crypts 

using either peroxidase immunohistochemistry or immunofluorescent detection.
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Figure 3.3. Immunohistochemical detection of MCT1 in normal human colon 

  
Immunohistochemistry for MCTI was carried out on tissue sections prepared from 

healthy human colon biopsies using a peroxidase-conjugated secondary antibody as 

described in the methods section. MCTI staining is seen as a brown coloring 

contrasting with the blue/purple counterstained nuclei. A - MCT1, x 200 magnification; 

B - MCTI, x 400 magnification; C - MCTI1 x 400 magnification; D - MCT]! antibody 

pre-incubated with immunising peptide, x 100 magnification; Bars represent 50 yam. 

Specific staining is indicated by arrows.
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Figure 3.4. Immunofluorescent detection of MCT1 in normal human colonic 

biopsy sections 

B 

Lumen 

Lumen 

ya    
Immunohistochemistry was carried out on healthy human colon biopsy sections using a 

FITC-conjugated secondary antibody as described under 'Methods'. Sections were 

viewed by fluorescent excitation microscopy and photographed. A - x 400 

magnification; B - MCTI antibody pre-incubated with immunizing peptide, x 400 

magnification. Bars represent 50 sum. Arrows on A. indicate staining. E.P indicates 

epithelial cells.
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3.4 In situ hybridisation for MCT1 transcript in human distal colon 

We next sought to investigate the profile of expression of the MCT1 transcript 

along the crypt-surface axis. Jn-situ hybridisation histochemistry, using a DIG-labeled 

antisense probe specific for MCT1, showed that the MCT] transcript is expressed along 

the length of the crypt-surface axis (Figure 3.5A, B). Hybridisation of the antisense 

probe with sections pre-incubated with RNase A (Figure 3.5D) or untreated sections 

with the sense probe (Figure 3.5C) resulted in no detectable staining, indicating the 

signal was specific. Levels of the MCT1 transcript are significantly higher than the 

protein levels detected in the crypts, suggesting the expression of the MCT1 mRNA 

precedes the MCT1 protein during cellular differentiation along the crypt-surface axis.
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Figure 3.5. Detection of MCT1 mRNA in healthy human colonic biopsy sections by 

in situ hybridisation. 

  
In-situ hybridisation was carried out on healthy human colon biopsy sections using DIG 

labelled cRNA probes as described in the methods section. Sections were hybridised 

with a specific antisense probe for MCT] and the corresponding sense probe to act as a 

control for non-specific binding. A - MCTI antisense probe (x 200); B - MCTI 

antisense probe (x 400); C - sense probe (x 200); D - MCT1 antisense probe on RNase 

pre-treated sections (x 200). Specific staining is seen as a dark purple colour, 

contrasting with the blue/green counterstained nuclei. Bars represent 50 jum. 
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3.5 Expression of MCT1 along the length of the human colon 

Given that the concentration of butyrate varies along the length of the colon, with 

highest levels reported in the proximal colon (Cummings ef al., 1987), it was next 

investigated whether the levels of MCT1 expression show a corresponding variation. 

Colonic biopsies were collected from caecum, proximal and distal colon from six 

patients undergoing routine colonoscopy, and the levels of MCT1 protein analysed by 

western blotting. No changes in the levels of the MCT1 protein were detected in the 

three different regions of the colon (Fig. 3.6). 

Figure 3.6. MCT1 protein expression along the length of the human colon 

MCT1 

  

Wilh 

  

Post-nuclear membranes were isolated from biopsies collected from caecum (c), 

proximal (p) and distal (d) colon of patients undergoing routine colonoscopy. Western 

blotting analysis for MCT1 and villin was subsequently carried out as described in the 

methods section. The immunoblot shown is representative of the results obtained from 4 

male and female patients aged 28-72.
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3.6 Discussion 

We have demonstrated previously that MCT1 is expressed in the human colonic 

epithelium and that it is capable of transporting butyrate (Ritzhaupt et al., 1998b). In the 

same study, western blot analysis indicated that MCT1 is markedly enriched in luminal 

membrane vesicles isolated from colonocytes, with the enrichment of a similar 

magnitude to that of villin, a classical colonic luminal membrane marker. Here we 

sought to analyse the pattern of expression of MCT1 in the human colonic epithelium 

using immunohistochemistry and in situ hybridisation histochemistry. 

Immunohistochemical analysis, using both enzymic and fluorescent detection 

methods, confirmed that MCT1 is predominantly located in the apical membrane of 

healthy human colonocytes, showing a similar cellular localisation as villin and NHE3, 

both well characterised markers of the luminal membrane. This pattern of staining 

contrasted with that obtained using antibodies to Na-K-2Cl cotransporter and GLUT2, 

both of which showed a basolateral localisation. These results confirm that MCT1 is 

expressed in the luminal membrane of the human colonic epithelium. Interestingly, 

Tamai et al. (1999) reported a largely basolateral localisation of MCT1 in rat colonic 

epithelium, with weaker luminal staining. The factors involved in controlling the 

targeting of proteins to either the apical or basolateral membranes of epithelial cells are 

known to vary between different species (Rodriguez-Boulan and Powell, 1992; 

Scheiffele et al., 1995), possibly accounting for these differing observations.
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The abundance of MCT1 was greatest in the apical membrane of surface 

epithelial cells, and declined dramatically with descent into the crypts. Negligible levels 

of the MCT1 protein were detectable in cells lining the base of the crypt. This gradient 

of expression is similar to that observed for other nutrient transporters in the intestinal 

epithelium (Hwang ef al., 1991; Gallardo et al., 2001) and may reflect the different 

functions of surface and crypt cells in the colonic epithelium. It is thought that the cells 

lining the colonic crypts have a largely secretory role whilst surface epithelial cells have 

a more absorptive function (Welsh ef al., 1982; Field 1991). Indeed, it has been reported 

that the levels of butyrate uptake are significantly lower in crypt cells compared to 

surface epithelial cells (Singh and Binder, 2001). 

The abundance of the MCT] transcript along the crypt-surface axis was largely 

homogeneous, with comparable levels detected in both crypt cells and surface epithelial 

cells. A similar difference between transcript and protein expression along the crypts 

has been reported for other colonic nutrient transporters (Gallardo et al., 2001; Ramirez- 

Lorca et al., 1999). Other intestinal nutrient transporters, however, exhibit coordinated 

expression of transcript and protein along the crypts (Hwang er al., 1991; Matthews et 

al., 1998). Whilst these results suggest variation in the mechanisms controlling the 

expression of nutrient transporters in the intestinal epithelium, the significance of these 

differences remains unknown. 

Western analysis showed that the abundance of MCT1 does not vary 

significantly between the caecum, proximal and distal human colon. It is thought that 

the lumenal concentration of butyrate declines along the length of the colon due to
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reduced substrate availability, with the highest concentrations found in the proximal 

colon (Cummings ef al., 1987). It has also been reported that rabbit proximal colon 

exhibits elevated rates of SCFA uptake (Sellin ef al., 1993). It might, therefore, be 

expected that the level of MCT1 may vary along the length of the colon, reflecting these 

segmental differences in SCFA abundance and uptake. As yet, however, no data is 

available directly demonstrating differences in the rate of butyrate uptake along the 

length of the human colon. It would, therefore, be of interest to analyse the pattern of 

MCT1 expression in species in which there are known to be segmental differences in 

butyrate absorption. 

In conclusion, the work presented in this chapter confirms earlier reports that 

MCT1 is expressed predominantly in the apical membrane of human colonic epithelial 

cells. The abundance of MCT1 protein is greatest in the membrane of surface epithelial 

cells and declines rapidly with descent into the crypts. The MCT1 transcript is expressed 

along the length of the crypts, with significant levels detectable in both crypt cells and 

surface epithelial cells. The presence of significant levels of MCT1 in the luminal 

membrane of surface colonocytes is in keeping with its proposed role as the primary 

route of butyrate transport into human colonic epithelial cells.
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CHAPTER 4 

Changes in the expression of colonic nutrient transporters during the 

transition from normality to malignancy 

89
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4.1 Introduction 

Colon cancer is a major cause of mortality in the industrialised nations. It is 

resistant to most cytotoxic drugs and the efficacy of surgical intervention largely 

depends on the absence of local and distant metastases. The majority of colorectal 

cancers develop from premalignant polyps, commonly referred to as adenomas (Muto et 

al., 1975). The transition from normality to malignancy through the adenoma-carcinoma 

sequence is characterised by an alteration in the expression of a number of genes 

associated with the maintenance of cellular homeostasis (Vogelstein et al., 1988). These 

alterations may be hereditary or sporadic and be influenced by environmental factors. It 

is becoming increasingly evident that specific dietary factors have the potential to 

influence the normal structure and function of the colon, and various dietary components 

have been proposed as either beneficial or potentially harmful to colonic health (Lipkin 

et al., 1999). Epidemiological studies over the past thirty years have indicated that a diet 

high in fibre and resistant starch can protect against colon cancer (Burkitt, 1971; Kune e¢ 

al., 1987). 

Dietary fibre and resistant starch are fermented by colonic microflora 

predominantly to the SCFAs acetate, propionate and butyrate (Macfarlane and 

Cummings, 1991). Butyrate has an important role in maintaining the health of the 

colonic mucosa (Treem ef al., 1994; Bugaut and Bentejac, 1993) and is the preferred 

metabolic fuel of the healthy colonocyte (Cummings, 1984). Butyrate exerts a number of 

biological effects on colonic epithelial cells in vitro (Kruh, 1982). These include the
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inhibition of proliferation and the induction of both differentiation and apoptosis (Hague 

et al., 1995). In many cases, these effects are correlated with changes in the expression 

of various genes associated with these processes, including p21¥“F VCIPI (p21; Archer et 

al., 1998), cyclin D3 (Siavoshian et al., 2000) bel2 and bak (Hague et al., 1997). In vivo 

studies have correlated increased butyrate levels with a decreased incidence of colon 

cancer (Clausen et al, 1991), and butyrate instilled into the lumen of the colon was 

reported to reduce tumour development in a chemical model of colon carcinogenesis 

(Medina et al, 1988). Essential to these roles is the absorption of butyrate across the 

colonocyte luminal membrane. Our laboratory and subsequently others have shown that 

butyrate is transported across the luminal membrane of the colonic epithelium by the 

monocarboxylate transporter, MCT1 (Ritzhaupt ef al., 1998b; Hadjiagapiou ef al., 

2000). 

Under normal conditions, glucose provides a fraction of the energy requirement 

of the healthy colonic epithelium (Roediger, 1982). Glucose is absorbed from the blood 

across the basolateral membrane of colonocytes via the low affinity glucose transporter, 

GLUT2 (Pinches ef al., 1993), a member of the widely expressed GLUT family of 

facilitative glucose transporters (Baldwin, 1993; Shirazi-Beechey., 1995). It has been 

reported, however, that colorectal cancers, in common with many other malignancies, 

have enhanced glucose utilisation and glycolytic metabolism (Eigenbrodt et al, 1985; 

Holm et al, 1995). In many cases this increase in glucose utilisation is accompanied by 

expression of the high affinity glucose transporter, GLUT1 (Yamamoto et al, 1990). 

GLUTI1 expression is normally confined to erythrocytes and cells at the blood-brain 

interface, but is expressed by cells transformed with ras or src oncogenes in culture
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(Flier et al, 1987) and by a number of malignant cell types (Brown and Wahl, 1993; 

Nagase et al, 1995; Mellanen et al, 1984). 

In this chapter immunohistochemistry, western and northern blotting were used 

to determine the levels of MCT1 and GLUT1 in healthy colon, colonic adenomas and 

colonic carcinomas. It was found that the levels of MCT1 mRNA and protein are 

significantly reduced in colonic adenomas and carcinomas, with the most dramatic 

decline observed in poorly differentiated carcinomas. In the majority of carcinomas 

studied, the suppression of MCT1 expression is accompanied by the expression of the 

high affinity glucose transporter, GLUT1, and a down-regulation of the low affinity 

glucose transporter, GLUT2. In conclusion, a reduction in the expression of MCT1 may 

reduce the intracellular availability of butyrate to act both as a regulator of cellular 

homeostasis and as a source of energy. This may be an important factor in the 

progression from normality to malignancy in the colonic epithelium.
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4.2 Immunohistochemical detection of MCT1 in healthy, premalignant and 

malignant colonic tissue 

Having established the profile of expression of the MCT1 transcript and protein 

in healthy colonic tissue, the expression of MCT1 protein in sections of colonic 

adenomas and carcinomas was next investigated. Sections were prepared from wax- 

embedded colonic tissues histologically graded as normal, tubular adenoma, tubular- 

villous adenoma, and carcinoma of various degrees of differentiation. A typical 

immunocytochemical analysis of healthy colonic tissue using peroxidase labeling is 

presented in Figure 4.1A. High levels of MCT1 were expressed in the epithelium of all 

the healthy colon sections analysed. Of the adenoma samples analysed, tubular 

adenomas, which are generally regarded as having the lowest malignant potential, 

displayed the highest levels of MCT1 expression (Fig. 4.1C), although in the majority of 

cases MCT1 abundance was still lower than healthy colonic tissue. Tubular-villous 

adenomas were found to express MCT1 at a much lower level than tubular adenomas, 

and the expression was limited to discrete foci (Fig. 4.1D). MCT1 expression was 

significantly reduced in the majority of well-differentiated colonic carcinomas (Fig. 

4.1E), and was barely detectable in all the poorly differentiated colonic carcinomas 

analysed (Fig. 4.1F). It should be noted that, for comparative purposes, a high antibody 

titre used resulted in a degree of cytoplasmic staining in the control samples expressing 

high levels of MCT1 (Fig. 4.1A). The data is summarized in table 4.1.
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Figure 4.1. Immunohistochemical detection of MCT1 in normal, adenoma and 

carcinoma human colonic sections. 

te
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Immunohistochemistry was carried out on normal, adenoma and carcinoma human 

colonic tissue using a horseradish peroxidase-conjugated secondary antibody as 

described in the methods section. MCTI staining is seen as a brown coloring 

contrasting with the blue/purple counterstained nuclei. A - healthy human colon (x 400); 

B - healthy human colon with MCT1 antibody pre-incubated with immunising peptide (x 

200); C - tubular adenoma (x 200); D - tubular-villous adenoma (x 200); E - well 

differentiated adenocarcinoma (x 200) F - poorly differentiated adenocarcinoma (x 

200). 

 



Results CHAPTER 4 95 

TO 

Table 4.1. Summary of MCT1 protein levels assessed by immunohistochemistry 

a 

Sample n High MCT1 Low MCT1 

NomalSt~=<“CSs‘SSSSSC“‘iK SCHEMA) 

Tubular adenoma 10 8 (80%) 2 (20%) 

Tubulo-villous adenoma 10 4 (40%) 6 (60%) 

Carcinoma (well differentiated) 10 1 (10%) 9 (90%) 

Carcinoma (moderately differentiated) 10 0 (0%) 10 (100%) 

Carcinoma (poorly differentiated) 10 0 (0%) 10 (100%) 

  

The abundance of MCT1 in healthy colon, colonic adenomas and colonic carcinomas 

was graded according to the percentage of cells staining positively for MCTI. Staining 

of erythrocytes was excluded. Whole sections were analysed and scored as high MCT1 

staining (>50% of cells stained) or low MCTI staining (<50% cells stained) by an 

independent observer. The number of samples fitting each of the criteria described is 

shown in bold, with the percentage in parentheses. n = total number of samples 

analysed. 

  

4.3 Assessment of the levels of MCT1 protein and mRNA in healthy colon and 

colonic adenomas by western and northern analyses 

In order to further assess any potential changes in the levels of MCT1mRNA and 

protein during progression from normality to malignancy, total RNA and post-nuclear 

membranes were isolated from healthy and malignant colonic tissues and analysed by 

northern and western blotting, respectively, for MCT1 expression. The levels of MCT1
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mRNA in healthy and malignant colonic tissues were determined using northern 

blotting. As shown in Fig. 4.2A (left panel), the levels of the 3.3 kb MCT1 transcript 

were significantly (70% + 17, n=6) reduced in the malignant tissue compared to the 

paired healthy tissue. The levels of 18S rRNA remained constant in the same samples. 

The expression of the 40kDa MCT1 protein was found to be 65% + 14 lower in 

adenocarcinomas than in healthy colonic tissue (n=6; Fig 4.2A, right panel). The levels 

of villin in the same samples remained unaltered. The reduction in the level of MCT1 

mRNA expression was comparable with the decline in MCT1 protein levels shown by 

western blotting (Fig. 4.2B).
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Figure 4.2. Assessment of MCT1 protein and mRNA levels in healthy colon and 

colonic carcinomas by western and northern analyses. 
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Post-nuclear membranes and total RNA were isolated from normal and malignant 

colon, and analysed for MCTI protein and mRNA abundance as described in the 

methods section. A — left panel: representative northern blot showing abundance of 

MCTI mRNA in healthy and malignant colon. Nylon membranes were stripped and 

reprobed for 18S rRNA to confirm equal loading. Right panel: representative western 

blot showing abundance of MCTI protein in healthy and malignant colon. 

Nitrocellulose membranes were stripped and reprobed for villin to confirm equal 

loading. B — combined densitometrical analysis of northern and western blots displayed 

as a histogram. MCTI abundance in carcinomas (0) is displayed as % healthy (@). 

Error bars represent +SEM of 6 samples of healthy colon and colonic carcinomas.
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4.4 Expression of GLUT isoforms in healthy and malignant colonic tissue 

Immunohistochemical analysis revealed that the majority (83.4%) of colon 

carcinoma samples displaying low levels of MCT1 expressed GLUT1 at significant 

levels (Figure 4.3, upper panel). None of the healthy colonic tissue samples displayed 

detectable epithelial GLUT1 staining (Figure 4.3, upper panel.). Staining of erythrocyte 

membranes is visible in healthy sections (Figure 4.3, upper panel, indicated by arrows), 

acting as an internal positive control. This data is summarised in table 4.2. The finding 

was reinforced by western and northern analyses, which indicated significant levels of 

both GLUT1 protein and mRNA in carcinoma samples displaying reduced MCT1 

expression (Figure 4.3, Jower panel.). It is notable that the levels of GLUT2 protein, the 

low affinity glucose transporter normally expressed on the basolateral membrane of 

healthy colonocytes, were hardly detectable in all of the carcinomas expressing 

GLUT1 (Figure 4.3, lower panel).
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Figure 4.3. Abundance of GLUT1 in healthy and diseased colon 

  

RNA Protein 

GLUT1 = ~=sGLUT! 
m Cc = 

cLUT2 

  

MCT1 

    
Upper panel: Immunohistochemistry was carried out on healthy and malignant human 

colonic tissue sections using a horseradish peroxidase conjugated secondary antibody 

as described under ‘Methods’. GLUT! staining is seen as a brown colour contrasting 

with the blue/purple counterstained nuclei. a -moderately differentiated 

adenocarcinoma (x50); b — healthy colon (x50). Significant erythrocyte staining can be 

seen in the lamina propria (arrows); Lower panel: Post-nuclear membranes and total 

RNA were extracted from healthy (H) and carcinoma (C) colonic tissue and analysed for 

MCTI, GLUTI and GLUT2 abundance as described in ‘Methods’. Left panel: 

representative northern blot indicating levels of MCT1 and GLUTI mRNA (n=5). Right 

panel: Representative western blot indicating levels of MCT1, GLUTI and GLUT2 

proteins (n=6).
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Table 4.2. Summary of GLUT1 immunohistochemistry data. 

    

Sample n GLUT1 negative GLUT1 positive 

Normal 24 24 (100%) 0 (0%) 

Carcinoma 24 4 (16.7%) 20(83.4%) 

Whole sections of healthy colon and colonic carcinomas were scored for GLUTI 

staining as either positive (>10% cells stained) or negative (<10% cells stained) by an 

independent observer. Erythrocyte staining was disregarded. Only carcinomas 

displaying reduced levels of MCTI staining were analysed. Number of samples fitting 

criteria shown in bold, percentage in parentheses.



Discussion CHAPTER 4 101 

4.5 Discussion 

We have previously demonstrated (see Chapter 3) that the colonic butyrate 

transporter, MCT1, is predominantly expressed on the apical membrane of surface 

epithelial cells of the human colon, and that its abundance declines with descent into 

crypts. Here, the in situ expression of MCT1 during the transition from normality to 

malignancy in the human colonic mucosa was determined. 

MCTI protein abundance was significantly greater in healthy colonic tissue than 

in any tissue representing different stages of the adenoma-carcinoma sequence. 

Although lower levels of MCT1 were detected in the majority of tubular adenomas 

analysed than in healthy tissue, this level of expression was significantly higher than 

that seen in the majority of tubular-villous adenomas analysed. Tubular-villous 

adenomas are regarded to have a greater malignant potential than tubular adenomas 

(O'Brien et al., 1990), and this may be reflected in the reduction in MCT1 expression. 

The majority of adenocarcinomas analysed exhibited very low levels of MCT1; indeed 

the protein was barely detectable in any of the poorly differentiated carcinomas studied. 

It has been reported that MCT2 and MCT4 have the potential to transport a range of 

monocarboxylates (Halestrap and Price, 1999). It has been shown that in addition to 

MCT1, the high affinity pyruvate transporter MCT2 is expressed at the level of mRNA 

in neoplastic haematopoietic lineage lines, Burkitt’s lymphoma Raji, and in solid 

tumour cell lines such as SW480, A549 and G361 (Lin et al., 1998). The expression of 

the MCT2 protein, however, in these cell lines has not been assessed. In order to 

determine the potential presence of MCT2 and MCT4 in colon carcinomas, the 

expression of these isoforms, both at mRNA and protein levels, was assessed. The
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results obtained demonstrate that neither MCT2 nor MCT4 proteins are expressed; 

although MCT4 mRNA was detected. The antibodies to rat/human MCT2 and MCT4 

however reacted with specific proteins in the control rat liver and heart homogenate 

samples, respectively (data not shown). I conclude that MCT1 is the primary route for 

transport of butyrate in the human colon (Ritzhaupt et al, 1998a,b; Cuff et al, 2002). 

The molecular mechanisms involved in the suppression of MCT1 expression during the 

transition from normality to malignancy are unknown. Work in our laboratory has 

shown that expression of MCT1 is regulated by butyrate via both transcriptional and 

post-transcriptional mechanisms (Cuff ef al., 2000; see Chapter 6). It has been reported 

that levels of butyrate in the lumen of the colon in patients with colorectal carcinomas is 

lower than in healthy individuals (Clausen et al., 1991). Whether the mechanisms 

involved in down-regulation of MCT1 expression is due to the reduced substrate 

availability and/or the deregulation of intracellular events involved in MCT1 regulation 

remain to be determined. 

A decline in the abundance of MCT1 in the membrane of colonic epithelial cells, 

and hence the butyrate uptake, would in turn reduce the availability of intracellular 

butyrate as a source of energy and as an important regulator of cellular homeostasis. 

Indeed, it has been reported that a reduction in the intracellular concentration of butyrate 

may lead to a deregulation of apoptosis and proliferation in colonic epithelial cells in 

culture (Singh et al., 1997). A down-regulation of MCT1 would also reduce the 

availability of butyrate to act as a cellular metabolite. It has been shown that colonic 

adenocarcinomas switch to a more glucogenic phenotype and exhibit lower levels of 

fatty acid and ketone body utilisation (Holm ef al., 1995). Many tumours, including 

colonic adenocarcinomas, have been found to express the high affinity glucose
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transporter, GLUT1 (Yamamoto ef al., 1990). Here, we show that 83.4% of 

adenocarcinomas displaying significantly reduced levels of MCT1 express GLUT]. 

Notably, all of these tumours have negligible level of GLUT2, the low affinity glucose 

transporter expressed by healthy colonocytes. In cells that normally express GLUT2, 

such as hepatocytes and pancreatic islet beta cells, oncogenic transformation induces de 

novo expression of GLUT1 (Thorens e¢ al., 1988). Transformation is correlated with a 

decrease in the expression of GLUT2. GLUT1 has a significantly higher affinity for 

glucose (Km = 1-2 mM; Wheeler, 1985) than GLUT2 (Km = 15 - 40mM; Craik and 

Elliott, 1979), suggesting that the expression of GLUT1 would allow cells to absorb 

glucose efficiently at low extracellular concentrations. In colonic tumours expressing 

low levels of MCT1, the induction of GLUT1 and the down-regulation of GLUT2 would 

enable the cells to take up and utilise glucose efficiently and ensure their growth and 

survival in the absence of their conventional energy source, butyrate. 

In summary, the findings show that the colonic butyrate transporter, MCT1 is 

expressed predominantly on the apical membrane of surface colonic epithelial cells. 

Down-regulation of MCT1 expression occurs as an early event in the adenoma - 

carcinoma sequence, and in carcinomas is associated with a down-regulation of the low 

affinity glucose transporter GLUT2 and the expression of the high affinity glucose 

transporter, GLUT1. These findings provide potential new markers of neoplastic change 

in the human colon. Furthermore, molecular insight into the mechanisms by which 

colonic tumours switch their energy source may allow rationally designed agents to 

block tumour growth and survival. The factors involved in the regulation of MCT1 

expression in the human colon are discussed in Chapter 6.
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CHAPTER 5 

Characterisation of an in vitro model of the human colonic epithelium
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5.1 Introduction 

Alterations in the intracellular availability of butyrate may have important 

consequences for the regulation of a number of processes maintaining cellular 

homeostasis. Having identified a reduction in the expression of MCT1 during the 

transition from normality to malignancy, we next sought to identify factors involved in 

the regulation of MCT1 in the normal, healthy colon. In order to carry out these studies, 

a suitable in vitro model was required in which to examine regulatory pathways in the 

healthy colonic epithelium. 

A great deal of effort has been aimed at developing stable cell cultures derived 

from normal, pre-malignant (adenoma) and malignant colonic epithelia. It has proved 

relatively easy to establish stable cell lines derived from colorectal carcinomas 

(Liebovitz et al., 1976; Paraskeva et al., 1984; Kirkland and Bailey, 1986) under a 

variety of conditions. Cell cultures have been successfully established from both 

sporadic colonic adenomas (Paraskeva ef al., 1989; Willson et al., 1987) and from 

familial polyposis coli patients (Paraskeva ef al., 1984). Normal adult colonic 

epithelium, however, has proved impossible to stably culture. Limited success has been 

achieved in establishing primary and short-term cultures from foetal (Siddiqui and 

Chopra, 1984) and adult colonic epithelium (Friedman ef al., 1984; Buset et al., 1987), 

but there is still no system available for the long-term culture of normal adult colonic 

epithelial cells. At present, the best available models for the normal human colonic
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epithelium are cell lines derived from non-malignant adenomas which display properties 

representative of normal colonocytes. These include a well-defined membrane polarity, 

exemplified by the presence of brush border and basolateral membranes, and the correct 

localisation of proteins normally expressed exclusively on the basolateral or apical 

membrane of healthy colonocytes. A number of such proteins are known in the human 

colon, such as the structural protein, villin, which is associated exclusively with the 

apical membrane of colonocytes (Robine ef al., 1985); and the basolateral Na-K-2Cl 

cotransporter (Greger, 2000). 

The AA/C1 cell line is a clonogenic variant of the PC/AA primary culture 

derived from a familial adenomatous polyposis adenoma (Paraskeva ef al., 1984). 

AA/C1 cells were isolated by trypsinising PC/AA cell clumps to single cells (Figure 5.1; 

Williams ef al., 1996) and established as a long-term culture. AA/C1 cells are anchorage 

dependent and non-tumourigenic when injected into athymic nude mice, indicating a 

non-malignant phenotype (Williams ef al., 1996). The parent cell-line, PC/AA, displays 

many properties of the normal colonic epithelium, including a karyotype of 46 with no 

chromosomal rearrangements, and the ability to produce mucin (Paraskeva et al., 1984). 

The aim of the work in this chapter was firstly to confirm AA/C1 cells as a 

suitable in vitro model of the human colonic epithelium; secondly, to identify expression 

of MCT1; and thirdly to characterise the mechanisms of butyrate uptake into AA/C1 cell 

monolayers. This work would allow further use of the AA/C1 cells as a system in which 

to study factors involved in the regulation of MCT1 expression in the human colon.
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Figure 5.1 | Establishment of AA/C1 colonic epithelial cell line 

FAP adenoma (<2cm) 

Enzymic digestion 

3T3 feeder cells 

PC/AA Diploid, non clonogenic 

(Early passage) 

50 passages 

with dispase 

PC/AA Aneuploid, clonogenic 

(Late passage) 

Trypsinisation to 

single cells 

AA/C1 Aneuploid, clonogenic, 

non-tumourigenic 

Schematic representation of development of AA/C1 cell line from familial adenomatous 

polyposis adenoma. Adapted from Williams et al., 1996.
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5.2 Electron microscopic analysis of AA/C1 cells 

Confluent AA/C1 cells form numerous domes on the growing surface. The 

domes, or hemicysts, are formed by vectorial transport of fluid resulting in accumulation 

between the monolayer and the growing surface, and are regarded as a marker of 

differentiation of colonic epithelial cells in culture (Kirkland, 1985; Paraskeva and 

Williams, 1992). In order to determine the state of polarity of AA/C1 cells; that is, to 

establish whether they have discernable apical and basolateral domains, electron 

microscopic analysis was carried on confluent monolayers. As shown in Figure 5.2, 

AA/C1 cells display a well-defined brush border, indicative of a well differentiated 

phenotype.
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a 

Figure 5.2 —_ Electron micrograph of confluent AA/C1 cells 

  
Confluent monolayers of AA/C1 cells were fixed in paraformaldehyde and embedded in 

epoxy resin before being subjected to transmission electromicroscopic analysis and 

photographed (as described in Materials and methods). AP - apical surface BB - brush 

border LM - lateral membrane BM - basolateral membrane. x60000 magnification.
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5.3 Biochemical markers of differentiation 

Numerous proteins are expressed differentially in either the apical or basolateral 

membranes of colonic epithelial cells, and these proteins can be used as markers of a 

polarised, differentiated phenotype. Expression of the structural protein, villin, is 

restricted to the microvilli of the coloncyte apical membrane (Robine ef al., 1985). In 

AA/C1 cells, villin was enriched approximately 20-fold in luminal membranes prepared 

from confluent monolayers compared to homogenate (Figure 5.3). The Na-K-2Cl 

cotransporter is confined to the basolateral membrane of colonic epithelial cells (Greger, 

2000). Western analysis showed that this protein is barely detectable in luminal 

membrane preparations from AA/C1 monolayers but is present in the corresponding 

homogenate (Figure 5.3). 

Figure 5.3. Immunodetection of membrane proteins in AA/C1 cells 

Villin 

Na-K-2Cl 

  

Luminal membranes were prepared from confluent AA/C1 cells as described under 

'Methods'. The protein components of the membranes were separated by SDS-PAGE 

alongside the corresponding cellular homogenates. The proteins were electrotransferred 

to nitrocellulose membranes and immunoblotted for villin and Na-K-2Cl as described. 

Lane A - cellular homogenate, lane B - luminal membranes.
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5.4 Expression of MCT1 in AA/C1 cells_~ 

Having established the polarised and differentiated nature of AA/C1 cells, we 

next sought to confirm that they express MCT1. RT-PCR carried out on total RNA 

isolated from confluent AA/C1 cells using specific primers produced a cDNA product of 

the same size (545 bp) as that produced from RNA isolated from human colon (Figure 

5.4). Sequence analysis of this product revealed 100% homology to the sequence of 

MCT1 isolated from human colon (Ritzhaupt ef al., 1998b; Figure 5.5). 

  

Figure 5.4 RT-PCR detection of 545bp fragment of MCT1 cDNA in AA/C1 

cells 

500 bp —> 

  

100 bp —> 

M AAIC1 Colon 

RT-PCR was carried out using MCTI1-specific primers on total RNA isolated from 

confluent AA/C1 cells and human colonic tissue, as described in the methods section. 

The reaction products were separated on 1% agarose/TTE gels in the presence of 

ethidium bromide alongside DNA markers (M), and viewed under UV illumination.
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Figure 5.5 Sequence analysis of MCT1 cDNA RT-PCR product from AA/C1 

cells 

51 100 

hMCT-1 CCCAGATGGAGGCTGGGGCTGGGCAGTGGTAATTGGAGCTTTCATTTCCA 
AA/Cl 0 eee === GECTGGGCAGTEGTAATTGGAGCTTTCATTECGEA 

101 150 

TCGGCTTCTCTTATGCATTTCCCAAATCAATTACTGTCTTCTTCAAAGAG 

TCGGCTTCTCTTATGCATTTCCCAAATCAATTACTGTCTTCTTCAAAGAG 

V5 200 

ATTGAAGGTATAT TCCATGCCACCACCAGCGAAGTGTCATGGATATCCTC 

ATTGAAGGTATATTCCATGCCACCACCAGCGAAGTGTCATGGATATCCTC 

201 250 

CATAATGTTGGCTGTCATGTATGGTGGAGGTCCTATCAGCAGTATCCTGG 

CATAATGTTGGCTGTCATGTATGGTGGAGGTCCTATCAGCAGTATCCTGG 

251 300 

TGAATAAATATGGAAGTCGTATAGTCATGATTGTTGGTGGCTGCTTGTCA 

TGAATAAATATGGAAGTCGTATAGTCATGATTGTTGGTGGCTGCTTGTCA 

301 350 

GGCTGTGGCTTGATTGCAGCTTCTTTCTGTAACACCGTACAGCAACTATA 

GGCTGTGGCTTGATTGCAGCTTCTTTCTGTAACACCGTACAGCAACTATA 

351 400 

CGTCTGTATTGGAGTCATTGGAGGTCTTGGGCTTGCCTTCAACTTGAATC 

CGTCTGTATTGGAGTCATTGGAGGTCTTGGGCTTGCCTTCAACTTGAATC 

401 450 

CAGCTCTGACCATGAT TGGCAAGTATT TCTACAAGAGGCGACCATTGGCC 

CAGCTCTGACCATGAT TGGCAAGTATTTCTACAAGAGGCGACCATTGGCC 

451 500 

AACGGACTGGCCATGGCAGGCAGCCCTGTGTTCCTCTGTACTCTGGCCCC 

AACGGACTGGCCATGGCAGGCAGCCCTGTGTTCCTCTGTACTCTGGCCCC 

501 550 

CCTCAATCAGGTTTTCTTCGGTATCTTTGGATGGAGAGGAAGCTTTCTAA 

CCTCAATCAGGTTTTCTTCGGTATCTTTGGATGGAGAGGAAGCTTTCTAA 

551 600 

TICTTGGGGGCTTGCTACTAAACTGCTGTGTTGCTGGAGCCCTCATGCGA 

TICTTGGGGGCTTGCTACTAAACTGCTGTGTTGCTGGAGCCCTCATGCGA 

601 650 
CCAATCGGGCCCAAGCCAACCAAGGCAGGGAAAGATAAGTCTAAAGCATC 
CCAATCGGGCC--------------------------------------- 

545bp cDNA RT-PCR products from AA/C1 cells were cloned into pGEM-T as 

described in Materials and Methods, and subjected to automated sequencing. The 

sequence from AA/C1 cells had 100% sequence homology to the MCTI sequence 

obtained from human colon (Ritzhaupt et al. 1998b).
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Northern and western analysis of RNA and cellular homogenates isolated from AA/C1 

cells gave products of 3.3kb and 40kDa, respectively (Figure 5.6). These sizes 

correspond to those reported for MCT1 in human colonic tissue (Ritzhaupt ef ai., 

1998b). 

  

Figure 5.6 Identification of MCT1 transcript and protein in AA/C1 cells 

RNA Protein 

3.3kb—» — 40kD —>    
Total RNA and protein homogenates isolated from AA/CI cells were subjected to 

northern and western analysis, respectively, alongside samples isolated from human 

colonic tissue to act as a positive control. These analyses were carried out as 

described in the 'Methods' section. Left panel: northern blot using MCTI cDNA probe 

of 5ug RNA isolated from A - AA/CI cells, and B - human colonic tissue. Right panel: 

immunoblot for MCT1 of 10 yg total cellular protein isolated from C - AA/C1 cells, 

and D - human colonic tissue
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5.5 Intracellular localisation of MCT1 protein in AA/C1 cells 

It was shown previously in our laboratory that the MCT1 protein is enriched in 

human colonic luminal membranes compared to the corresponding cellular homogenate 

(Ritzhaupt ef al., 1998b). I have provided further evidence, by immunohistochemical 

detection, that MCT1 is predominantly expressed in the apical membrane of mature 

colonocytes (see Chapter 3). In confluent AA/C1 cells, the MCT1 protein is similarly 

enriched in apical membranes compared to the cellular homogenate (15-fold). The level 

of enrichment corresponds well with the approximately 20-fold enrichment of the 

luminal membrane marker, villin, detected in the same samples (Figure 5.7). 

Figure 5.7. Enrichment of MCT1 in luminal membrane vesicles isolated from 

AA/CI1 cells 

MCT1    

Villin 

  

Immunodetection of MCTI1 and villin in cellular homogenates and luminal 

membranes isolated from confluent AA/C1 cells. 10g of each sample was separated 

by SDS-PAGE and _ electrotransferred to nitrocellulose membranes before 

immunoblotting was carried out for MCT1 and villin as described under 'methods'. 

Lane A - cellular homogenates, lane B - luminal membrane vesicles.
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5.6 Characterisation of butyrate uptake into AA/C1 cells 

Having established that AA/C1 cells express wild-type MCT1, and that the 

protein is predominantly expressed in the apical membrane of confluent cell monolayers, 

the mechanism of butyrate uptake into AA/C1 cells was next studied. 

5.6.1 Timecourse of [u-“c] butyrate uptake 

In order to examine the linear phase of butyrate uptake into AA/C1 cells, the 

amount of 1 mM [U-'4C] butyrate (specific radioactivity 5 nCi per reaction) transported 

into cells was measured over a period of 15 s - 30 min. Cells were grown to confluence 

in 24-well plates and incubated in equilibration buffer (20 mM Hepes-Tris pH 7.5, 280 

mM mannitol) for 30 min. Subsequently, butyrate uptake was measured for 15 s - 30 

min in a buffer containing 20 mM Mes-Tris pH 6, 280 mM mannitol and 1 mM fu-“C] 

butyrate (radioactivity, 5 nCi/well). The increase in uptake of 1 mM butyrate was linear 

up to 2 min, and progressively deviated from linearity thereafter (Figure 5.8). In light of 

this finding, all further assays were performed for 1 min (within the linear timepoint) 

unless otherwise stated.



Results CHAPTER 5 116 

a OT 

Figure 5.8. Time-dependent uptake of [u-"“c] butyrate into confluent AA/C1 cells 
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Confluent AA/C1 cells were pre-incubated with equilibration buffer (20 mM Hepes/Tris 

pH 7, 280 mM mannitol) before incubation in uptake solution (20 mM Mes/Tris pH 6, 

280 mM mannitol, 1 mM [U-'*C] butyrate, activity 5 nCi/well) for 15 s to 30 min. Inset - 

linear phase of uptake up to 2 min. Error bars represent + S.E.M of 3 independent 

experiments. 

5.6.2 Effect of extracellular medium pH on butyrate transport. 

It has been shown previously that butyrate transport into human colonic luminal 

membrane vesicles (LMV) is stimulated by low media pH (Ritzhaupt et al., 1998a). The 

optimum pH for butyrate uptake into colonic luminal membrane vesicles was pH 5.5. 

Here, the effect of changes in extracellular pH on the rate of butyrate uptake into AA/C1
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cells were studied. Confluent AA/C1 cells were pre-incubated in equilibration buffer 

(20 mM Hepes/Tris pH 7.5, 280mM mannitol) before incubation in uptake buffer 

(20mM Hepes/Tris (pH 6.5 - 8) or Mes/Tris (pH 5.5, 6), 280 mM mannitol, 1 mM [U- 

'4C] butyrate) for 1 min. As shown in Figure 5.9, [U-'*C] butyrate uptake was 

stimulated by low pH, with uptake optimal at pH 6. There was no increase in the rate of 

butyrate uptake below pH 6. 

  

Figure 5.9. Effect of extracellular pH on butyrate uptake into AA/C1 cells 
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Confluent AA/C1 cells were preincubated in equilibration buffer (20 mM Hepes/Tris pH 

7.5, 280 mM mannitol) before incubation in uptake solution (20mM Hepes/Tris or 

Mes/Tris pH 5.5 - 8, 280 mM mannitol, 1 mM [U-'*C] butyrate) for 1 min at 25. 

Uptake was measured as described in the methods section. Values are presented as 

means +8S.E.M of three separate experiments.
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5.6.3 Effect of cations on butyrate uptake 

As transport of butyrate and propionate in kidney LMV is reported to be sodium 

coupled (Poole and Halestrap, 1993), we the effect of extracellular sodium and 

potassium on the rate of butyrate uptake by AA/C1 cells was examined. The 

replacement of mannitol in the incubation buffer with either sodium gluconate or 

potassium gluconate had no effect on the rate of butyrate uptake, indicating the transport 

mechanism is independent of extracellular cations (Table 5.1). Similar results have been 

reported for human colonic LMV (Ritzhaupt ef al., 1998a). Gluconate was utilised as it 

is known to be membrane impermeable (Shirazi-Beechey et al., 1990). 

Table 5.1 Effect of extracellular cations on butyrate transport into AA/C1 cells 

Extravesicular cation Rate of butyrate uptake (nmol mg” min’) 

Na™ 9.23 + 0.4 

K* 9.12 + 0.5 

None (mannitol) 9.09 + 0.2 

Confluent AA/C1 cells were incubated in in equilibration buffer (20 mM Hepes-Tris pH 
7.5, 280 mM mannitol). Uptake was measured for I min in a buffer containing 20 mM 
Mes-Tris pH 6, 80 mM mannitol, 1 mM [ U-! 4C] butyrate (activity 5 nCi per well) and 
either 100 mM sodium gluconate or 100 mM potassium gluconate. For comparative 
purposes, uptake was also measured for 1 min in a buffer containing 20 mM MES-Tris 
pH 6, 280 mM mannitol and 1 mM [U-'*C] butyrate (activity 5 nCi per well). Values 

are presented as means + SEM.
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5.6.4 Effect of other monocarboxylates on butyrate transport 

We next examined the effect of a range of structurally related monocarboxylates 

on the rate of butyrate uptake into AA/C1 cells. The rate of uptake of 1 mM NaBt was 

measured in the presence of 10 mM of a number of monocarboxylates, as described in 

the methods section. All of the monocarboxylates tested inhibited the uptake of butyrate 

(Table 5.2). Aside from butyrate itself, the greatest inhibition was observed in the 

presence of 10 mM L-lactate (57.2 + 2.6%). Similar results have been obtained using 

human colonic LMV (Ritzhaupt ef al., 1998a). 

Table 5.2 Effect of monocarboxylates on [U-'C] butyrate uptake 

Relative uptake (% of 
Inhibitor 

control) 

Acetate 61.2 +2.8 

Propionate 62.3 +9.1 

Butyrate 51.3 £2.3 

Valerate 65.6 + 4.6 

L-lactate 57.2 42.6 

[U-'*C] butyrate uptake was measured for I min at 25 T in the presence of 10 mM of 

each monocarboxylate, as described in the methods section. Each value represents the 

mean +SEM of six experiments.
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5.6.5 Effect of inhibitors on butyrate uptake 

It has been reported that butyrate transport into human colonic LMV is inhibited 

by a number of mercurial compounds as well as known inhibitors of MCT1 such as 

phloretin and a-cyano 4-hydroxycinnamate (4-CHC; Halestrap and Denton, 1974). The 

effect of these inhibitors on the uptake of butyrate by AA/C1 cells was tested, along with 

the classical anion exchange inhibitors, DIDS and SITS. DIDS and SITS had no 

significant effect on butyrate transport, mirroring the results obtained with colonic LMV 

(Ritzhaupt ef al., 1998a). Butyrate uptake was inhibited by both the mercurial 

compounds tested, pCMB and pHMB (48.3 + 4.7% and 51.4 + 4.1% of control, 

respectively) at a concentration of 1 mM. A significant inhibition of butyrate uptake 

(59.4 + 2.6%) was measured in the presence of 1 mM 4-CHC, a classical inhibitor of 

MCT1. Another known inhibitor of MCT1, phloretin, also inhibited butyrate uptake 

(67.7 + 5.2% at 1 mM). This data is summarised in table 5.3.
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Table 5.3 Effect of inhibitors on butyrate uptake 

    

Inhibitor Concentration (mM) Relative uptake (“ control) 

4-CHC 1 59.4+2.6 

pCMB 1 48.344.7 

pHMB 1 51.4+4.1 

Phloretin 1 67.7 +5.2 

DIDS 0.5 96.2 +3.4 

SITS 0.5 98.3 + 2.0 

The amount of [U-'4C] butyrate uptake by confluent AA/C1 cells was measured in cells 

pre-incubated with each inhibitor for 15 min, as described in the methods section. Each 

value represents the mean + SEM of 4 experiments. 

5.6.6 Inhibition of butyrate uptake by 4-CHC 

Having established that the specific MCT1 inhibitor, 4-CHC, inhibited the 

uptake of butyrate by AA/C1 cells, the effect of increasing the concentration of 4-CHC 

was determined. Confluent cells were preincubated with varying concentrations of 4- 

CHC and the level of inhibition of butyrate uptake analysed as described in the methods 

section. As shown in Figure 5.10, 4-CHC inhibited buyrate uptake in a dose dependent
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manner, with the greatest inhibition (27.6 + 3.6 % of control) occuring at a 

concentration of 10 mM. 

  

Figure 5.10. Inhibition of [u-"c] butyrate uptake by 4-CHC 
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Confluent AA/C1 cells were pre-incubated for 15 min in the presence of increasing 

concentrations of 4-CHC before the uptake of 1 mM NaBt was measured for 1 min at 25 

as described in the methods section. Error bars represent SEM of 4 experiments.
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5.6.7 Kinetics of butyrate uptake 

The rate of butyrate uptake was measured at 15 s in the presence of increasing 

NaBt concentrations (0 - 20 mM) in an inwardly directed pH gradient (pH» = 6; pHi = 

7.5). The uptake was saturable and conformed to Michaelis-Menten kinetics (Figure 

5.11). The Km and Vmax values for butyrate transport were calculated by fitting data to 

Michaelis — Menten kinetics (Microcal Origin). Km was determined to be 9.2 + 0.7 mM 

and Vmax 63.8 + 6.7 nmol min’! mg”. Linear regression analysis produced a straight line 

(r° = 0.91) indicating the presence of a single transport system for butyrate.
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Figure 5.11. Concentration dependence of butyrate uptake into AA/C1 cells 
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The rate of uptake of [U-'4C] butyrate uptake into confluent AA/CI cells was 

measured in the presence of increasing concentrations of NaBt. Uptake was measured in 

the presence of a pH gradient (pH, = 6; pH; = 7.5) as described in the methods sections. 

The data were fitted to Michaelis-Menten kinetics (Microcal Origin) indicating a Vinax of 

63.8 +6.7 nmol min mg! and Kn of 9.2 +0.7 mM. Error bars represent mean +SEM 

of six experiments.
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5.7 Expression of other MCT isoforms in AA/C1 cells 

Having determined the presence of MCT1 in AA/C1 cells, the expression of 

other MCT isoforms was assessed, using RT-PCR and northern blotting. RT-PCR 

carried out on total RNA isolated from confluent AA/C1 cells using specific primers 

produced single bands corresponding to MCT4 and MCTS. Sequence analysis 

confirmed the identity of these amplicons. Primers specific to MCT2 produced several 

non-specific bands. No product was obtained using primers specific for MCT8 (Figure 

5.12). Northern blot analysis confirmed the presence of MCT4 and MCTS transcripts in 

AA/C1 cells (Figure 5.13). No band was obtained using a probe specific for MCT2 or 

MCTS8. 

  

Figure 5.12 Detection of expression of MCT isoforms in healthy human colon 

   M A 

RT-PCR was carried out on total RNA isolated from confluent AA/CI cells using 

primers specific for MCT1, MCT2, MCT4, MCTS and MCTS8 as described in the 

methods section. Reaction products were separated on 1% agarose/ TTE gels containing 

0.1 % (vA) ethidium bromide and viewed by UV illumination. M, 100 bp markers; A, no 

template RNA; B, MCT1; C, MCT4; D, MCT5; E, MCT2; F, MCT8.
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Figure 5.13 Northern analysis of AA/C1 cells for MCT4 and MCTS. 
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Total RNA was isolated from confluent AA/C1 cells and subjected to northern blotting 

for MCT4 and MCTS5. 5 wg RNA was separated by denaturing agarose gel 

electrophoresis, transferred to nylon membrane and probed with an [a- P**]CTP 

labelled cDNA probe specific for MCT4 (left panel) and MCT5 (right panel). Bands 

were visualised by autoradiography. All procedures were carried out as described in the 

methods section.
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5.8 Discussion 

In order to study mechanisms involved in the regulation of MCT1 in the human 

colon, it was first necessary to characterise a suitable in vitro model of the colonic 

epithelium. AA/C1 cells were chosen as a candidate model as they are anchorage 

dependent, non-tumourigenic and express proteins characteristic of differentiated 

colonic epithelial cells. In order to more fully characterise these cells, we first examined 

the polarity of confluent monolayers. Electron microscopy revealed a well-differentiated 

structure, displaying a clearly defined brush border membrane. Western blotting of 

luminal membrane proteins isolated from AA/C1 cells indicated a 20-fold enrichment of 

villin over the corresponding homogenate, and negligible levels of a marker of the 

basolateral membrane, the Na-K-2Cl cotransporter. These findings show that AA/C1 

cells possess many of the characteristics of mature healthy colonic epithelial cells, 

confirming their suitability as an in vitro model of the human colonic epithelium. 

Having identified a candidate cell line, we next sought to determine whether 

AA/C1 cells express functional MCT1. RT-PCR identified the presence of a transcript 

with 100% sequence homology to human MCT1. Northern blotting, using a cDNA 

probe specific for MCT1, produced a band corresponding to the size of the MCT1 

transcript in human colonic tissue (3.3 kb; Ritzhaupt et al., 1998b). The expression of 

MCTI1 protein in AA/C1 cells was confirmed by western blotting using an antibody 

specific to MCT1, which revealed a band of 40 kDa, in keeping with that reported in 

human colonic tissue (Ritzhaupt et al., 1998b). The MCT1 protein was enriched
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approximately 15-fold in luminal membrane preparations compared to the corresponding 

cellular homogenate, similar to the magnitude of enrichment of villin. 

The uptake of butyrate by confluent AA/C1 cells shows striking mechanistic 

identity to that reported in colonic luminal membrane vesicles (Ritzhaupt et al., 1998a; 

Ritzhaupt et al., 1998b; Mascolo ef al., 1991). Uptake of (U-'4C] butyrate was 

saturable and conformed to Michaelis-Menten kinetics, indicating the presence of a 

single transport protein, with Km and Vmax values similar to those determined in LMV. 

The rate of uptake was optimal at extracellular pH 6; further reduction of the 

extracellular pH did not result in increased uptake. The absence of a further increase in 

the rate of uptake below pH 6 indicates that the uptake is not via non-ionic diffusion of 

butyric acid. This conclusion is supported by the finding that uptake was inhibited by 

the specific MCT1 inhibitor, a-cyano 4-hydroxycinnamate, in a dose dependent manner. 

Uptake was also inhibited by phloretin and the SH-group modifying compounds pCMB 

and pHMB, and a range of monocarboxylates. These results are in keeping with 

findings in colonic LMV (Ritzhaupt et al., 1998a) and other colonic epithelial cells 

(Stein ef al., 2000; Hadjiagapiou ef al., 2000). These findings indicate that the uptake of 

butyrate into AA/C1 cells occurs via a mechanism conforming to that reported in native 

tissue. The uptake exhibits kinetic properties indicative of the presence of a single 

transport protein, and is inhibited by a range of compounds including the classical 

MCT1 inhibitor, 4-CHC.
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AAI/C1 cells were found to express, at the level of mRNA, two other members of 

the MCT family: MCT4 and MCTS. Whilst the role of these isoforms in this cell line is 

not known, the available data identifies distinct differences in substrate specificity and 

mechanistic properties between the recently identified MCT isoforms (Halestrap and 

Price, 1999). Indeed, it has been suggested that the structure of MCT5 would make this 

isoform unable to transport monocarboxylates (Halestrap and Price, 1999). As yet, no 

data is available regarding the ability of these isoforms to transport butyrate; however 

the mechanistic variation identified suggests it is unlikely that they have a significant 

role in butyrate transport in AA/C1 cells. Indeed, there is direct experimental evidence 

confirming that MCT1 is the primary route for butyrate uptake into AA/C1 cells (see 

Chapter 6). 

In conclusion, the AA/C1 cell line exhibits many of the characteristics of the 

normal human colonic epithelium. It is anchorage dependent, non-tumourigenic, and 

displays markers of differentiation such as dome formation and mucin production. At 

confluence, AA/C1 cells possess a well defined brush border and correct polarity of 

apical and basolateral membrane marker protein expression. The cells express wild-type 

MCT1, with the MCT1 protein predominantly present in the apical membrane domain. 

Furthermore, confluent monolayers of AA/C1 cells transport butyrate across the luminal 

membrane via a mechanism with a high identity with that reported for human colonic 

LMV. These properties make AA/C1 cells an ideal in vitro model of the healthy human 

colonic epithelium for further studies of the regulation of MCT1 expression.
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CHAPTER 6 

Regulation of butyrate transport via MCT1 in the healthy human colon
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6.1 Introduction 

Having established a suitable in vitro model of the normal human colonic 

epithelium, factors regulating the expression of MCT1 were studied. Identification of 

such factors would provide a greater understanding of the mechanisms involved in the 

deregulation of MCT1 expression associated with the transition from normality to 

malignancy in the human colon. 

The epithelial cells lining the lumen of the intestine are exposed to an 

environment which varies significantly with changing dietary intake (Karasov & 

Diamond, 1987). As an adaptive response to these conditions, the activity and/or 

expression of many nutrient transporters are subject to regulation. Often, this adaptation 

is the result of substrate-induced regulation (Ferraris & Diamond, 1989; Shirazi- 

Beechey, 1995). The expression of a number of intestinal nutrient transport proteins is 

either up- (Walker ef al., 1998; Dyer et al., 1997) or down- (Diamond & Karasov, 1987; 

Hattenhauer ef al., 1999) regulated by elevated levels of their specific substrate. In the 

case of the former, this adaptation serves to match the transporter levels to substrate 

availability, ensuring economy of biosynthetic costs whilst maximising energetic gain 

(Diamond & Karasov, 1987). The latter pattern of regulation is thought to maintain 

absorption of required levels of essential nutrients harmful in excess, whilst minimising 

their potential toxicity (Wessling-Resnick, 2000). Most of the available data identifies 

substrate-induced regulation of small intestinal nutrient transporters, for example the 

Na’-glucose cotransporter, SGLT1 (Dyer ef al., 1997), and the peptide transporter,
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PepT1 (Walker et al., 1998). Whilst the importance of the colon as a site for the salvage 

of nutrients escaping digestion in the small intestine is becoming increasingly apparent 

(Macfarlane & Cummings, 1991; Ugawa et al., 2001; Danielsen & Jackson, 1992) very 

little is known of the mechanisms by which dietary components regulate the expression 

of colonic nutrient transporters. 

The predominant monocarboxylates present in the lumen of the colon; acetate, 

propionate and butyrate, are produced by microbial fermentation of dietary fibre and 

non-starch polysaccharide escaping hydrolysis in the small intestine (Macfarlane & 

Cummings, 1991). Butyrate is present in the colon at millimolar concentrations and is 

the preferred metabolic fuel of healthy colonocytes, providing over 60-70% of their 

energy requirements (Cummings, 1984). In addition, butyrate has an important role in 

regulating proliferation, differentiation and apoptosis in the colonic mucosa (Kripke ef 

al., 1989; Mariadason et al., 1999; Augenlicht et al., 1999). In vitro, butyrate regulates 

the expression of a number of genes involved in these processes, including p21“! 

(Archer et al., 1998; Bai & Merchant, 2000), cyclin D3 (Siavoshian ef al., 2000), bel-2 

and bak (Hague ef al., 1997). The primary route for butyrate uptake into colonic 

epithelial cells is proposed to be via MCT1 (Ritzhaupt et al., 1998b; see Chapter 1). 

Here, the regulation of butyrate uptake into AA/C1 cells in response to the 

predominant SCFAs present in the colon was examined. We report that pre-incubation 

with butyrate, but not acetate or propionate, results in a significant increase in the uptake 

of radiolabelled butyrate by AA/C1 cells. The increased uptake of butyrate is mirrored 

by an upregulation of the MCT1 protein of similar magnitude. The basis of the
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increased abundance of the MCT1 protein is a butyrate-induction of MCT1 mRNA 

involving transcriptional and post-transcriptional mechanisms. These findings provide 

an insight into the regulatory mechanisms controlling the expression of MCT1, and 

hence capacity of cells to absorb butyrate, in the human colon and may pave the way for 

a greater understanding of factors involved in the deregulation of MCT1 expression in 

the transition from normality to malignancy.
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6.2 Effect of NaBt pre-incubation on the rate of butyrate uptake into AA/C1 

cells 

The activity of a number of intestinal nutrient transporters is upregulated by 

increased luminal substrate levels. The rate of butyrate transport into AA/C1 cells 

following prior exposure to sodium butyrate (NaBt) was therefore examined. The rate 

of [U-'4C] butyrate uptake into confluent AA/C1 cells that had either been pretreated 

with 2 mM NaBt for 30 h or left untreated for the same period was determined. As 

shown in figure 6.1, pretreatment with NaBt resulted in a 5-fold increase in the Vmax of 

butyrate uptake (Vimax = 308 + 52 nmol min” mg”) compared to untreated cells (Vinax = 

63.8 + 6.7 nmol min! mg”). The Km remained essentially unchanged at 9.2 + 0.7 mM 

for untreated cells and 9.7 + 1.1 mM for cells pre-treated with NaBt. These results 

indicate that the increased rate of radiolabeled butyrate uptake is due to an increase in 

the number of transport proteins rather than a change in the affinity of the transporter for 

the substrate.
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Figure 6.1. Concentration dependence of butyrate uptake in control and butyrate 

pre-treated cells 
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AA/CI cells grown to confluence in 24-well plates were either pre-treated with 2 mM 

NaBt ®@) for 30 h or left untreated as controls (Ml). Initial rates (15s) of [U-'*C] butyrate 

were measured at pH6. Ky and Ving, values were calculated by fitting data to Michaelis- 

Menten kinetics (Microcal Origin). Error bars represent S.E.M of six experiments
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6.3 Effect of NaBt pre-treatment on MCT1 expression 

Having established that the increase in [U-C] butyrate transport following NaBt 

treatment was due to an increase in the maximum velocity, rather than a change in 

substrate affinity, the effect of NaBt pretreatment on the abundance of MCT1 protein 

was analysed. Confluent cells were exposed to varying concentrations of NaBt (1 - 5 

mM) for 30 h alongside untreated control cells. Luminal membranes were isolated as 

described (see Chapter 2) and subjected to western blotting for MCT1. As shown in 

Figure 6.2, treatment with NaBt resulted in a dose-dependent upregulation of the 

expression of the MCT1 protein. The magnitude of the upregulation (5.2 - fold + 0.4 at 2 

mM) correlated well with the increase in butyrate transport observed under the same 

conditions (see Section 6.2). These results indicate that the enhancement of [U-'C] 

butyrate uptake resulting from pretreatment with NaBt is due to an increase in the 

number of MCT1 transporter molecules.
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Figure 6.2. Butyrate-induction of MCT1 protein expression 
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Cells were treated with concentrations of NaBt from 0 - 5 mM for 30 h. Luminal 

membranes were isolated and subjected to western blotting for MCTI. The 

nitrocellulose membranes were stripped and reprobed for villin to confirm equality of 

loading. The blot shown is representative of 4 experiments. 

6.4 Effect of butyrate on expression of MCT1 transcript 

I next sought to determine whether the observed increase in MCT1 protein 

abundance following treatment with NaBt was due to an induction of expression of the 

MCT1 transcript. Confluent cells were treated with 1 - 5 mM NaBt alongside untreated 

controls for 30 h, and total RNA isolated. Northern blotting was subsequently carried 

out for MCT1 and f-actin as described in the methods section (Chapter 2). The 

abundance of the MCT1 transcript increased in a dose-dependent manner with 

increasing concentrations of NaBt (Figure 6.3). The magnitude of the induction 

accounted entirely for the increase in MCT1 protein levels observed under the same 

conditions (5.7 + 0.5 fold). The induction of expression of both the MCT1 mRNA and
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protein followed a similar timecourse, with the first significant increase observed 24 h 

post treatment and the abundance continuing to rise throughout the study (Figure 6.4). 

Figure 6.3. Butyrate-induction of MCT1 transcript 
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Total RNA was isolated from confluent AA/C1 cells either treated with I - 5 mM NaBt or 

left untreated for 30 h, and subjected to northern blotting for MCTI as described in the 

methods section. The nylon membranes were stripped and re-probed for f-actin to 

confirm equality of loading. The blot shown is representative of 3 experiments.



Results CHAPTER 6 139 

  

Figure 6.4 Timecourse of induction of MCT1 expression 
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AA/C1 cells were exposed to 2 mM NaBt and total RNA and luminal membranes isolated 

after 0, 6, 12, 24, 48, and 72 h. A, Levels of MCT1 mRNA and protein were analysed by 

northern (left panel) and western (right panel) analysis, respectively, as described in the 

methods section. Blots were reprobed for f-actin (northern) or villin (western).  B. 

Combined densitometrical analysis of blots represented in A. Abundance of MCT1mRNA 

and protein was normalised to the f-actin or v illin signals, respectively. Abundance in 

untreated cells is assigned a value of 1. ™& = RNA, ® = protein. Error bars represent 

means +S.E.M of 4 experiments.
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6.5 Effect of pretreatment with other SCF As on rate of butyrate transport 

In order to determine whether other monocarboxylates naturally present in the 

colon were capable of modulating butyrate uptake, confluent cells were either left 

untreated or exposed to 2mM Sodium acetate (NaAc), 2mM sodium propionate (NaPr) 

or 2mM NaBt for 30 h. The rate of uptake of [U-'C] butyrate was then measured as 

described. As shown in Table 6.1, pretreatment with NaAc or NaPr had no effect on the 

rate of butyrate transport, whilst NaBt treatment resulted in an approximately 5-fold 

increase in the Vinax of butyrate uptake compared to untreated controls. The Km of 

butyrate uptake did not significantly change following pretreatment with any of the three 

monocarboxylates. 

Table 6.1. Effect of pretreatment with different monocarboxylates on rate of fu-4c] 

butyrate uptake into AA/C1 cells 

  

Km (mM) Vinax (nmol min’! mg”) 

Untreated 9.1+0.8 65 + 8.5 

2mM NaAc 9.3 +12 59 + 10.3 

2mM NaPr 8.7+0.7 66 + 11.4 

2mM NaBt 9.8+1.2 310+ 41 

  

Confluent AA/C1 cells were either left untreated or exposed to 2mM NaAc, 2mM NaPr 

or 2mM NaBt for 30 h. The maximal rate of [U-'4C] butyrate uptake and substrate 

affinity were then measured as described in the methods section. Values shown are 

means +SEM of three experiments. 
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6.6 Effect of other monocarboxylates on MCT1 abundance 

Having established that pretreatment with acetate or propionate had no detectable 

effect on the rate of butyrate uptake, the effect of these SCFAs on MCT1 expression was 

analysed. Western and northern analysis of luminal membrane proteins and total RNA 

isolated from AA/C1 cells treated with the three SCFAs demonstrated that only NaBt 

increased the abundance of MCT1 (Figure 6.5). Neither NaAc nor NaPr had any 

detectable effect on the levels of the MCT1 protein or transcript. 

6.5. Effect of acetate and propionate on MCT1 expression 
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Confluent AA/C1 cells were either left untreated (a) or treated with 5 mM NaAc (b), 5 

mM NaPr (c) or 5 mM NaBt (da) for 30 h. Total RNA and luminal membranes were 

isolated and subjected to northern blotting (left panel) or western blotting (right panel) 

for MCTI, as described in the methods section. Blots were stripped and reprobed for f- 

actin (northern) and villin (western) to confirm equality of loading.
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6.7. Mechanism of butyrate-induction of MCT1 

Having determined that the primary mechanism of butyrate-induction of MCT1 

is a change in mRNA abundance, we next set out to identify the mechanisms involved in 

the induction. The abundance of an mRNA species is the result of a balance between the 

rate of transcription and the rate of decay. Changes in the levels of a particular transcript 

can result from an alteration of either, or both, of these processes. We first analysed the 

effect of NaBt on mct/ gene transcription. In these studies we employed actinomycin D, 

a potent inhibitor of transcription. Cells were incubated with 2 mM NaBt in the 

presence of the transcriptional inhibitor, actinomycin D. Control cells were also treated 

with 2 mM NaBt alone, actinomycin D alone or were left untreated. As shown in figure 

6.6, actinomycin D significantly inhibited the butyrate-mediated upregulation of the 

MCT1 protein (60% + 4.2). Whilst the inhibition of MCT1 upregulation by actinomycin 

D suggested that the butyrate-induction of MCT1 expression involves activation of 

transcription, the inability of actinomycin D to completely block the induction suggested 

the involvement of other, post-transcriptional mechanisms. 

This data was supported by the results of nuclear run-on analyses performed in 

the laboratory. These studies involve the isolation of nuclei from AA/C1 cells treated 

with butyrate. Transcription is stopped and subsequently restarted in the presence of 

radiolabelled ribonucleotides. The nascent mRNA transcripts are hybridised to specific 

cDNAs and visualised by autoradiography. The resulting blots give a direct 

measurement of the rate of transcription of a particular mRNA species. Analysis of 

mcetl gene trancription using this technique demonstrated a 3-fold increase in the rate of
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transcription in cells pretreated with 2 mM butyrate for 30 h (Cuff et a/., 2001). This 

result is in keeping with that obtained using actinomycin D. 

Figure 6.6. Inhibition of butyrate-induction of MCT1 by actinomycin D. 

    MCT1 © 

a bec d 

al ala. 
a 

A
b
u
n
d
a
n
c
e
 

re
la

ti
ve

 
to
 

co
nt
ro
l 

O
s
 

NY
 

WO
 

Hh
 

HO 
OC 

Treatment 

Confluent AA/CI cells were maintained in standard culture conditions (a) or treated for 

30h with 2 mM NaBt; either alone (b) or in the presence of 5 ug ml! actinomycin D (c). 

A parallel control experiment was performed using cells treated with actinomycin D 

alone (d). A. Representative immunoblot. B. Combined densitometric analysis from 3 

independent experiments. Error bars represent S.E.M.
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6.8 Effect of butyrate on MCT1 transcript stability 

The incomplete abolitition of butyrate-induction of the MCT1 protein by 

transcription inhibition, taken together with the results of nuclear run-on analysis, 

suggested that butyrate may also modulate MCT1 expression via post-transcriptional 

mechanisms. Accordingly, the effect of butyrate on the stability of the MCT1 transcript 

was examined. Confluent AA/C1 cells were treated either with 2 mM NaBt for 30 h or 

left untreated for the same period, followed by addition of 5 yg ml’ actinomycin D. 

Total RNA was then isolated and the rates of decay of the MCT1 transcript were 

determined using northern blot analysis (Fig 6.7A.). B-actin was used as an internal 

control; this transcript did not decay significantly during the course of the experiment 

(12 h). In Figure 6.7B, the levels of MCT1 after actinomycin D addition are plotted as a 

function of time, allowing estimation of the relative half-life of the MCT1 transcript. 

The mean values obtained were 4.8 h in untreated cells and 9.7 h in cells treated with 

NaBt. This indicates that NaBt stabilizes the MCT1 transcript approximately 2-fold.
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Figure 6.7. Analysis of the effect of butyrate on the MCT1 half-life. 
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Confluent AA/C1 cells were incubated in the presence or absence of 2 mM NaBt for 30h 

prior to the addition of the transcription inhibitor, actinomycin D (5 ug ml’). Total RNA 

was isolated at the time of actinomycin D addition (t = 0) or at 4, 8 and 12 h thereafier, 

and analysed by northern analysis for MCTI1 and f-actin. A. Representative 

autoradiogram. B. Combined densitometric scan data from 3 independent experiments 

are expressed graphically as a percentage of MCTI / f-actin at t = 0, in the form of 

mean + S.E.M (@ ) untreated cells; (@ ) NaBt treated cells. Figure adapted from Cuff 

et al., 2001.
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6.9 Role of histone hyperacetylation in butyrate induction of MCT1 

Whilst the precise mechanisms by which butyrate modulates gene expression are 

not known, butyrate is known to induce a number of changes within the nucleus. These 

include DNA methylation and histone hyperacetylation, of which the latter is the most 

well characterised. Turnover of the acetyl groups of histone proteins occurs rapidly, and 

is tightly controlled by an equilibrium of the activities of an acetyltransferase and a 

deacetylase. Butyrate non-competitively and reversibly inhibits histone deacetylase, 

resulting in a hyperacetylation of histone residues. In the colon, histone 

hyperacetylation is intrinsic to butyrate-induction of p21. It has been demonstrated that 

treatment of colorectal carcinoma cells in culture with the potent histone deacetylase 

inhibitor, Trichostatin A (TSA) results in an upregulation of p21 of a similar magnitude 

to that induced by butyrate (Archer ef al., 1998). Accordingly, the effect of TSA on the 

expression of MCT1 was examined. Firstly, the effect of TSA and NaBt on histone 

acetylation levels in AA/C1 cells was investigated. The electrophoretic mobility of 

histone residue H4 varies according to the extent of acetylation of its N-termini lysine 

residues, allowing determination of the acetylation level of H4 in response to 

hyperacetylating agents. Confluent AA/C1 cells were treated with either 2 mM NaBt, 

0.3 uM TSA or were left untreated for 30 h. Core histones were isolated and 

electrophoresed on acid urea Triton X-100 (AUT) gels. Both NaBt and TSA induced the 

appearance of multi-acetylated forms of H4 not present in untreated control cells (Figure 

6.8).
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Figure 6.8. Effect of butyrate and TSA on histone H4 acetylation state in AA/C1 

cells 

  

Confluent AA/C1 cells were either grown standard culture conditions (A), exposed to 0.3 

LM TSA for 8 h (B) or treated with 2 mM NaBt for 30 h (C) or exposed to 0.3 uM TSA 

for 8 h. Nuclei were isolated and 50 jug purified histones electrophoresed on acid-urea 

Triton X-100 gels as described in the methods section. Gels were stained with coomassie 

blue, dried and photographed. A typical gel is shown above. The bands corresponding to 

the different acetylation states of histone H4 are indicated to the right of the gel 

photograph. 

Total RNA and luminal membranes were isolated from cells treated as described 

above, and the expression of MCT1 measured by northern and western analysis. As 

shown in figure 6.9, treatment with TSA resulted in an approximately 2.5-fold induction 

of both MCT1 mRNA and protein, compared to the 5-fold induction resulting from 

butyrate treatment. The magnitude of this induction is similar to the butyrate-mediated
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increase in mctI transcription (3-fold, see section 6.6), suggesting changes in histone 

acetylation levels may, at least in part, be involved in the butyrate-induction of MCT1 

expression. 

Figure 6.9. Induction of MCT1 expression by TSA. 
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Confluent AA/CI cells were either maintained in standard culture conditions (a), 

exposed to 0.3 44M TSA for 8 h (b) or treated with 2 mM NaBt for 30 h (c). Total RNA 
and luminal membrane proteins were isolated and subjected to northern and western 
blotting, respectively. A. Representative northern blot (left panel) and western blot 
(right panel) for MCT1. B. Combined densitometrical analysis of 3 experiments are 
expressed graphically. ™ , mRNA abundance; O , protein abundance. Values are 

expressed relative to abundance in untreated cells, assigned a value of 1. Error bars 

represent + S.E.M.
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6.10 Significance of changes in the level of MCT1 in the colonic epithelium. 

Butyrate plays a central role in the regulation of proliferation in the colonic 

epithelium. Jn vitro, butyrate mediated inhibition of proliferation has been correlated 

with changes in the expression of genes involved with regulation of the cell cycle. One 

such gene, p21, a cell cycle inhibitor, is significantly upregulated by butyrate in HT-29 

cells, a well-characterised cell-line derived from a colonic adenocarcinoma. Changes in 

the expression of MCT1 would alter the intracellular availability of butyrate to control 

the expression of genes such as p21. We were therefore interested to examine the effect 

of altering the level of butyrate transport via MCT1 on the butyrate-induction of p21. 

Confluent HT-29 cells were exposed to 5 mM NaBt for 24 h, conditions demonstrated to 

result in a significant upregulation of p21 (Archer ef al., 1998), in the presence of the 

specific MCT1 inhibitor, a-cyano 4-hydroxycinnamate (4-CHC). Parallel experiments 

were carried out with butyrate alone, 4-CHC alone and untreated cells over the same 

time period. 4-CHC was utilized at a concentration (5 mM) demonstrated to inhibit 

butyrate uptake by over 50%. Total RNA was isolated and northern blotting carried out 

using a cDNA probe specific to p21. NaBt induced the expression of p21 approximately 

15-fold (Fig 6.10) over untreated controls; this induction, however, was reduced by 

approximately 60% in the presence of 4-CHC. 4-CHC alone had no effect on p21 levels.
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Figure 6.10. Effect of inhibtion of MCT1 on butyrate-induction of p214", 

p21 

  

Confluent HT-29 cells were either maintained in standard culture conditions (a), treated 

with 5 mM NaBt for 24 h (b), treated with 5 mM NaBt for 24 h in the presence of 5 mM 

4-CHC after 15 min pre-incubation with 5 mM 4- CHC (c) or exposed to 5 mM 4-CHC 

alone for 24 h after 15 min pre-treatment (d). Total RNA was extracted and subjected to 

northern blotting using a cDNA probe specific to p21.
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6.11 Discussion 

Butyrate, a short-chain fatty acid produced by microbial fermentation of dietary 

fibre and non-starch polysaccharide in the lumen of the colon, has an important role in 

maintaining the health of the colonic mucosa. In addition to providing over 70% of the 

healthy colonocyte's energy requirements, it plays an important role in the regulation of 

proliferation, differentiation and apoptosis in the colonic epithelium. Jn vitro, butyrate 

regulates the expression of a number of genes involved in these processes in colonic 

carcinoma cells. Jn vivo, rectal instillation of butyrate has been demonstrated to reduce 

inflammation of the colonic epithelium (Harig ef al., 1989) and inhibit tumour 

development in a chemical model of colonic carcinogenesis (Medina et al., 1988). 

We have previously provided evidence that butyrate is transported into colonic 

epithelial cells via the monocarboxylate transporter, MCT1 (Ritzhaupt ef al., 1998b; 

Chapter 3). We have also demonstrated a decline in the level of expression of MCT1 

during the transition from normality to malignancy. A reduction in expression of MCT1 

would reduce the intracellular availability of butyrate and may have important 

consequences for the health of the colonic epithelium. Here, we sought to identify 

factors involved in the regulation of butyrate transport in an in vitro model of the human 

colonic epithelium. 

Given that the activities of many intestinal nutrient transporters are regulated by 

the levels of their specific substrates, we first examined the effect of pre-incubation of 

cells in butyrate on the subsequent rate of transport of radiolabelled butyrate. Pre-
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incubation with butyrate significantly increased the rate of [U-'4C] butyrate uptake into 

AA/C1 cells. The enhanced uptake was a result of an increase in Vmax, with no 

significant change in Ky, indicating either an increase in the abundance of a transporter 

species or the activity of existing transporters, rather than a change in the affinity for the 

substrate. The elevated butyrate uptake was coordinated with an increased abundance of 

MCT1 protein of similar magnitude (5-fold and 5.2-fold at 2 mM NaBt, respectively), 

indicating an increase in the abundance of the transporter is responsible for the elevated 

rate of uptake. The close agreement between the magnitude of the increase in the 

maximal rate of butyrate uptake and the MCT1 protein abundance demonstrates that 

MCT1 is the primary route for butyrate entry into AA/C1 cells. 

Given that many of the cellular effects of butyrate are concentration dependent, 

including the inhibition of proliferation (Archer ef al., 1998) and the stimulation of 

apoptosis (Hague ef al., 1993), the intracellular concentration of butyrate may be critical 

to these effects. Factors affecting the intracellular accumulation of butyrate, such as 

utilisation through B-oxidation (Jass, 1985), have the potential to influence the ability of 

butyrate to regulate cellular homeostasis. Indeed, Singh et al (1997) demonstrated that 

accumulation of butyrate in the cytoplasm resulting from a decrease in B-oxidation was 

correlated with reduced proliferation and increased apoptosis in a colorectal carcinoma 

cell-line. An equally significant consideration is the rate of butyrate uptake, and hence 

the regulation of MCT1 expression is an important determinant of the specific cellular 

effects of butyrate. This is supported by data indicating that inhibition of butyrate 

transport into HT-29 cells using the specific MCT1 inhibitor, 4-CHC, results in a
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significant inhibition of butyrate-induction of p21, a cell cycle inhibitory gene. This 

finding is of particular significance in the context of this thesis as it has been reported 

that the expression of p21 is reduced in the majority of colorectal cancers (Holland er al., 

2001; Bukholm and Nesland, 2000). Thus, in addition to maximising the calorific 

potential of butyrate, maintenance of MCT1 levels may play an important role in 

maintaining the health of the colonic mucosa. 

The butyrate-induction of MCTI1 protein expression was reflected by a 

corresponding increase in the levels of the MCT1 transcript. The similarity in the 

magnitude of the increases in MCT1 mRNA (5.7 + 0.4-fold) and protein (5.2 + 0.5-fold) 

indicates that regulation of mRNA abundance is the primary mechanism of butyrate 

induction of MCT1. Inhibition of transcription using actinomycin D did not entirely 

block the butyrate-induction of MCT1 expression, suggesting other, post-transcriptional, 

mechanisms were involved. This was supported by results obtained in the laboratory 

using nuclear run-on analysis. Analysis of mcf] gene trancription using this technique 

demonstrated a 3-fold increase in the rate of transcription in cells pretreated with 2 mM 

butyrate for 30 h (Cuff ef al., 2001). This result correlates well with the findings 

obtained using actinomycin D, and further implicates the involvement of changes in the 

rate of MCT1 transcript decay. This was confirmed by the demonstration that butyrate 

increases the half-life of the MCT1 transcript. Taken together, the magnitude of the 

stimulation of transcription and enhanced mRNA stability account for the butyrate- 

mediated increase in MCT1 mRNA levels. Butyrate is known to modulate the 

expression of other genes via both transcriptional and post-transcriptional mechanisms;
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these include the tissue-type plasminogen activator in human endothelial cells (Arts e¢ 

al., 1995), and the carcinoembryonic-antigen in colorectal carcinoma cells (Saini ef al., 

1990). The significance of the dual control of MCT1 levels remains to be elucidated; 

however we postulate it may provide a more efficient regulation than might otherwise be 

possible using either mechanism alone. 

Further study of the mechanisms by which butyrate enhances the stability of the 

MCT1 transcript is required. There are a number of different mechanisms of ae 

mRNA decay. In addition to the the 5' cap structure and the 3' poly(A) tail, stability 

determining elements are present throughout the transcript (Pierrat ef al., 1993; Herrick 

& Jacobson, 1992; Muhlrad & Parker, 1992). These determinants exert a destabilising 

effect on the transcript and are regulated by RNA binding proteins such as AREs (Chen 

et al., 1994). Interestingly, in our laboratory the 3'-UTR of the MCT1 transcript has been 

isolated and potential regulatory elements identified. Work is in progress to characterise 

these elements and identify associated regulatory protein factors. 

Butyrate-induction of gene transcription is often associated with hyperacetylation 

of histones (Kruh, 1982; Sealy & Chalkley, 1978; Candido ef al., 1978). Butyrate causes 

histone hyperacetylation through a noncompetitive and reversible inhibition of histone 

deacetylase (Sealy & Chalkey, 1978), resulting in a 'relaxation' of chromatin structure. It 

is thought that this change in the conformation of chromatin facilitates transcription 

factor access to DNA binding motifs on target genes, leading to transcriptional 

activation (Hebbes ef al., 1988). Analysis of histones purified from AA/C1 cells 

revealed that treatment with NaBt and the potent histone deacetylase inhibitor, TSA,
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resulted in histone hyperacetylation. Furthermore, western and northern blot analysis 

revealed that TSA increased the abundnace of MCT1 protein and mRNA approximately 

2.5-fold. This figure correlates well with the magnitude of induction of MCT1 

transcription by butyrate, implicating a role for modifications in chromatin structure in 

the mechanism of butyrate-mediated upregulation of MCT1. 

MCT1 has a very wide substrate specificity, and is able to transport a number of 

monocarboxylates in addition to butyrate, including acetate and propionate (Tamai ef 

al., 1999; Juel & Halestrap, 1999. There are some reports that propionate has similar, 

but less potent effects to those of butyrate in colonic epithelial cells (Hague et al., 1995; 

Tran et al., 1998). Indeed, it has been reported that propionate is able to induce histone 

hyperacetylation (Cousens ef al., 1979; Samuels e¢ al., 1980), implicating mechanistic 

similarities with butyrate. Our results, however, demonstrate that neither acetate nor 

propionate has any detectable effect on MCT1 expression. 

The importance of butyrate as a metabolite and regulator of cellular homeostasis 

in the colonic epithelium make an understanding of the regulation of its transport across 

the colonocyte luminal membrane of particular significance. This is supported by the 

finding that MCT1 expression is reduced in colorectal adenomas and carcinomas 

(discussed in Chapter 4) and that butyrate transport is impaired in ulcerative colitis and 

Crohn's disease (Treem ef al., 1994). A better understanding of the factors regulating 

MCT1 gene expression is therefore likely to have important clinical implications and 

may enable the development of new therapeutic strategies.
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The work presented here provides evidence that butyrate regulates the expression 

and activity of its transporter, MCT1, in human colonic epithelial cells in culture. This 

regulation involves the activation of transcription by a mechanism involving histone 

hyperacetylation, and an increase in MCT1 transcript stability. The upregulation of the 

MCT1 protein is reflected functionally as an enhanced rate of butyrate uptake, indicating 

that MCT1 is the primary route of butyrate entry into AA/C1 cells. Inhibition of butyrate 

uptake via MCT1 leads to an inhibition of the butyrate-mediated upregulation of p21, a 

gene involved in the regulation of cell proliferation. This may provide an insight into 

the significance of the reduction in MCT1 expression identified during the transition 

from normality to malignancy in the colonic mucosa, and may lead to a new 

understanding of the processes leading to the development of colorectal cancer.
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6.12 General discussion 

The aim of the work presented in this thesis was to examine the expression of the 

butyrate transporter, MCT1, in healthy and malignant human colon, and to identify 

factors involved in regulating its expression. Immunohistochemical analysis revealed 

that MCT1 is expressed predominantly on the luminal membrane of human colonocytes. 

The abundance of MCT1 protein was greatest in surface epithelial cells, and declined 

dramatically with descent into the crypts. Jn situ hybridisation histochemical analysis 

showed a homogenous pattern of MCT1 mRNA expression along the crypt-surface axis 

with significant levels expressed in the bases of the crypts. Elucidation of the 

mechanisms underlying the activation of MCT1 protein expression along the crypt- 

surface axis will require further investigation. 

A reduction in MCT1 expression was found to occur as an early event in the 

colonic adenoma-carcinoma sequence. Significantly decreased levels of MCT1 protein 

were detected in the majority of adenomas and carcinomas analysed, with negligible 

levels expressed in all of the poorly differentiated carcinomas studied. The decline in 

MCTI1 expression during the transition from normality to malignancy in the colonic 

mucosa is of interest. We suggest that the reduction in the abundance of MCT1 would 

reduce the intracellular availability of butyrate, leading to a deregulation of proliferation, 

differentiation and apoptosis in the colonic epithelium. This is supported by experiments 

assessing the effect of inhibiting MCT1 function in colorectal carcinoma cells on the 

levels of p21, a protein involved in regulating the cell cycle.
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The reduction of MCT1 expression in colonic carcinomas was strongly correlated 

with the expression of GLUT], a high affinity glucose transporter normally restricted in 

its expression to red blood cells and cells at the blood-brain interface. The levels of 

GLUT2, a low affinity glucose transporter expressed on the basolateral membrane of 

healthy colonocytes, were negligible in all the carcinomas studied. This alteration in 

nutrient transporter expression in the colon may reflect a switch in the metabolic 

requirements of malignant cells in the colon. These findings may potentially provide 

new therapeutic targets and novel markers of neoplastic transformation in the human 

colon. 

The secondary thrust of the work presented in this thesis was, having identified 

changes in the level of MCT1 expression in malignancy, to characterise a suitable in 

vitro model of the healthy colonic epithelium in which to study factors regulating the 

expression of MCT1. The AA/C1 cell line, derived from a colonic adenoma, is 

anchorage dependent and non-tumourigenic when injected into athymic nude mice. 

Electron microscopic analysis revealed that confluent AA/C1 cells express a well- 

defined brush border and exhibit correct polarity of expression of markers of the luminal 

and basolateral membranes of the healthy colonic epithelium. The cell line expresses 

wild-type MCT1, and the protein is enriched in purified luminal membrane fractions. 

Furthermore, uptake of butyrate by AA/C1 cells exhibits the properties of butyrate 

transport determined in luminal membrane vesicles isolated from human colonic tissue.
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Having established a suitable in vitro model of the human colonic epithelium, we 

next sought to identify factors involved in the regulation of MCT1. Treatment of 

confluent AA/C1 cells with sodium butyrate resulted in a 5-fold increase in MCT1 

activity and abundance. The close correlation between the magnitude of protein 

induction and rate of butyrate uptake is strongly supportive of the role of MCT1 as the 

primary route of butyrate absorption across the luminal membrane of the colonic 

epithelium. The basis of the induction of was primarily at the level of mRNA 

abundance. The increase in MCT1 mRNA expression resulted from a butyrate-mediated 

increase of both transcription and mRNA stability. The increase in MCT1 transcription 

may be the result of butyrate-mediated hyperacetylation of histone residues. The precise 

molecular mechanisms involved in the activation of MCT1 gene expression will require 

further analysis. Similarly, further work will be necessary to characterize proteins 

involved in the modulation of MCT1 transcript stability. 

The significance of changes in the level of MCT1 expression was emphasized by 

the results of an experiment examining the effect of inhibition of MCT1 function in the 

colorectal cancer cell line, HT-29. Treatment of confluent HT-29 cells with butyrate 

resulted in an upregulation of p21, a gene involved in the regulation of proliferation in 

the colonic mucosa. However, the simultaneous presence of the specific MCT1 inhibitor, 

4-CHC, significantly inhibited the upregulation of p21. These findings highlight the 

importance of changes in the abundance of MCT1 in the human colon. The reduction of 

MCTI1 expression observed during the transition to malignancy would reduce the 

availability of butyrate to regulate the expression of genes such as p21, leading to a 

deregulation of cellular homeostasis and the promotion of tumour development.
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In conclusion, the work presented in this thesis confirms the role of MCT1 as the 

primary route for butyrate entry into colonic epithelial cells, and demonstrates substrate- 

induced regulation of MCT1. I also demonstrate a reduction in the expression of MCT1 

occurring as an early event in the adenoma-carcinoma sequence in the human colon. The 

down-regulation of MCT1 expression may be a critical factor in the development of 

colorectal cancer, due to the importance of butyrate in the maintenance of cellular 

homeostasis in the human colon. This work provides a basis for further elucidation of 

the mechanisms involved in the regulation of MCT1 expression in the colon, and 

potentially provides a novel marker of neoplastic change in the human colon.
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6.13 Future directions 

The work presented in this thesis provides the basis for a number of future avenues of 

research, some of which are currently underway in the laboratory: 

1. Identification of regulatory elements located upstream from the mctl gene 

promoter. This would allow identification of transcription factors involved in the 

regulation of MCT1 expression. 

2. Elucidation of the mechanisms involved in the modulation of the MCT1 

transcript stability. This would involve the identification of regulatory proteins involved 

in the butyrate-mediated increased MCT1 transcript stability. 

3. Identification of the intracellular signaling pathways involved in the regulation of 

MCT1. 

4. Examination of the effects of inhibiting MCT1 on other genes subject to 

butyrate mediated regulation. The data presented in this thesis examining the effect of 

inhibiting MCT1 on the butyrate-induction of p21, could be expanded to examine other 

genes regulated by butyrate such as cyclin D3, bel2 and bak. 

5. The processes leading to the reduction of MCT1 expression during the transition 

from normality to malignancy require further elucidation. Further could assess changes



  

Future Directions CHAPTER 6 162 

in the expression of other nutrient transporters in healthy and diseased colon. Indeed, 

there is already some interest in the abnormal expression of other members of the GLUT 

family in carcinomas of various tissues. 

6. The role of other MCT isoforms expressed in the colonic mucosa is as yet 

unknown. Indeed, very little data is available regarding the precise role and substrate 

specificity of many of the recently identified MCT isoforms. This provides an 

opportunity for a great deal of novel research, and may provide a greater understanding 

of the transport pathways in the colon and other tissues.
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