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Summary

The aim of this study was to further the understanding regarding the genetic 

background of Inflammatory Bowel Disease (IBD). IBD patients can be classified into 

two major phenotypes, Crohn’s disease (CD) and ulcerative colitis (UC), both of which 

are thought to result from the complex interplay of multiple genetic and environmental 

factors in genetically predisposed individuals. Evidence from several studies suggests 

that the xenobiotic metabolism system may play a role in IBD. We therefore 

investigated the inheritance of polymorphisms in genes involved in the xenobiotic 

response system in a population of IBD patients and healthy controls. To this aim, the 

association of functional polymorphisms of the nuclear receptors, PXR, CAR, FXR and 

RXRa, and the xenobiotic metabolising enzymes, MDR1 and MRP3, with disease in 

IBD populations was examined.

This was a case-control study examining SNPs selected in the 6 genes on the basis of 

(1) their potential to alter expression or the protein coding sequence; and/or because 

of documented associations of these SNPs with altered expression or activity; or (2) 

haplotype tagging, in an Irish cohort including 487 IBD patients and 350 ethnically 

matched controls. Allele, genotype and carrier status frequencies for each individual 

SNP were compared statistically between patient and control groups using the chi- 

square or fishers exact test. Haplotype frequencies were estimated from unphased 

genotype data using computational methods and were statistically compared between 

groups. Gene-gene interaction analysis was also carried out using crosstabulation 

and logistic regression analysis methods.

Results from this study have revealed a number of statistically significant associations 

between genetic variation and IBD in the Irish population. PXR/NR1I2 showed a 

strongly significant association with IBD, CD and UC groups compared with a control 

population for SNPs -23585, and -24381. SNPs 7635 and 8055 were found to be 

associated with IBD and CD but not UC. We also demonstrated specific correlations 

of IBD phenotype with genotypes and haplotypes in the patient group. Haplotype 

reconstruction of the 5 htSNPs in FXR/NR1H4 showed significant differences in the 

overall pattern of haplotypes between the IBD, CD patients with colonic involvement, 

and UC patients compared to the controls. A significant association between 

RXRa/NR2B1 SNP5 (rs1045570) and IBD was demonstrated. This SNP was found to 

be associated with extensive UC, and to a lesser extent with colonic CD. While no
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direct association was seen between MDR1/ABCB1 and IBD, CD or UC, when its 

interaction with other genes was analysed, some significant associations were seen.

A significant association with IBD was seen for both MDR1/ABCB1 SNPs, 21/2677 

and 26/3435, only in patients that do not carry the PXR/NR1I2 -25385 risk allele 

(allele 1). Haplotype reconstruction of the 5htSNPs in MRP3/ABCC3 showed a 

significant difference in the overall pattern of haplotypes between the IBD patients and 

the controls, and one of the individual haplotypes was significantly more frequent in 

the IBD patients, the CD patients, and the UC patients than the controls. Haplotype 

analysis also revealed a significant difference between the therapy responsive CD 

(CD-R) population and the controls at two haplotypes.

These results show that inherited variation in genes that regulate xenobiotic response 

system, some of which have been associated with altered activity, are associated with 

susceptibility to IBD, CD, and UC. In particular a strong association was seen 

between PXR/NR1I2 and IBD, a gene that has been shown to be down regulated in 

the intestines of IBD patients. Recently, crosstalk between the xenobiotic response 

system and the immune system has been demonstrated. For example, lower levels of 

PXR appear to lead to loss of repression of NFkB mediated inflammation. It is clear 

that PXR, and to a lesser extent the other nuclear receptors, are at the heart of the two 

pathways that regulate xenobiotic homeostasis and biodefense. Disruption of this 

balance could therefore cause the profound chronic and relapsing inflammation that is 

seen in IBD. In this study, we have identified a number of genetic variants which are 

significantly associated with IBD, including newly investigated variants which have not 

been studied previously in association studies of IBD. Such identified genetic factors 

may in the future be utilised to help elucidate the complete pathogenesis of IBD and 

hence, assist in the developments of new effective treatments.
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Chapter 1 

General Introduction
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1.1 Inflammatory bowel disease

Inflammatory bowel disease (IBD) can be classified into two major phenotypes, 

Crohn’s disease (CD) and ulcerative colitis (DC), and is a chronic and relapsing 

disorder. Although it occurs worldwide, IBD is more common in the western 

world, with incidence rates in the UK o f about 22 per 100,000 persons per year 

and prevalence rates of about 400 per 100,000 persons (Rubin et al., 2000).

IBD is most commonly diagnosed between the third and fourth decades of life, 

although about 20% of all patients develop symptoms dunng childhood, with 

about 5% being diagnosed before 10 years of age (Rogers etal., 1971).

1.2 Clinical features of ulcerative colitis

DC is a condition in which the inflammatory response and morphological 

changes remain confined to the coloni. The rectal mucosa is almost always 

involved, with inflammation extending proximally. A patient may have proctitis 

(proctitis is an inflammatory condition involving the anus and rectum), left sided 

colitis (the proximal limit being below the splenic flexure), or pancolitis. At any 

given time, 50% of patients are asymptomatic, 30% have mild symptoms, and 

20% have moderate to severe symptoms (Hendriksen et a!., 1985).

Inflammation is limited primarily to the mucosa and consists of continuous 

involvement of variable severity with ulceration, oedema, and haemorrhage 

along the colon. The characteristic histological findings are acute and chronic 

inflammation of the mucosa by polymorphonuclear leukocytes and 

mononuclear cells, crypt abscesses, distortion of the mucosal glands, and 

goblet cell depletion.
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Figure 1.1; (A) Normal rectal mucosal with an almost flat surface and straight, 
parallel crypts extending from immediately above the muscularis mucosae to 
the surface. (B) Ulcerative colitis showing crypt architectural distortion and 
surface Irregularity. (Jenkins et al., 1997)

The most consistent feature of DC is the presence of blood and mucus mixed 

with stool, accompanied by lower abdominal cramping. General features 

include malaise, lethargy and anorexia. The location of the abdominal pain 

depends on the extent of colonic involvement. Pain is present in the left lower 

quadrant with distal disease and extends to the entire abdomen with pancolitis. 

The extent of inflammation is established by sigmoidoscopy and biopsy and 

either total colonoscopy or double contrast barium enema examination.
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Figure 1.2: Diagram of the gastrointestinal tract. (Taken from 
www.nuh.com.sg/... / I  endoscopic proced.asn)

1.3 Clinical features of Crohn’s disease

CD, in contrast to UC, can involve any part of the gastrointestinal tract from the 

oropharynx to the perianal area. Diseased segments frequently are separated 

by intervening normal bowel. Inflammation can be transmural, often extending 

through to the serosa, resulting in sinus tracts or fistula formation. Histological 

findings include small superficial ulcerations over a Peyer’s patch and focal 

chronic inflammation extending to the submucosa, sometimes accompanied by 

noncaseating granuloma formation. The most common location is the 

ileoceacal region; followed by the terminal ileum alone, diffuse small bowel, or 

isolated colonic disease in decreasing order of frequency.
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a
Figure 1.3: Crohn’s disease with mild surface irregularity, mild crypt distortion, 
focal cryptitis, and granuloma formation. (Jenkins et al., 1997)

Gastrointestinal symptoms of CD are very variable and depend on the location, 

extent, and severity of involvement. In patients with ileocolonic involvement, 

abdominal pain is usually postprandial and may be localized to the right lower 

quadrant. Gastroduodenal CD presents with early satiety, nausea, emesis, 

epigastric pain, or dysphagia. Extensive small bowel disease causes diffuse 

abdominal pain, anorexia, diarrhoea, and weight loss and may result in lactose 

malabsorption. Colonic CD may mimic DC, presenting with diarrhoea with 

blood and mucus associated with cramping lower abdominal pain. CD may 

evolve over time from a primarily inflammatory disease into one of two clinical 

patterns: stricturing (obstructive) or penetrating (fistulizing). In the stricturing 

form, transmural inflammation produces fibromuscular proliferation in the 

intestinal wall, followed by luminal narrowing. In the penetrating form, sinus 

tracts form as inflammation travels through the bowel wall and breaches the 

serosal surface, fistulizing through the skin (a fistula is an abnormal connection 

between organs or vessels that do not normally connect).
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1.4 Extraintestinal features

Extra-gastrointestinal manifestations occur with both diseases and some are 

related to the intestinal disease activity. Most extraintestinal manifestations are 

more common in UC and Crohn's colitis than in CD limited to the small bowel. 

Extraintestinal manifestations are categorized in three ways. Firstly there are 

disorders that usually parallel IBD flare-ups. These include peripheral arthritis, 

episcleritis, aphthous stomatitis, erythema nodosum, and pyoderma 

gangrenosum Second are the disorders that most likely result from IBD but 

appear independently of IBD flare-ups. These include ankylosing spondylitis, 

sacroiliitis, uveitis, and primary sclerosing cholangitis. The third category are 

disorders that are consequences of disrupted bowel physiology. These occur 

mainly in severe CD of the small bowel. Malabsorption may result from 

extensive ileal resection and produce vitamin B12 and mineral deficiencies, 

leading to anemia, hypocalcemia, hypomagnesemia, clotting disorders, bone 

demineralization, and, in children, retarded growth and development (Beers, 

2006).

Inflammatory arthropathies are the most common extraintestinal manifestations 

of IBD with a prevalence ranging between 7% and 25% (Veloso et al., 1996). 

They usually coincide with disease activity and improve with medical treatment 

of the underlying intestinal inflammation. Two forms of involvement are seen -  

a peripheral form and an axial form (that is, involving the skull, bony thorax, or 

the vertebral column), including ankylosing spondylitis. The peripheral form 

usually affects large joints, such as knees, ankles, wrists and elbows.

Cutaneous manifestations occur relatively commonly with IBD. The incidence 

varies from about 10% at the time of IBD diagnosis to more than 20%  in the 

course of the disease (Veloso et al., 1996). Manifestations of the skin include 

erythema nodosum and pyoderma gangrenosum. Erythema nodusum is 

characterised by the development of painful, purplish red, ovoid nodules, and is 

more common with CD. Pyoderma gangredosum is a deep severe ulceration 

of the skin and is a rare manifestation that is usually seen in association with 

UC.
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Ocular complications occur in about 10% of IBD patients, and include 

episcleritis, scleritis, uveitis and corneal disease. Episcleritis presents with 

scleral and conjuctival erythema, a burning sensation, and photophobia.

Uveitis, which is inflammation of the interior of the eye, can be in the antehor 

and posterior chamber of the eye, and is often associated with joint and skin 

manifestations.

Primary sclerosing cholangitis (PSC) is a chronic cholestatic liver disease 

characterised by fibrosing inflammation and destruction of the bile ducts. It is 

usually seen in association with UC, with the prevalence of IBD (mostly DC) in 

PSC at about 70-80% (Loftus et al., 1996). The course of PSC appears to be 

unrelated to underlying bowel disease and may progress after a colectomy. 

Autoimmune hepatitis, liver enlargement, and cholelithiasis are also associated 

with IBD.

IBD is also a risk factor for renal immune and non-immune mediated diseases. 

The prevalence of nephrolithiasis in IBD varies from 2 to 6% and is more 

frequent is CD than in UC (Gasche, 2000).

Osteopenia (reduced bone mass) can occur both at the onset of IBD and as a 

complication of prolonged corticosteroid use. The prevalence rates range from 

40% to 50%. Osteopenia is an important potential complication of paediatric 

IBD since more than 90% of peak bone mass is attained during childhood and 

adolescence.
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1.5 Treatment

Pharmacotherapy is the foundation of IBD management. Most of the currently 

available agents act by downregulating chronic inflammation in the intestinal 

mucosa. The choice of pharmacologic management of IBD is based on the 

location, extent, and severity of the disease within the gastrointestinal tract.

The 5-aminosalicylic acid (5-ASA) agents are the treatment of choice for mild to 

moderate DC. They are administered orally for extensive DC, and 

administered orally and/or rectally for left-sided UC. Sulfasalazine, which 

consists of a sulfapyradine group (an antibacterial organic sulphur compound) 

bonded to 5-ASA, was the first agent in this drug category (Sutherland et al., 

1993). The sulfapyradine causes a number of side effects, which Include mild 

to severe headaches, nausea, and vomiting. Newer 5-ASA medications 

(mesalamine, olsalazine, and balsalazide) are useful in patients unable to 

tolerate sulfasalazine side effects. Clinical improvement or remission is 

achieved in as many as 84% of patients with the newer 5-ASA’s (Hanauer and 

Present, 2003). Patients with moderate to severe UC, or those who do not 

respond to optimised doses of 5-ASA’s, are treated with oral corticosteroids. 

Clinical improvement or remission occurs in 45%-90% of patients treated with 

15-60 mg/day prednisone (Hanauer and Present, 2003). However, side effects 

such as fluid and electrolyte disturbances, and gastrointestinal, dermatological, 

neurological, endocrine, ophthalmic, and metabolic adverse effects are 

numerous with corticosteroids. Azathioprine (AZA) and 6-mercaptopurine (6- 

MP) are used due to their steroid sparing effects and can be used to maintain 

remission. When these efforts fail, or when intolerable adverse effects develop 

as a result of medical treatment, colectomy is indicated. Infliximab is a chimeric 

(75% human and 25% murine), 149.1 kDa, monoclonal antibody targeted to 

Tumour Necrosis Factor alpha (TNFa) and acts by neutralizing the 

proinflammatory actions of TNFa. While infliximab has traditionally been used 

to treat CD, it has been shown to be a safe, effective rescue therapy for acute 

severe and moderately severe attacks of UC (Jarnerot et al., 2005). 

Approximately 25% to 40% of patients with severe UC will eventually require 

colectomy (Faubion et al., 2001).
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The medical treatment for CD is also individualised based on the severity of the 

symptoms and the degree and site of intestinal involvement. The 5-ASA 

compounds are effective for establishing remission of mild to moderate CD. 

Corticosteroids are generally limited to patients with moderate to severe CD 

because of their safety profile. AZA and 6-MP are indicated in CD patients not 

responding to corticosteroids, steroid dependency, undesirable steroid related 

side effects, and for maintenance of remission. Infliximab is effective against 

fistulous CD and in patients who are refractory to 5-ASAs, corticosteroids, or 

other immunomodulators. Approximately 80% of CD patients will require 

surgery at some point during the course of their disease. The indications for 

surgery are failure of medical therapy, with acute or chronic symptoms, and 

complications such as toxic dilation, obstruction, perforation, abscesses, and 

fistula.

5-ASA is chemically similar to aspirin and acts via direct contact with the 

inflamed tissue to decrease inflammation. Corticosteroids act on the immune 

system by blocking the production of substances that trigger allergic and 

inflammatory actions, such as prostaglandins. They are potent inhibitors of T 

cell activation and cytokine secretion and mediate their anti-inflammatory effect 

through binding to the intracellular glucocorticoid receptor (GRa). A 

homodimer of two activated GRs is translocated to the nucleus and the 

complex then binds to specific DNA sequences (glucocorticoid response 

elements [GREs]) and controls the expression of target genes. However, they 

also impede the function of white blood cells that destroy foreign bodies and 

help keep the immune system functioning properly. Corticosteroids can result 

in serious side effects which mimic Cushing's disease, a malfunction of the 

adrenal glands resulting in an overproduction of cortisol. These side effects 

include increased appetite; weight gain; deposits of fat in chest, face, upper 

back and stomach; water and salt retention; high blood pressure; diabetes; 

slow wound healing; osteoporosis; and acne, among others. Azathioprine acts 

to inhibit purine synthesis necessary for the proliferation of cells. It is a pro

drug, converted in the body to the active metabolites 6-mercaptopurine and 6- 

thioinosinic acid. The most common serious side effects of AZA and 6-MP

involve the blood and gastrointestinal system. AZA and 6-MP can cause
9



serious lowering of the white blood cell count, resulting in an increased risk of 

infections and can also cause nausea, vomiting, and loss of appetite.

1.6 Immunology of IBP

Differing cytokine and other inflammatory mediator profiles have been identified 

for UC and CD. Although it has been hypothesized that DC is characterised by 

T-helper (Th2) domination, the picture is far from clear. Enhanced Th2 

immunity in UC is evidenced by high levels of immune globulins (Ig), especially 

IgG (Kett et al., 1987) and autoantibodies, including anti-colon and anti

neutrophil (Duerr et al., 1991; D aseta l., 1993). The cytokine profile in UC 

patients provides more evidence of a Th2 response, such as an elevated 

interleukin-5 (IL-5) and IL-8, but no significant elevation of interferon-gamma 

(IFNy) or other cytokines associated with an overactive Thi response 

(Blumberg and Strober, 2001). Other cytokines associated with general 

inflammation are found in both IBD conditions, like IL-1, IL-6, and TNFa 

(MacDonald and Murch, 1994).

A T-cell mediated immune response has been identified in the mucosa of CD 

(MacDonald and Murch, 1994). The ensuing production of inflammatory 

cytokines can cause ulceration and increased intestinal permeability 

(MacDonald and Murch, 1994). Animal models confirm the theory that CD is 

primarily a Thi dominant condition. In murine models, disease induced by a 

Th1 over-expression results in lesions histologically compatible with CD, while 

a Th2 mediated response results in lesions more closely resembling UC (Dohi 

etal., 2000; Iqbal et al., 2002).

Recently the involvement of IL-23 and IL-17 in IBD has been demonstrated. IL- 

23 is a novel heterodimeric cytokine that belongs to the IL-12 family which are 

required for successful priming of the T-cell response. When it binds to its 

receptor IL-23 activates STAT3 and STAT4 and differentiates responsive CD4+ 

T cells to a pathogenic subpopulation characterised by IL-17 production
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(Langrish et al., 2005). These IL-23 driven subset of T-heiper cells are called 

ThiL-i7 . IL-17 activates MAP kinase pathways resulting in the recruitnnent of 

neutrophils in the local tissues (Hata et al., 2002). A NFkB signalling cascade 

is also triggered by IL-17, which leads to proliferation of numerous inflammatory 

molecules (Hata et al., 2002). Elevated IL-17 levels have been observed in the 

mucosa of both CD and UC patients (Fujino et al., 2003). Using IL-17 knock 

out mice, Zhang et al. demonstrated that IL-23 driven IL-17 was critical for the 

dvelopment of trinitrobenzenesulfonic acid (TNBS) induced inflammatory colitis 

(Zhang et al., 2006). A recent genome-wide association study found a strong 

association of SNPs in the IL-23R (IL-23 receptor) gene to CD and UC (Duerr 

e ta !., 2006).

1.7 Pathogenesis

Although many questions remain regarding the aetiology of UC and CD, clinical 

and laboratory studies indicate that both genetic and environmental factors are 

important. There have been a number of hypotheses about the pathogenesis 

of IBD but neither environmental factors such as diet and behaviour, infection 

of microorganisms, contact of physical or chemical pathogenic agents nor 

single gene disorders alone can fully explain its complex phenotypes. 

Therefore, it is thought to be a multifactorial disease.
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Figure 1.4: The sustained activation of mucosal immune responses causing 
IBD. Stimulation may occur as a result of the penetration of bacterial products 
or other luminal contents through the mucosal barrier, leading to their direct 
interaction with immune cells. Alternatively the bacterial products may stimulate 
the surface epithelium (Podolsky, 2002).

The current theory suggests that the chronic intestinal inflammation in IBD is 

established and maintained by dys-regulation of immune cells and there is 

increasing evidence that mucosal epithelial cells are active modulators of local 

immune responses. Thus a change in the epithelial barrier can cause a 

continuous stimulation of immune cells.

1.7.1 Environmental risk factors

The most reliable example of the influence of the environment on IBD is 

tobacco use, particularly cigarette smoking. Smoking has striking opposite 

effects on CD and DC. Cigarette use is an important risk factor for CD, 

increasing the frequency of disease relapse and need for surgery, while 

discontinuation improves the disease course (Rubin and Hanauer, 2000). In 

contrast, DC patients are frequently non-smokers, and cessation of smoking 

increases the risk of developing UC (Rubin and Hanauer, 2000).
12
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Studies investigating the link between diet and IBD are few and indirect.

Among the analysed dietary factors, refined sugar has been suggested as risk 

factor for CD, but not UC (Sonnenberg, 1988). Fat intake has been positively 

associated with UC, whereas fruit, vegetables, and fibre consumption seem to 

decrease the risk of IBD (Reif et a!., 1997). There is good evidence supporting 

the benefits of elemental diets as therapy for CD (Lochs et al., 1991). A lack of 

breastfeeding during infancy has also been shown to be significant risk factor 

for CD and UC (Bergstrand and Hellers, 1983; Rigas et al., 1993; Corrao et al., 

1998; Klement et al., 2004). This is most likely due to the immunomodulatory 

properties of human milk, and its role in acquiring oral tolerance to specific 

microflora and food antigens (Klement et al., 2004).

Oral contraceptives are one of the main classes of drugs that have been 

studied for a possible relationship with IBD. The relative risk of CD in women 

taking oral contraceptives is about twice that of controls, although there is no 

direct causative relationship (Godetet al., 1995; Corrao et al., 1998). Other 

environmental risk factors for IBD include: geographical, economical, 

educational and occupational status, which indicate that a Western, white-collar 

lifestyle is associated with IBD; appendectomy, which is associated with a 

lower risk of UC and an increased risk of CD; and left-handedness, with left- 

handed individuals having twice the risk of IBD than right-handed people 

(Sonnenberg et al., 1991; Andersson et al., 2001; Morris et al., 2001;

Andersson et a!., 2003).

Accumulating evidence suggests that the luminal flora is a necessary and 

possibly central factor in the development of IBD. This is supported by studies 

on murine models of colitis and also by clinical observations in patients. Broad 

spectrum antibiotics and probiotics have proven to be effective in specific 

groups of patients. Studies have demonstrated the presence of an increased 

number of surface adherent and intracellular bacteria in the colonic epithelium 

of patients with IBD (Darfeuille-Michaud etal., 1998; Swidsinski et al., 2002).
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1.7.2 Genetic risk factors

IBD has strong familial clustering, with a complex pattern of inheritance. First- 

degree relatives of an affected patient have a risk of IBD that is 4 to 20 times as 

high as that of the background population (Tysk et al., 1988; Orholm et al.,

1991; Hugot, 2004). Whereas the rate of concordance for CD in dizygotic twins 

is similar to that of all siblings, the rate among monozygotic twins has been 

reported to be as high as 58%, clearly illustrating the contribution of genetic 

and environmental components to the risk of developing disease (Tysk et al., 

1988). The penetrance of the UC genotype appears lower, with a monozygotic 

concordance rate ranging from 6-19% depending on the population, an 

observation most easily explained by the requirement of non-genetic factors to 

precipitate disease (Tysketal., 1988; Orholm etal., 1991; Halfvarson etal., 

2003). Family based genetic mapping studies have identified a number of 

susceptibility loci (with some termed IBD loci), although few have been 

reproduced consistently (Ahmad et al., 2004). A recent global meta-analysis 

concluded the strongest evidence for association to IBD were at sites on 

chromosomes 2q, 3q, 5q (/6D5), 6p (IBD3), 7q, 17q, 19p and 16 {IBD1 

including the NOD2/CARD15 region) (van Heel et al., 2004).

The strong evidence of linkage of markers at the IBD3 locus on chromosome 

6p21 to both clinical forms of IBD suggests that major susceptibility genes for 

CD and UC are located in this region. The evidence for linkage is strongest in 

the region of the MHC.
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Figure 1.5: Major regions of linkage in IBD. Red bars indicate significant 
linkage and blue bars suggestive linkage. Asterisks indicate the strength of 
support from follow-up studies. MHC=major histocompatability complex. 
(Mathew and Lewis, 2004)

Many association studies of the MHC region have been reported over the past 

30 years, and more recently DRB1*0701 and Cw*0802 have been associated 

with CD, and A1-B8-DR3 was shown to be associated with colonic disease 

(Ahmad et al., 2002). HLA DRB*0103 has also been found to be associated 

with the colonic form of both CD and UC (Silverberg et al., 2003). The TNFa 

gene is also in this region, and a number of studies have found an association 

with polymorphisms in this gene and IBD (Sashio et al., 2002; van Heel et al., 

2002; Mirza et al., 2003; Negoro et al., 2003).

The linkage on chromosome 5q31-33 (IBD5) to CD led to a search for

association of polymorphisms at this locus (Rioux et al., 2001). This identified

a common risk haplotype over a region of 250kb, which contained multiple

SNPs that were in almost complete linkage disequilibrium with each other, and
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were strongly associated with CD. The association of IBD5 with CD was 

replicated in large North European populations, but was not found to be 

associated with UC (Mirza et al., 2003; Negoro et al., 2003).

One important interaction between an environnnental contributor to disease and 

a genetic one has been revealed by the association of Crohn’s disease with 

NOD2/CARD15 (Hugot et al., 2001; Ogura etal., 2001), a gene whose protein 

product is directly involved in the innate immune response to microbial 

antigens. This finding suggests that Crohn’s disease, and potentially ulcerative 

colitis, result from an inappropriate mucosal immune response to normal 

constituents of the luminal microflora. Schreiber et al., in fact, suggest that CD 

is an archetypal inflammatory barrier disorder of the mucosa (Schreiber et al., 

2005). A number of lines of evidence have indicated that the response to 

xenobiotics may be dys-regulated in IBD. For instance, in experimental mouse 

models of intestinal inflammation, Gpx1, Gpx2 (Esworthy et al., 2001) and 

mdr1a knockout mice develop ulcerative colitis, which in the latter case may be 

prevented by antibiotic treatment (Panwala et al., 1998; Esworthy et al., 2001). 

Furthermore, polymorphisms in the MDR1/ABCB1 gene, which codes for a 

multi-functional xenobiotic efflux pump, have been linked to UC (Schwab et al.,

2003) and CD (Brant et a!., 2003). Although, this is obviously a complicated 

association as the MDR1/ABCB1 SNP 26/3435 has been associated with UC, 

but not with CD, while another study found that 21/2677, but not 26/3435, was 

associated with IBD, and yet another study found no association with 

MDR1/ABCB1 SNPs and CD or UC in UK and German populations (Schwab et 

al., 2003). Recently, gene expression studies in humans (Lawrance et al.,

2001; Langmann et al.,

2004) have also implicated the response to xenobiotics in the pathophysiology 

of IBD. Specifically genes involved in cellular detoxification and defence were 

found to be down regulated in patients with ulcerative colitis. This included a 

down-regulation of expression of the pregnane X receptor {PXR/NR1I2), 

cytochrome P450’s, multidrug resistance protein 3 {ABCC3), and ABCB1 

genes in these patients (Langmann et al., 2004).
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1.8 Pharmacogenetics in IBP

Pharmacogenetics is the study of the association between variability in 

response to drugs and/or drug toxicity and polymorphisms in genes. Genes 

that interfere with the metabolising pathways of drugs could influence the 

clinical response to IBD medical therapy.

AZA is one of the best examples of genetically influenced heterogeneity in drug 

response. In the first step of AZA metabolism, AZA is converted by a 

nonenzymatic reaction into 6-mercaptopurine (6-MP) (see Figure 1.5). 

Subsequently, 6-MP is metabolised by competing catabolic and anabolic 

enzymatic pathways. Xanthine oxidase converts 6-MP into the inactive 6- 

thiouric acid (6-TU). Alternatively, 6-MP may be methylated to 6-methyl MP (6- 

MMP) by the enzyme thiopurine methyl transferase (TPMT). A third pathways 

is metabolisation towards active 6 thioguanine (6-TG) nucleotides, which are 

incorporated as false bases into DNA and explains the cytotoxicity of AZA. The 

activity of TPMT is affected by polymorphisms in the TPMT gene 

(Weinshilboum and Sladek, 1980; Otterness et al., 1998). Heterozygosity for 

the variant alleles TPMT*3A and TPMT*3C is associated with decreased TPMT 

activity, while individuals homozygous for the variant alleles have almost 

absent TPMT activity. A lack of TPMT leads to a preferential production of 6- 

TG nucleotides, and thus a higher risk of adverse affects of AZA.

Studies have shown steroid resistance to be as high as 20% in both CD and

DC patients (Munkholm et al., 1994; Campieri, 2002). There are three potential

mechanisms for resistance to corticosteroid treatment in IBD. First, a

decreased plasma level through over-expression of ABCB1, and thus elevated

P-gp mediated efflux of the drug. Secondly, an altered function of the GR, and

thirdly, the anti-inflammatory capacity of steroids can be overwhelmed by an

excessive synthesis of pro-inflammatory cytokines induced by the activation of

pro-inflammatory transcription factors which may also reduce the affinity of GR

for its intracellular ligands (Farrell and Kelleher, 2003). GR(3 is a truncated

splice variant of the normal isoform GRa, and is unable to activate steroid

responsive genes. GR|3 specific messenger RNA (mRNA) expression was
17



found in 83% of the patients with steroid resistant DC compared to only 9% in 

steroid responsive patients and 10% in healthy controls and chronic active CD 

patients (Honda et al., 2000). The level of GRP was however only 0.165% of 

the level of GRa and has to be at least 5 to 10 fold in excess of GRa to 

significantly inhibit steroid mediated gene expression. P-glycoprotein 170 (P- 

gp) transports some glucocorticoids out of cells (Ueda et al., 1992; Vo and 

Gruol, 1999), and overexpression of its gene, ABCB1, leads to an increased 

efflux of glucocorticoids. P-gp expression has been shown to be increased in 

the peripheral blood lymphocytes (PBLs) of IBD patients who required bowel 

resection for failed medical therapy compared to controls (Farrell et al., 2000). 

Potocnik et al. found that a haplotype composed of the 12/1236, 21/2677 and 

26/3435 ABCB1 SNPs was associated with steroid refractory CD (Potocnik et 

al., 2004). However, Hirano et al. found a relationship between steroid 

administration and P-gp expression and suggested that over-expression of 

ABCB1 mRNA in peripheral blood monocytes of IBD patients and subsequent 

refractoriness to steroid therapy is not intrinsic but secondary to high-dose 

administration of steroids (Hirano et al., 2004).
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Figure 1.6: Metabolism of azathioprine. MP, mercaptopurine; TPMT, thiopurine

methyl transferase; XO, xanthine oxidase. (Cronstein, 2004).
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1.9 The design of case-control association studies

Genetic association studies are the basis for detection of genetic variation that 

is associated with disease. Association studies generally take the form of 

either of two options; the family based study design or the case-control study 

design. The case-control study aims to derive a risk estimate for a particular 

genetic factor that is as close as possible to the estimate that would have been 

derived had a prospective cohort study been performed. Cohort studies consist 

of two or more groups of people free of the disease of interest but different in 

terms of exposure, that are followed to investigate who develops the disease.

In case-control studies, exposures are compared between groups of people 

with and without the disease of interest, and are a good alternative to cohort 

studies provided the cases and controls are selected appropriately.

Ideally, in order for a case-control study to try to mimic a cohort study, cases

should be newly arising cases that are recruited prospectively from a certain

population during the time period of the study, and for whom risk-factor

information is collected retrospectively. The choice of a control group is wholly

determined by the definition and selection of the case group. More specifically,

the source population from which controls are sampled should be that from

which cases are also sampled. Appropriate sampling of the population should

ensure that selected control individuals represent the spectrum of allele

frequencies and environmental exposures present in the underlying total

population from which the sample was selected. Additionally, the selected

patient sample should represent the spectrum of allele frequencies and

environmental exposures present in the underlying disease population. It

should be noted however, that the strict definition of random sampling of cases

from a population can generally only be achieved for conditions where

occurrence is automatically registered so that a random sample can be taken

from everyone in a certain population that has been diagnosed with the disease

in question (e.g. a cancer incidence register) (Zondervan and Cardon, 2004).

Therefore, most disease studies do not lend themselves to true random

sampling as they are not centrally registered, and another important

consideration is the fact that some diseases can remain undiagnosed in certain
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individuals and these will not be selected in the sampling set. For most case- 

control studies, the only feasible option is to recruit patients from individual 

hospitals or medical centres. In these situations, the control population should 

then be selected from the catchment area of the patient recruitment centre.

This is particularly relevant to large countries with genetically diverse 

populations that may differ markedly form one place to the next.

Indeed, the issue of population stratification is important when considering the 

design of case-control association studies. The degree of importance of this 

factor and the problem, if indeed any, posed to genetic association studies is 

still up for debate, with limited data until recently available to examine the issue. 

However, the data from eleven previous case-control studies was analysed and 

no statistically significant evidence for stratification was detected in any study 

(Freedman et al., 2004). Nevertheless, after increasing the number of markers 

and samples in one study of individuals with African American ancestry, they 

found that stratification was in fact present. A similar increase in study design 

in a sample of European Americans did not reveal any evidence for statistically 

significant stratification. As the African American population has more genetic 

heterogeneity than the European American population, these results may 

suggest that this increased level of genetic diversity is susceptible to population 

stratification. They also suggest that stratification is probably most problematic 

in populations whose ancestors recently mixed due to intercontinental 

migrations.

The standard measure of the effect of the risk factor in a case-control study is

the odds ratio (OR). This is defined as the odds of exposure among cases

divided by the odds of exposure among controls. The OR provides a good

approximation of the relative risk of a particular risk factor if the sampling for the

case-control study mimicked that of a prospective cohort study. An OR of 1

means that individuals exposed to the risk factor (e.g. genetic variant) are at no

increased risk of disease compared with those who are not exposed to the risk

factor. An OR of >1 implies an increased risk and 0 < OR < 1 implies a

protective effect. Statistical test can be used to determine whether the odds

ratio implies a significant association between the risk factor and disease
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incidence. For multifactorial diseases the risk factors that could confer high 

ORs are rare, so the absolute increase in prevalence associated with the risk 

factor remains small.

Genetic association studies use an indirect method of testing for association 

which relies on the ability of a marker to detect association of a disease- 

causing variant. This relies on the principle that the marker variant will be more 

often co-inherited with the disease susceptibility variant than would be 

expected under the principal of independent assortment. This lack of 

independence is termed linkage disequilibrium (LD) and occurs at varying 

degrees between loci on the same chromosome. The most common statistical 

measures of LD between two markers are D’ and r̂ . These measurements are 

discussed in more detail in section 2.6.4. For D’, various levels of LD have 

been suggested as useful in such studies, for example, values of D’ = 0.5 or D’ 

half-length (the midpoint between minimal and maximal LD (Abecasis etal., 

2001; Reich et a!., 2001). The revalues have the property that for a given 

power and significance threshold, the required increase in sample size to allow 

for reduced LD between the marker and disease variants is inversely 

proportional to r̂ . For example, if 1,000 cases and controls were needed to 

detect significant disease association in an association study where there was 

perfect LD (r^= 1) between marker and disease variants, in a case where there 

was imperfect LD (e.g. r^= 0.2), then the study would need 1,000/0.2 (5,000) 

cases and controls to achieve the same likelihood of detecfing association.

Other important factors, along with LD, in the design of case-control studies are 

the frequencies of the disease-causing allele and the marker. Rare variants 

can reduce the power of statisfical tests to detect association, and therefore 

common variants are more susceptible to identification as disease-causing 

variants in the case-control association study design (Zondervan and Cardon, 

2004).
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1.10 Haplotvpe based association studies

The analysis of single markers with disease association does not take into 

account the fact that SNPs are not independent of each other and may 

therefore fail to identify the genuine contributing factors to disease. In fact, 

polymorphisms that are closely linked are inherited together as a unit, called a 

haplotype. Haplotype information inferred from genotypes can better 

characterize the role of a candidate gene in the aetiology of a complex trait and 

has become an important component in association studies.

Haplotype analysis is considered to have numerous advantages over single

marker analysis. These advantages include an improvement in the probability

of detecting a disease association as it provides a more comprehensive and

informative analysis of the genetic variation in the region and in certain cases

will increase the power of a study to detect associations. One advantage is

that this approach takes into account the biologic function of genes. The

biological and physical properties of a protein such as the folding kinetics and

stability of the protein may depend on interactions between pairs or higher-

order combinations at the amino-acids sites within that protein, and the

sequence of these amino-acids will be a direct result of the DNA sequence of

that gene with its associated polymorphic variants. Hence, if these interactions

are important, then haplotypes are of direct biological relevance (Chen et al.,

1990). Another consideration for the use of haplotype analysis over single

marker testing is that haplotypes arise as an intrinsic attribute of population

genetic variation. That is, variation in populations is inherently structured into

haplotypes, with haplotypes with multiple variable genetic sites having shared

common ancestry (Chen et al., 1990), and this may be an important factor to

consider when trying to identify susceptibility factors for diseases which are

population specific or are found to have differing prevalence rates in different

populations. The statistical power of association testing is improved by the use

of haplotype analysis compared to single marker testing. When single marker

analysis is used, each marker is assumed to be independent, thus each marker

should theoretically be corrected for multiple testing, thereby reducing the

power to detect an association. As discussed previously, it is more likely that
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the variants under investigation in association tests experience some level of 

LD with each other, and hence are not independent of each other. Haplotype 

based methods assume that markers are not independent and do not include a 

conservative correction factor so are likely to be more powerful than single 

marker methods when the SNPs assayed are not the causative variants but are 

in LD with the causative variant (Botstein and Risch, 2003).

1.11 Haplotype tagging

Studies of LD and haplotype structures have revealed blocks of limited diversity 

in which the majority of population samples can be characterised by only a few 

common haplotypes (Patil et al., 2001; Dawson et a!., 2002). This observation 

of LD structure has led to the identification of reduced sets of SNPs that 

uniquely identify, or ‘tag’, particular haplotypes (Johnson et al., 2001). These 

are referred to as haplotype tagging SNPs (htSNPs) and capture all (or the 

majority) of haplotypes of a gene or a region of LD.

The use of these htSNPs is an important advance in association studies. How 

small this subset of SNPs (htSNPs) can be depends on the degree of 

redundancy amongst the markers. To identify a group of htSNPs to tag the 

genetic variation in a haplotype of interest, the entire SNP set identified in the 

haplotype or region are genotyped in a limited number of control individuals, 

and from this data, the haplotype structure of the region is reconstructed, and 

finally, the smallest subsets of SNPs, which will capture all, or a specified 

proportion of the variation, will be identified. This selected subset of SNPs can 

then be genotyped in the full study and the full haplotypes can be inferred from 

this. Alternatively, the populations genotyped in the HapMap project can act as 

reference populations for the selection of htSNPs.

Since the discovery of htSNPs, many different methods and algorithms for their

identification have been developed (Johnson et al., 2001; Patil et al., 2001;

Brant et al., 2003; Ke and Cardon, 2003; Carlson et al., 2004; Halldorsson et

al., 2004). The methods differ from each other based on the (1) source of the
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genetic information, i.e. haplotypes (when the haplotype structure of the area of 

interest is characterised, and subsequently htSNPs are identified) (Johnson et 

a!., 2001; Brant et a!., 2003; Ke and Cardon, 2003; Carlson et al., 2004) or 

genotypes (when htSNPs are identified directly based on LD between all 

common SNPs found in a small number of resequenced samples) (Carlson et 

al., 2004); (2) the measure and criteria of evaluation used in the htSNP 

selection, e.g. haplotype diversity, haplotype r̂ , or entropy; and (3) the 

computing algorithms. A recent study found that the haplotype block based 

approach gave significantly more effective sets of htSNPs compared to using 

only pair-wise LD information (Ke et al., 2005). This was only of particular 

concern however, in regions where there were lower levels of LD present, and 

also when there was a significant amount of missing data to consider during 

haplotype reconstruction. Using this htSNP method, theoretically, the htSNP 

set chosen should reflect the overall variation in the region.

A number of studies have been carried out to assess the effect of SNP marker 

density on the efficacy of htSNPs to detect all or a specified proportion of 

variation in a given region. One study examined SNPs with an average 

spacing of just over 1.5 kb, and concluded that, on average, 80% of haplotypes 

could be captured using only 25% of the full SNP set, with a loss of power of 

only 4% (Brant et al., 2003). An additional study found that whatever density of 

SNPs was used, htSNP analysis captures at least 80% of the variation in most 

cases (lies, 2005).

1.12 Aims and objectives

This study involves the investigation into the impact of inherited variation in the 

xenobiotic response system on the pathophysiology of IBD. The aim of this 

project is to study genes in the xenobiotic system to investigate their implication 

in the susceptibility to IBD, in an Irish population.

There has been much evidence from familial and twin studies to suggest that

such a genetic component exists, however, few genes have been consistently
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shown to be associated with IBD. A number of lines of evidence have indicated 

that the response to xenobiotics may be inappropriate in IBD. For instance, in 

experimental mouse models of intestinal inflammation, mdr1a knockout mice 

develop ulcerative colitis which may be prevented by antibiotic treatment 

(Panwala et al., 1998;

Esworthy et al., 2001). Recently, gene expression studies in humans 

(Lawrance et al., 2001; Langmann et al., 2004) have also implicated the 

response to xenobiotics in the pathophysiology of IBD. Specifically genes 

involved in cellular detoxification and defence were found to be down regulated 

in patients with ulcerative colitis.

In recent times, through the sequencing of the human genome and efforts such 

as the HapMap project, we have gained access to vast quantities of genetic 

data, with regards to the genetic variation present in the genome and the 

relationship between these variants. This data, in combination with the 

development of high throughput genotyping methods and increased 

understanding of the need for good association study design, and the factors 

which need to be considered during this study design, have improved the 

prospects that we may identify disease susceptibility alleles using these 

methods.

We selected 4 members of the nuclear receptor family that regulate an array of 

genes involved in the metabolism of xenobiotics, PXR/NR1I2, FXR/NR1H4, 

CAR/NR1I3 and RXRc^NR2B1, and two ATP binding cassette (ABC) 

transporters that transport exogenous and endogenous substances, and thus 

reduce the body load of potentially harmful compounds, MDR1/ABCB1 and 

MRP3/ABCC3, to investigate. Genetic variants in these genes will be selected 

and subjected to extensive analysis to examine if these genes confer 

susceptibility to IBD. This analysis will utilise the large amount of actual raw 

data available and will avail of the insights and advances in association study 

methodology available at the present time.
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Chapter 2 

General Materials and Methods
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2.1 Study subjects

The study population consisted of 487 unrelated IBD patients from clinics in St. 

James’s Hospital, St. Vincent’s Hospital and the Adelaide and Meath Hospital 

in Ireland, and a random sample of ethnically matched, but otherwise 

unselected, controls (n=350). Both patients and controls were Irish 

Caucasians. The healthy control sample population was constructed from 

colleagues and health workers from the various hospitals. The study was 

approved by the institutional ethics review committee and all patients gave 

informed consent. Patients were diagnosed and classified by standard 

endoscopic, histological and/or radiological criteria. The patients were defined 

by the age of onset of disease and the severity and location of their disease. 

There was a slight preponderance of females among CD patients and controls 

(CD 62%; DC 47%; Controls 56%). The severity of disease course was 

defined by failure of response to treatment (particularly with steroids, a frontline 

regimen in IBD), and patients were sub-categorised into groups with either 

severe disease (CD-S n=189; UC-S n=89) or mild, responsive disease (CD-R 

n=59; UC-R n=96). In general, up to one quarter of IBD patients have severe 

disease, necessitating more aggressive and/or expensive treatments with many 

ultimately requiring surgery (Farrell and Kelleher, 2003). A severe course was 

defined as:

(1) requiring more than two courses of steroids over any 12 month period;

(2) treatment with azathioprine, methotrexate, cyclosporin or Infliximab, due 

to poor responses to initial courses of steroids;

(3) undergoing surgery for refractory IBD, except surgery for non-actively 

inflamed strictures.
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Figure 2.1; IBD patients divided with respect to disease location.

2.2 Sample collection

A full blood sample was drawn into a BD Vacutainer (Preanalytical Systems, 

UK) tube, aliquoted, made anonymous with allocation of a study number and 

stored at -80°C. These samples were later used for extraction of DNA.

Left-sided UC 
(N=78)

Pancolitis UC 
(N=81)

disease location 
unclear 
(N=49
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2.2.1 DNA extraction from blood samples

DNA was extracted from whole blood samples using a QIAamp DNA Mini Kit 

(Qiagen, GmBH, Hilden, Germany). Briefly, 200|al whole blood was added to 

20|al protease, with 200|al lysis buffer (Buffer AL), and the mixture was 

incubated at 56°C for 10 minutes. 200|al ethanol was added and the mixture 

was vortexed and added to a QIAamp Spin Column. The tube was then 

centrifuged at 8000 rpm for 1 minute, the filtrate was removed and 500|xl Buffer 

AW1 was added. The tube was spun again at 8000 rpm for 1 minute and the 

filtrate removed. 500|il of a second buffer (Buffer AW2) was added to the 

column and the tube centrifuged at 14000 rpm for 3 minutes. An additional 

step was included in the protocol at this stage, where the filtrate was removed 

and the tube spun again at 14000 rpm for 1 minute to remove residual buffer 

and then the filtrate was again discarded. Elution buffer (200|il Buffer AE) was 

added and the tube was incubated at room temperature for 5 minutes before 

being spun at 8000 rpm for 1 minute. The eluted DNA was then stored at - 

20°C.

2.3 DNA qualitv control and quantification

A subset of the extracted DNA samples was run on a 1% agarose gel (agarose 

gel electrophoresis is described in section 2.5.3) to establish the quality of 

DNA. Samples (2pl) were run alongside O.Spg X-Hind\\\ DNA ladder (Promega 

corporation, Wl, USA). A single, clear, bright band should be seen at about 

23kB. DNA concentration was assayed using spectrophotometery on an 

Eppendorf BioPhotometer (Eppendorf GA, Hamburg, Germany). 5pl of 

undiluted DNA preparation was added to 95|jl of distilled water in an Eppendorf 

UVette and a concentration reading was taken at 260/280nm wavelength to 

examine DNA concentration and quality. The optical density (OD) at 260nm 

allows calculation of the concentration of the sample (OD of 1 = SOpgml'^ for 

double stranded DNA), and the ratio of the OD at 260nm to the OD at 280nm 

gives an estimate of the purity of the DNA (pure DNA >1.8).
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2.4 Single Nucleotide Polymorphism Selection

Single Nucleotide Polymorphisms (SNPs) were selected based either on:

(1) Potential to alter expression (i.e. located in regulatory regions),

(2) Potential to alter the protein coding sequence,

(3) Documented associations of these SNPs with altered expression or 

activity,

or

(4) Haplotype tagging.

SNP information was derived from either published studies describing genetic

variation with functional or disease association, or from the public databases,

HapMap or Entrez dbSNP. The international HapMap Project

(http://www.hapmap.org/) is a multi-national project attempting to identify and

catalog genetic similarities and differences in human beings. It is a freely

available information resource of genetic variation in four populations, with

African (Yoruba), Asian (Japanese and Han Chinese), and European ancestry.

The population with European ancestry is the Centre d’Etude du

Polymorphisme Humain (CEPH) population, which consists of 30 U.S. trios that

were collected in 1980 from Utah, U.S.A. residents with northern and western

European ancestry. Another source of genotypic data from different

populations is the Perlegen corporation genetic database. They have assayed

about 1.6 million SNPs in 71 unrelated individuals from three populations: 24

European Americans, 23 African Americans, and 24 Han Chinese from the Los

Angeles area selected from the Coriell Cell Repositories' Human Variation

Collection (Hinds et al., 2005). The data from HapMap and Perlegen is

collected and made available in the National Centre for Biotechnology

Information (NCBI) SNP database (dbSNP). The NCBI established dbSNP in

collaboration with the National Human Genome Research Institute as a

database of SNPs and insertion/deletion polymorphisms

(http://www.ncbi.nlm.nih.gov/projects/SNP/). It contains genotypic data for a

number of different populations, including those of European ancestry, such as

the CEPH population. A technique called haplotype tagging was used to

identify which of the SNPs found in the databases for a particular gene to

assay. The subset of SNPs that are required to capture the full haplotype
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information from a larger group of SNPs are called haplotype tagging SNPs, or 

htSNPs (see section 1.11). The Java based programs, SNPtagger 

(http://www.well.ox.ac.uk/~xiayi/haplotype/) (Ke and Cardon, 2003), and/or 

Haploview (http://www.broad.mit.edu/mpq/haploview/ index.php) (Barrett et al., 

2005) are web-based programs used to generate htSNPs from haplotype 

information, and these were used to identify the htSNP subset from the 

complete SNP set.

Haploview is fully compatible with data from the HapMap project. Genotype 

information on HapMap can be opened and analysed directly by Haploview. 

The program reconstructs haplotypes from the genotype data and identifies 

htSNPs for these haplotypes. This method was used to identify htSNPs for 

FXR/NR1H4due to the high number of SNPs described on HapMap for this 

gene at the time of analysis.

Genotype information for RXRce/NR2B1 from the public databases was 

formatted for entry to the PHASEv2.0.2 software program (Stephens et al., 

2001) to generate haplotypes. This program generates haplotypes through the 

Stephen-Donnelly-Smith (SDS) algorithm. Haplotypes with a frequency greater 

than 5% were considered for further analysis. These estimated haplotypes 

thus generated were then formatted for SNPtagger.

Identified htSNPs were then considered for genotyping analysis in our study. 

SNPtagger was also used to identify htSNPs from MRP3/ABCC3 haplotypes 

that had been described by Lang et al. (Lang et al., 2004).
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2.5 Allelic Discrimination

2.5.1 TaqMan® Assay Development

Genotyping of the 26/3435 ABCB1/MDR1 SNP was performed using TaqMan® 

technology. This technique combines PCR amplification and detection in a 

single step. An oligonucleotide probe is included in the PCR reaction along 

with the forward and reverse primers. To distinguish between the alleles of the 

SNP, two probes are labelled with different fluorescent dyes (FAM and TET). 

Thus, substantial increase in FAM or TET fluorescent signal indicates 

homozygosity for the FAM or TET specific allele. An increase in both signals 

indicates heterozygosity. The following pair of probes was used in this assay: 

forward primer 5’ATG AAG GCA TGT ATG TTG GCC 3’ and reverse 5TGA 

GAA CAT TGC CTA TGG AGA CA 3’, and the 3435C allele was detected with 

TTG CTG CCC TCA CGA TCT CTT CC-TET and the 3435T allele was 

detected with TTT GCT GCC CTC ACA ATC TCT TCC T-FAM.

Introduction to TaqMan® technology

TaqMan® allelic discrimination assays combine PCR amplification and 

detection with two fluorogenic probes, each specific to each allele variant in a 

bi-allelic SNP. The assay is performed under competitive conditions where 

both probes are present in the same reaction tube. During the extension cycle 

of the PCR reaction, the DNA polymerase digests the probe using 5’-3’ 

exonuclease activity, so that the quencher dye and the reporter dye are 

separated allowing the allele specific reporter dye to fluoresce (see Figure 2.3). 

This study used FAM and TET labeled fluorescent probes throughout.
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Figure 2.3: Procedure for a TaqMan® allelic discrimination assay (figure from 
Applied Biosystems TaqMan® allelic discrimination protocols).

Assay Optimisation

Assays were carried out on a 96-well reaction plate. Each plate included 7 ‘No 

Template Controls’ (NTCs) and at least 1 ‘No Amplification Control’ (NAC). In 

the case of the NTC, sterile deionised water was substituted for

DMA template to ensure no amplification in the absence of sample DMA. The 

NAC used 0.25M sodium dodecyl sulfate (SDS) (Sigma-Aldrich, Germany)
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substituted for DNA template to check contamination in the components of the 

reaction cocktail. SDS inhibits enzyme activity, so if the absolute fluorescence 

of the NAC is greater than that of the NTC after PCR, fluorescent contaminants 

may be present in the sample or in the heat block of the thermal cycler. Assay 

optimisation consists of two parts: probe and primer optimisation. Once the 

working concentrations of probes and primers have been ascertained the next 

step is the optimisation of thermal cycling conditions.

Probe Optimisation

The aim of this part of the protocol Is to ascertain the probe concentrations for 

the assay, essentially the probe concentration where the fluorescence of each 

probe is approximately equal. As it is the fluorescence of the probes alone that 

is under investigation, no thermal cycling is required at this stage and NTCs 

and NACs are not included in the plate. Fluorescent probes (SGS, Sweden) 

were reconstituted to give a final concentration of 5(iM. Once reconstituted the 

probes were aliquoted and stored, in darkness, at -20°C . During the 

optimisation, the probe labeled, TET is kept at a concentration of 200nM, while 

the concentration of the probe labeled FAM ranges from 50 to 200nM. The 

layout of the optimisation plate is shown below (Table 2.1).

Table 2.1: Layout of 96-well plate for probe optimisation.

Universal 5|jM 5|JM Total Final FAM Final TET

Wells PCR TET FAM Deionized volume Probe Probe

Mastermix probe probe water (pi) per Well Cone. Cone.

2X (Ml) (Ml) (Ml) (Ml) (nM) (nM)

A1,2,3 6.25 0.125 0.5 5.625 12,5 50 50

A3.4.5 6.25 0.25 0.5 5.5 12.5 50 100

A6.7,8 6.25 0.375 0.5 5.375 12.5 50 150

A9,10,11 6.25 0.5 0.5 5.25 12.5 50 200
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Primer Optimisation

Primers (MWG Biotech, UK) were reconstituted in stehle water and adjusted to 

a working concentration of 10|^M, aliquoted and stored at -20°C. The aim 

of the optimisation is to determine the minimum primer concentration that gives 

the maximum R n  (emission intensity of the reporter/emission intensity of 

passive reference) Unlike the probe optimisation step, both forward and 

reverse primer concentrations are altered (Table 2.2), so that each 

concentration of forward primer is investigated with the full range of reverse 

primer concentrations, and vice versa.

Table 2.2: Forward and reverse primer concentration combinations for 
optimisation._______ _________________________

Forward primer (nM)

Reverse primer (nM) 50 300 900

50 50/50 50/300 50/900

300 300/50 300/300 300/900

900 900/50 900/300 900/900

Unlike probe optimisation, primer optimisation includes thermal cycling. 2|al of 

template (sample DNA) Is added to each 10.5^1 reaction and each reaction is 

run in multiples of 4 (i.e., across 4 wells). 4 NTCs (2p,l water) and 4 NACs (2|jl 

0.25M SDS) are also included in the plate. Wells A1 to C12 are run with 

sample DNA, the remaining 8 wells (D1 - D8) are the NTCs and NACs.

Thermal cycling conditions

Fragments were amplified on the GeneAmp 9700 (Applied Biosystems Ltd, CA, 

U.S.A.) under standard thermal cycling conditions developed for Assay-by- 

Design assays (Initial Steps; 50°C for 2 minutes followed by 95°C for 10 

minutes; a denaturation step at 92°C for 15 seconds and an 

annealing/extension step at 60°C for 1 minute. A total of 40 cycles were 

performed) and analysed on the ABI 7000 (Applied Biosystems Ltd, CA, USA).
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2.5.2 Restriction Fragment Length Polymorphism assay development

Restriction Fragment Length Polymorphism (RFLP) is the variation in DNA  

fragment banding patterns of electrophoresed restriction digests of DNA from 

different individuals. Restriction enzym es cut DNA at precise sites defined by a 

specific sequence of nucleotides, if one nucleotide within the recognition site is 

altered then the enzym e will no longer cut the target DNA at that point resulting 

in restriction fragments of different lengths.

Genotyping of the 1b/-129, 11/1199, 2M 2677  ABCB1/M DR1  SNPs was 

performed by RFLP.

RFLP analysis of the 1b/-129 ABCB1 SNP

This SN P  generates a recognition site for the restriction enzyme MspAW when 

the mutant allele is present. PCR amplification of a 178-bp region containing 

this MspAW polymorphism was achieved as described by Tanabe et al. (Tanabe  

et al., 2001) using the pair of primers shown in Table 2.3. Cycling was for 35 

cycles of denaturation at 94°C  for 30 seconds, annealing at 53°C  for 1 minute 

and extension at 72°C  for 1 minute, and was carried out on a PTC-200  

thermocycler (MJ Research, Ma. U .S.A .). A  first denaturing step at 95°C  for 15 

minutes, to activate H o tstarTaq  (Qiagen Gm BH, Hilden, Germany), and a last 

extension step at 72°C  for 10 minutes were also added. The PCR product was 

digested in a 25|al reaction volume with MspAW (New  England Biolabs, MA, 

U.S.A .) at 37°C  overnight:

15|liI PCR product 

0 .5 |i l  (Sunits) MspAW 

2 .5 |liI IO X  Buffer

0.25|il 100X Bovine Serum  Albumin (BSA)

6.75|il sterile water

The digested sample was separated by electrophoresis on 3%  agarose gels. 

The presence of the -129T  allele yielded two fragments of 54 and 124-bp and
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the presence of the -129C allele gave three fragments of 37, 54 and 92-bp (see 

Fig. 2.4). The presence of a second restriction site apart from the site at the 

SNP provided an internal positive control for the restriction assay. If the 54-bp 

band is present then the enzyme is correctly restricting at its recognition site, 

helping to prove that the presence of the 124-bp band is due to the lack of the - 

129C allele.

Lane: 1 2 3 4 5 6 7 8

— 124-bp band 

—  92-bp band 

— 54-bp band

Figure 2.4: MspAW restriction of 1b/-129 SNP. Lane 1: 25-bp stepladder; 
lanes 2 - 7 ;  samples that are homozygous for the -129T allele, v îth a band at 
124-bp and 54-bp; lane 8: sample that is heterozygous, with a band at 124-bp, 
92-bp, 54-bp and 37-bp (not visible).

RFLP analysis o f the 11/1199 ABCB1 SNP

This SNP generates a recognition site for Eco57\ in the presence of the wild- 

type allele. The surrounding 258-bp fragment was amplified as described by 

Cascorbi et al. (Cascorbi et al., 2001) using the pair of primers shown in Table 

2.3. Cycling was for 35 cycles of denaturation at 94°C for 30 seconds, 

annealing at 57°C for 1 minute and extension at 72°C for 1 minute, and was 

carried out as before on a PTC-200 thermocycler (MJ Research, Ma. U.S.A.).

A first denaturing step at 95°C for 15 minutes and a last extension step at 72°C 

for 10 minutes were also added. Approximately 10^1 of PCR product was 

digested with 1 unit of Eco57l (Fermentas GmBH, St. Leon-Rot, Germany) at 

37°C overnight and separated on 3% agarose gels.

39



10)al PCR product 

0.2|^l Eco57\

2.5|^l 10X Buffer G+

0.5)al SOX S-adenosylmethionine (SAM)

11.8)^1 sterile water 

25|il total volume

Lane: 1 2 3 4 5

Figure 2.5: Eco57\ restriction of 11/1199 SNP. Lane 1: 25-bp stepladder; 
lanes 2 - 4 :  samples that are homozygous for the 1199G allele, with a band at 
206-bp and 52-bp; lane 5: sample that is heterozygous, with a band at 258-bp, 
206-bp, and 52-bp.

The presence of the 1199G allele yielded two fragments of 52 and 206-bp and 

the presence of the 1199A allele created one fragment of 258-bp (see Figure

RFLP analysis of the 21/2677 ABCB1 SNP

For this tri-allelic SNP, mismatch phmers were created which introduced a 

Nhe\, Xba\ or Rsa\ site in the presence of the mutation (Tanabe et al., 2001). 

Three PCR reactions were carried out for each sample, one with each of the 

three pairs of primers. The cycle conditions for all three pairs of primers were 

as described for 11/1199 but with an annealing temperature of 55°C. PCR

—  52-bp

— ^258-bp 
— 206-bp

2.5).
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products (15|al) were digested with 5 units of Nhe\, Xba\ or Rsa\ (New England 

Biolabs, MA, U.S.A.), respectively (as described for 11/1199 RFLP assay), at 

37°C overnight and separated on 3% agarose gels. The 2677G allele 

produced two fragments of 24 and 83-bp with Nhe\ (for example see Fig. 2.6), 

the 2677T allele yielded two fragments of the same size with Xba\ and the 

2677A allele yielded two fragments of the same size with Rsa\.
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Lane

Figure 2.6: (a) Nhe^ restriction of 21/G2677G assay. Lane 1: 25-bp step 
ladder; lane 2: sample that is homozygous for the 2677G allele with band at 83- 
bp and 24-bp (not visible); lane 3: sample that is heterozygous for 2677G allele 
and either 2677A or T allele, with band at 107-bp, 83-bp and 24-bp (not visible); 
lane 4: sample that has no 2677G allele, with one band at 107-bp.
(b) Xba^ restriction of 21/G2677T assay. Lane 1: 25-bp step ladder; lane 2: 
sample that is homozygous for the 2677T allele with band at 83-bp and 24-bp 
(not visible); lane 3: sample that has no 2677T allele, with one band at 107-bp; 
lane 4: sample that is heterozygous for 2677T allele and either 2677G or C 
allele, with band at 107-bp, 83-bp and 24-bp (not visible).
(c) Rsa^ restriction of 21/G2677C assay Lane 1: 25-bp step ladder; lane 2, 3,
4 and 6: samples that have no 2677T allele, with one band at 107-bp; lane 5: 
sample that is heterozygous for 2677C allele and either 2677G or C allele, with 
band at 107-bp, 83-bp and 24-bp (not visible).

42



Table 2.3: Primer sequences used for the amplification of PCR fragments that 
contain ABCB1 SNPs, restriction endonucleases, and RFLP fragment sizes. 
Mismatched bases underlined.

SNP Primer Sequence Restriction
Enzyme

Fragment 
Length (bp)*

ibrr-i29C F: 5TGA TTG GOT GGG CAG GAA 
CAG3'

54, 124

R: 5’AAT CTT GGA AGA AGA TAG 
TCC 3’

MspAW 37, 54, 92

11/G1199A F. 5’CAG CTA TTC GAA GAG TGG 
GC 3'

52, 206

R: 5’CCG TGA GAA AAA AAC TTC 
AAG G 3’

Eco57\ 258

21/G2677G F: STAC CCA TCA TTG CAA TAG 
CAG 3’

24, 83

R1: 5TTT AGT TTG ACT CAC CTT 
IG C  lA G  3'

Nhe\ 107

21/G2677T F: STAC CCA TCA TTG CAA TAG 
CAG 3'

107

R2: STTT AGT TTG ACT CAC CTT 
IC IA G  3’

Xba\ 24, 83

21/G2677C F; STAC CCA TCA TTG CAA TAG 
CAG 3’

107

R3: STTT AGT TTG ACT CAC CTT 
CCC 3’

Rsa\ 24, 83

*Upper line - •fragments of wild type allele, lower line -  fragments of variant allele.

2.5.3 Agarose gel electrophoresis

Restricted PCR products were separated on 3% agarose gels. Gets were 

produced by adding 6g of agarose (Melford laboratories, Ipswich, UK) to 200ml 

of 1X TAE. This mixture was boiled in a microwave until all the solute was 

dissolved. The mixture was allowed to cool to about 55°C and 11 pi of Imgml'^ 

Ethidium Bromide (Sigma Chemical Co, St. Louis, MO, USA) was added. The 

gel was poured into a large gel tray with inserted combs and allowed to 

polymerise at room temperature for 30 -  45 minutes. 3|jl of loading dye was 

added to each PCR product sample. 20pl samples of PCR product and 6X 

loading dye mix were loaded onto the gel. The 6X loading dye consists of:
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3mL 100% Glycerol 

3mL 0.5 M EDTA, pH 8.0 

3mg Bromophenol Blue 

3mg Xylene Cyano!

4nnL Sterile Water 

10mL Total Volume

10|jl of a 25-bp step DNA ladder (New England Biolabs, MA, USA) was also 

loaded onto gel. The gel was then electrophoresed in a 1X TAB buffer for 45 

nninutes at 120 volts. Gels were then visualised under UV light and genotypes 

recorded.

2.5.4 Amplifluor® assay development

The PXR, FXR, RXRa, CAR and MRP3 SNPs were genotyped commercially 

by Kbioscieces using Amplifluor® technology.

Introduction to Amplifluor® technology

The Amplifluor® (Chemicon, CA, U.S.A.) SNP genotyping system is based of 

competitive allele-specific PCR, allowing the simultaneous amplification and 

detection of DNA within a closed reaction vessel. The assay utilises two 

fluorescently labelled Amplifluor® SNP Primers and three unlabelled standard 

desalted oligonucleotides -  two Z-tailed allele-specific primers and a common 

reverse primer (see Figure 2.7). The Z-tail is a unique sequence of 21 bases at 

the 3’end of the Amplifluor SNP primer. In a single genotyping reaction two 

distinct Z-tails are used, one is found on the 3’ end of the Green Amplifluor and 

another on the 3’ end of the Red Amplifluor. The corresponding Amplifluor® 

SNP Primer recognises the compliment of the Z-tail sequence and is able to 

prime off of that sequence. Incorporation of the Amplifluor® SNP Primer into 

an allele-specific amplicon melts its hairpin structure, thus separating the 

fluorophore from the quencher and generating a fluorescent signal.
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Figure 2.7. Procedure for Amplifluor SNP detection of a G/T genotype, (a) 
Allele-specific primers anneal to the target and are elongated by Taq 
Polymerase. Each primer has a unique 5' tail sequence that is identical to the 
priming domain of one of the Amplifluor® SNPs Primers, (b) The common 
reverse primer anneals and is elongated by Taq Polymerase resulting in 
synthesis of the tail sequence complement, (c) Amplifluor® SNPs Primers 
anneal specifically to the products of the reverse reaction and are elongated by 
Taq Polymerase, (d) During PCR, the hairpin structures of the Amplifluor® 
SNPs Primers are unfolded and fluorescent signal are generated. (Figure taken 
from www.chemlcon.com).
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2.6 Statistical Analysis

2.6.1 Genetic case-control differentiation analysis of allele, genotype and 

carrier status frequencies

Allele frequency differences between populations were tested for significance 

using a Monte Carlo Markov Chain chi-square simulation in GENEPOP 

(Raymond and Rousset, 1995) and by direct counting using a chi-square, or 

where appropriate, a Fishers exact test as implemented by HITAGENE 

software (www.hitagene.com). Differences in genotype distributions between 

populations and odds ratio trend tests associated with carrier status were 

tested for significance using HITAGENE and Epi Info™ (Burton et al., 1990), 

which gave equivalent results. Genepop is a population genetics software 

package that was originally DOS based, but that is now available on the web 

(http://wbiomed.curtin.edu.au/genepop/). Its primary purpose is to compute 

exact tests for Hardy-Weinberg equilibrium (HWE), population differentiation 

and genotypic disequilibrium among pairs of loci. Genepop also estimates 

allele frequencies and other basic information. Epi Info™ is a public domain 

software package designed for public health practitioners and researchers. It 

allows database construction, and can carry out epidemiological statistics, 

tables, graphs and maps. Its Statcalc function computes chi-squares, odds 

ratios, trend tests, and power calculations. HITAGENE is a web-based suite of 

high quality genetic analysis tools. It provides a data management system as 

well as a diversity of high performance analysis programs for mainly population 

genetics studies, but also for pedigree data. Some of the analysis tools 

available in HITAGENE are linkage disequilibrium testing, haplotype frequency 

estimation, HWE testing, and Ewens-Watterson and Ewens-Watterson-Slatkin 

homozygosity tests.

2.6.2 Haplotype differentiation analysis

Haplotype frequency estimations (HFE) using an expectation maximisation 

(EM) algorithm were generated on HITAGENE. The EM algorithm considers all 

possible assignments of haplotype pairs to each unphased genotype, weighted 

by their relative frequency assuming Hardy-Weinberg equilibrium, and finds the
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values of the haplotypes that optimise the probability of the observed data. It is 

an iterative process aimed at obtaining maximum-likelihood estimates of 

haplotype frequencies from multi-locus genotype data. Differences in 

haplotype distribution between populations were tested for significance using a 

modification of the permutation test described by Zaykin et al. implemented on 

HITAGENE (Zaykin et al., 2002). The Stephens-Smith-Donnelly (SSD) method 

as Implemented by the PHASE v2.0.2 package (Stephens et al., 2001; 

Stephens and Donnelly, 2003) was also used to generate haplotypes. The 

SSD method is a Markov chain Monte Carlo approach to reconstructing 

haplotypes from genotype data. It allows for recombination and decay of 

linkage disequilibrium with distance, and also allows the estimation of 

recombination rates, and performs a test for haplotype frequency differences 

between cases and controls. Companson of differences between groups in 

haplotype frequency generated by PHASE v2.0.2 was assessed here using the 

/M e s t as outlined in section 2.6.1. Results from the different methods were 

compared for consistency.

2.6.3 Interaction analysis

Logistic regression analysis was used to identify if interaction occurred between 

any SNPs in the different genes involved in a common pathway. Logistic 

regression was performed using SPSS12.0.1 (SPSS Inc., Chicago IL).

Disease status was used as the dependent variable and two SNP loci at a time 

were used as independent variables. For each SNP, the more frequent allele 

in the controls population was designated as wildtype. Under the additive 

model, subjects with two wildtype alleles were coded as ‘O’, those with one 

wildtype and one mutant allele were coded as ‘1’, and those with two mutant 

alleles were coded as ‘2’. Under the dominant model, subjects with two 

wildtype alleles were coded as ‘0’ and those with one or two mutant alleles 

were coded as ‘1’. Under the recessive model, subjects with zero or one 

mutant allele were coded as ‘0’ and those with two mutant alleles were coded 

as ‘1’.

Interaction was tested by including an interaction term for genotype/carrier

status by genotype/carrier status for the two SNPs in a logistic regression
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model. The significance of an Interaction term was assessed by using a Wald 

Chi-square test with one degree of freedom. Any interaction was then 

examined by estimating odds ratios with 95% confidence intervals for each of 

the SNP genotypes/carrier status stratified by the 3 genotypes of the other 

SNP.

2.6.4 Linkage disequilibrium analysis

Linkage disequilibrium (LD) is the situation in which the haplotype frequencies 

in a population deviate from the values they would have if the genes at each 

locus were combined at random. Thus it is the non-random association of 

alleles at two or more loci. When two loci are in complete LD, then the 

observations at the first marker give complete information about the second 

marker, making it redundant.

A number of measures of LD are available including the disequilibrium 

coefficient (D), D’ and r .̂ D ranges from -0.25 to 0.25 and when D=0, two loci 

are under linkage equilibrium, however D does not measure the strength of LD 

very well. D’ is calculated by dividing D by its maximum possible value given 

the allele frequencies at the two loci. D’ =1 occurs if, and only if; two SNPs 

have not been separated by recombination during the history of a sample (i.e. 

are in complete LD). When D’ < 1, the ancestral haplotype has been disrupted, 

but the relative magnitude of D’ < 1 has no clear interpretation. On the other 

hand, intermediate values of r  ̂are interpretable. The r̂  measure of LD is given 

by r^=D^/f(A)f(a)f(B)f(b), where Aa are the alleles at one locus and Bb are the 

alleles at the second locus, and f(X) is the frequency of that allele. Complete 

LD is indicated by r^=1. The value of r̂  is related to the amount of information 

provided by one locus about another. Another positive attribute of r̂  is that it 

shows much less inflation than D’ in small sample sizes.

Thus, LD in this study was analysed using pairwise r̂  and standard 

contingency table x^-test values as generated by HAPLOVIEW and 

HITAGENE.
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Chapter 3 

Genetic association analysis 

of PXR and IBD
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3.1 Introduction

3.1.1 Structure and function of PXR

The pregnane X receptor (PXR) is a ligand activated transcription factor and an 

overarching regulator of the xenobiotic response system, which acts to prevent 

toxic accumulations of xenobiotics within cells (Guengerich, 1999; Kliewer et 

al., 2002). It is a member of the nuclear receptor superfamily that includes the 

steroid, retinoid and orphan receptors. PXR binds to, and is activated by, a 

broad range of both endogenous and exogenous substances including 

steroids, bile acids, antibiotics, a wide variety of prescription drugs and other 

externally derived compounds. Once activated, PXR regulates the expression 

of an array of genes involved in the metabolism of xenobiotics, including 

enzymes involved in the oxidation, conjugation and export of these compounds 

from cells (Rosenfeld et al., 2003). These include the CYP3A family and the 

multiple drug resistance gene {MDR1/ABCB1) among many others. CYP3A4 

alone is involved in the processing of over 50% of prescription drugs, and like 

MDR1 and PXR, is expressed in a variety of tissues, including the intestine and 

liver, which are highly exposed to xenobiotics.

3.1.2 Genomic organisation and regulation of NR1I2

The human PXR {PXR/NR1I2) gene spans 38kb and is located at3q11-13. It 

consists of nine exons; exons 2 to 8 contain the coding region of 434 amino 

acids (Figure 3.2). A multiplicity of transcripts, mostly differing in their 5’ UTR 

sequences and at least three protein isoforms, have been documented 

(Bertilsson et al., 1998; Blumberg et al., 1998; Lehmann et al., 1998; Ikeda et 

al., 2005).
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Figure 3.1: Target genes activated by rifampicin via PXR. Rifampicin (Rif) 
induces nuclear receptors PXR that in turn activate a set of target genes 
including phase 1 enzymes such as CYP2B6, CYP2C8, CYP2C9 and CYP3A4, 
and phase I! enzymes such as UGTs, GSTs and phase III enzymes such as p- 
glycoprotein (MDRl). PXR is regulated in part by HNF4a. (Lamba et al., 2006)

The nuclear receptors consist of a superfamily of ligand activated transcription 

factors. Members of the family share a common structure that includes a 

variable amino-terminal domain, a highly conserved central DNA binding 

domain (DBD) of about 70 amino acids and a carboxy-terminal ligand binding 

domain (LBD) of about 250 amino acids. There are typically two transcriptional 

activation domains in a nuclear receptor: the activation function 1 (AF1), which 

lies in the N-terminal domain, and the AF2, which is in the C-terminal portion of 

the LBD (Mangelsdorf et al., 1995). PXR binds to cognate transcription factor 

response elements located in the promoters of target genes thereby regulating 

their expression (Shibata et al., 1997). The binding of a ligand to the LBD 

results in a conformational change in the AF2 that disrupts interactions with 

transcriptional co-repressor proteins and allows interactions with transcriptional 

coactivator proteins. The activated nuclear receptor stimulates the expression 

of target genes by binding to short DNA sequence motifs, called response
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elements, located if the regulatory regions of target genes (Shibata etal., 

1997).

A DBD LBD

1a 1b 2 3 4 5  6 7 8  9

- im — I—H — m - D
1000 bp

Figure 3.2: Genomic organization of PXR/ABCB1. Numbers represent exons, 
protein-coding regions are depicted as filled boxes and the 5' and 3' 
untranslated regions as white boxes. DBD: DNA binding domain, LBD: Ligand 
binding domain. (Hustert et al., 2001)

3.1.3 Polymorphisms in NR1I2

Zhang et al. have identified a total of 38 SNPs following an extensive 

resequencing analysis of NR1I2 (Zhang et al., 2001). This encompassed the 5’ 

and 3’ untranslated regions, each exon with roughly 50bp of flanking intronic 

sequence and approximately 600 bases of the promoter. Five coding SNPs 

were found in Caucasian samples (n=75), only two of which, Gly36Arg (G36R) 

and Arg122Glu, were non-synonymous. Gly36Arg is the most common of 

these, with a minor allele frequency of 1-3% (Hustert et al., 2001; Zhang etal., 

2001). Other SNPs were described in the promoter, untranslated mRNA 

regions (UTRs) and intervening sequences. Importantly, functional studies 

showed several of these SNPs to be associated with altered regulation of 

critical downstream effector genes involved in xenobiotic removal. Of the PXR 

SNPs included in our study, -25385, 7635 and 8055 have been associated with 

altered CYP3A4 regulation, while 11156 has been associated with altered 

MDR1 expression (Zhang et al., 2001) (pharmgkb.org). SNPs -25564 and 

-24756 alter the sequence of potential transcription factor binding sites in the 

PXR promoter while 106 effects an amino acid substitution (G36R).
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3.1.4 A/Rf/2 and IBD

At least one important environmental contributor to IBD has been revealed by 

the association of Crohn’s disease with NOD2/CARD15 (Hugot et al., 2001; 

Ogura et al., 2001), a gene whose protein product is directly involved in the 

innate immune response to microbial antigens. This finding suggests that 

Crohn’s disease, and potentially ulcerative colitis, result from an inappropriate 

mucosal immune response to normal constituents of the luminal microflora. In 

addition, a number of lines of evidence have indicated that the response to 

xenobiotics may be dys-regulated in IBD. For instance, in experimental mouse 

models of intestinal inflammation, Gpx1, Gpx2 (Esworthy et al., 2001) and 

mdr1a knockout mice develop ulcerative colitis, which in the latter case may be 

prevented by antibiotic treatment (Panwala et al., 1998; Esworthy et al., 2001). 

Furthermore, polymorphisms in the MDR1/ABCB1 gene, which codes for a 

multi-functional xenobiotic efflux pump, have been linked to UC (Schwab et al., 

2003) and CD (Brant et al., 2003). Recently, gene expression studies in 

humans (Lawrance et al., 2001; Langmann et al., 2004) have also implicated 

the response to xenobiotics in the pathophysiology of IBD. Specifically genes 

involved in cellular detoxification and defence were found to be down regulated 

in patients with ulcerative colitis. This included a down-regulation of expression 

of the pregnane X receptor (PXR/NR1I2) and ABCB1 genes in these patients.

Since PXR is such an important regulator of this xenobiotic metabolising 

system and reduced expression of PXR had been found in the intestine of 

patients with IBD, we reasoned that variation in the PXR encoding gene might 

contribute to susceptibility to IBD. We therefore investigated the inheritance of 

polymorphisms of the NR1I2 gene in a population of IBD patients and healthy 

controls.
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3.2 Material and Methods

3.2.1 Study subjects

The study population consisted of unrelated IBD patients, and a random 

sample of ethnically matched, but otherwise unselected, controls (see section 

2 . 1 ).

3.2.2 Genotyping

We selected eight SNPs based either on their potential to alter NR1I2 

expression (i.e. located in regulatory regions) or to alter the NR1I2 protein 

coding sequence; and/or because of documented associations of these SNPs 

with altered expression of PXR regulated genes such as CYP3A4 or MDR1 

(Zhang et al., 2001). The SNPs were located across the genomic sequence 

from the promoter region to the 3’ untranslated region. Thus SNP loci -25564 

(G/A) (rs12721602), -25385 (C/T) (rs3814055), and -24756 (G/A) (rs1523128) 

are promoter polymorphisms [i.e. located upstream of the transcription start 

point for the majority of transcripts including those most highly expressed in the 

liver (Ikeda et al., 2005)], and are found in consensus transcription factor 

binding sites for HSTF & C0MP1, ISRE (ISGF-3) and c/EBP & HNF-1A 

respectively, according to Zhang et al. (Zhang et al., 2001). Note however that 

these sites lie within the 5’UTR of transcripts with extended 5’UTRs (e.g. 

isoform 1; NM_003889). The -25385 SNP was reported to be located in a 

consensus sequence for NFkB as well as the ISGF-3 site (Zhang et al., 2001). 

While there is a high degree of similarity with the C allele for the ISGF-3 site, 

we found no evidence for an NFkB binding site overlapping position -25385. 

SNP -24381 (A/C) (rs1523127) is located in the PXR 5’ UTR. SNP 106 (G/A; 

G36R) (rsl 2721607) alters protein sequence and is located in exon 2; 7635 

(A/G) (rs6785049) and 8055 (C/T) (rs2276707) are located in introns 5 and 6 

respectively, and 11156 (A/C) (rs3814057) is in the 3’ UTR (Zhang et al.,

2001).

SNPs were genotyped using Amplifluor technology (Myakishev et al., 2001) 

(see Table 3.1). As a routine quality control, 8.5% of samples within each
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assay were retyped anonymously, and one of the Amplifluor assays (the 7635 

assay) was partially retyped using a RFLP assay. The 7635 site was amplified 

by PCR using standard conditions as a 194-bp region using the following 

primers (Invitrogen, Ca., U.S.A.): forward 5TGG ATG CCAAGC TCA GTGG 

3’, and reverse 5’CAG CAG CCA TCC CAT AAT CC 3’. This was digested with 

HpM  (New England Biolabs, Ma., U.S.A.), yielding two fragments of 43 and 

151-bp in the presence of the 7635A allele.

3.2.3 Statistical Analysis

Allele and genotype frequency and haplotype distribution differences between 

populations were tested for significance (see section 2.6). Minor allele 

frequencies o f -25564 (G/A), -24756 (G/A) and 106 (G/A) were <3% (Table 

3.2) and did not differ significantly between groups after an initial screen 

(including all controls and over 70% of the patient sample). Thus these SNPs 

were considered uninformative and so were not typed in the remainder of our 

patient group and were excluded from our analysis.
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Table 3.1: Assay details for Amplifuor technology genotyping of NR1I2 SNPs.

Locus Allelel Primer Allele2 Primer Common Primer Allelel Allele2

PXR -25564 
rs12721602

GAAGGTGACCAAGTT
CATGCTTGGGAAGTG
CAAATTGGATAGAG

GAAGGTCGGAGTCAAC
GGATTCCTTGGGAAGT
GCAAATTGGATAGAA

GCTTTAATCCAGCCC
TGGTGAGAAA G A

PXR -25385 
rs3814055

GAAGGTGACCAAGTT
CATGCTCGATTGAGC
AAACAGGTAGAAAAG
AG

GAAGGTCGGAGTCAAC
GGATTACGATTGAGCA
AACAGGTAGAAAAGAA

CACCTGAAGACAACT
GTGGTCATTT C T

PXR -24756 
rs1523128

GAAGGTGACCAAGTT
CATGCTCCGCTTTGT
CTAAGTAATTCTGAG
C

GAAGGTCGGAGTCAAC
GGATTATCCGCTTTGT
CTAAGTAATTCTGAGT

GACAGAGACCCTCA
GACTGATGAAA G A

PXR -24381 
rs1523127

GAAGGTGACCAAGTT
CATGCTTACCAAGGA
GCCGCTGCCTTT

GAAGGTCGGAGTCAAC
GGATTCCAAGGAGCCG
CTGCCTTG

CACAGTGAGAAAAGC
AAGAGAATAAGCTA A C

PXR 106 
rsl 2721607

GAAG GTGACCAAGTT 
CATGCTGTCAACGCA 
GATGAGGAAGTCG

GAAGGTCGGAGTCAAC
GGATTGTGTCAACGCA
GATGAGGAAGTCA

CCCACATACACGGCA
GATTT G A

PXR 7635 
rs6785049

GAAGGTGACCAAGTT
CATGCTCCATCCTCC
CTCTTCCTCTCA

GAAGGTCGGAGTCAAC
GGATTCATCCTCCCTC
TTCCTCTCG

CAGCAGCCATCCCAT
AATCCAGAA A G

PXR 8055 
rs2276707

GAAGGTGACCAAGTT
CATGCTCCACCTGTG
GATGGTAACAGG

GAAGGTCGGAGTCAAC
GGATTGGCTACATTTC
CCAAAACTAGTTCG

ATTAGATCTTGGTCA
GCTTGCTGAGAA C T

PXR 11156 
rs3814057

GAAGGTGACCAAGTT
CATGCTGGGCTACAT
TTCCCAAAACTAGTT
CT

AGGCATTCCACACCT
A A C

56



3.3 Results

3.3.1 Quality control

Approximately 8.5% of samples were retyped anonymously for each assay as a 

routine quality control in order to assess accuracy of genotyping. A maximum 

of one genotype differed in any of the assays and it was a different individual in 

each case. The RFLP assay for the 7635 SNP also detected only one data 

point error compared to the Amplifluor 7635 SNP assay. Overall genotype 

error rate was slightly less than 1% and allele mls-call frequency of 0.48%. No 

site deviated from expectation under HWE (P>0.05).

3.3.2 Effect of NR1I2 SNPs on IBD Susceptibility

When the allele frequencies between the IBD patients and the healthy controls 

were compared, the -25385C (0.679 vs. 0.567, P=0.000008), -24381A (0.643 

vs. 0.548, P=0.0002), and 7635A (0.660 vs. 0.594, P=0.009) alleles were 

significantly more frequent in the IBD patients (Table 3.2). Genotype 

distributions were also significantly different between cases and controls for all 

three loci, with p-values of 0.00001, 0.0003 and 0.0098 respectively (Table 

3.2). Haplotype reconstruction for all five loci shows that the haplotype 

distribution differs very significantly between the IBD sample and controls 

(P<10'®). Within this, a trend can be seen where only the haplotypes with the 

disease associated alleles o f-25385 and -24381 are at significantly increased 

frequencies in cases, Hapi [11111] (0.441 vs. 0.377; P=0.014), and Hap6 

[11222] (0.084 vs. 0.050; P=0.042). However, the frequency of Hap3 [11211] 

is not significantly different. Only one haplotype is at a significantly reduced 

frequency in the combined IBD population and this carries the minor alleles at 

these sites (Hap4 [22211], 0.060 vs. 0.122, P=0.0009) (see Table 3.3; patterns 

of linkage disequilibrium are shown in Table 3.4).

When the entire IBD population was subdivided into UC and CD cohorts (Table 

3.5), it emerges that PXR is associated with both disease subgroups, however 

there are apparent differences in the pattern of association. Comparison of the 

CD population with controls reveals highly significant differences in allele
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frequencies for all four SNP loci associated with IBD, with alleles -23585C, 

-24381A, 7635A and 8055T again at increased frequencies in CD patients 

versus controls samples, whereas in the UC group only -25385 and -24381 are 

associated with disease (see Table 3.5). In particular, the association of the 

7635A allele with CD (where it shows a frequency differential of 0.10 from 

controls, P=0.0008) distinguishes the CD group from the UC group (P=0.02). 

The UC group shows no difference in the frequency of 7635A compared with 

controls.

Analysis of the genotype distribution supports a role for PXR in IBD, with 

significant differences between both patient groups and the control samples for 

the disease associated alleles. Most striking among these data is an increase 

in OR of 3.67 (95% Cl 1.90-7.08, P=0.00005) when comparing the distribution 

of homozygous -25385C genotypes with non-carriers between UC and control 

samples; a similar comparison between the CD and control groups shows a 

smaller, but still highly significant, OR of 2.57 (95% Cl 1.52-4.35, P=0.0005) 

(data not shown). Interestingly, genetic modelling shows that while odds ratios 

increase with increasing allele dosage in CD similar to the combined IBD 

population, in UC this is less prominent -  here carrier status seems to have a 

more marked association with disease.

Haplotype reconstruction for the patient subgroups shows the same trend

among CD cases as in the total IBD group, where only the haplotypes with the

disease associated alleles o f-25385 and -24381 (Hapsi & 6; P=0.0089 and

P=0.023 respectively) are at significantly increased frequencies compared to

controls, while Hap 4 is again significantly reduced in the patients (P=0.0059)

(see Table 3.3). In UC this pattern is similar, however as evident in Table 3.3,

the biggest difference in haplotype distribution is between the CD and controls

with a much less pronounced distinction between UC and controls. Thus in

UC, only Hap 4 [22211] is at a significantly different (lower) frequency in the

patient group (P=0.03) (see Table 3.3). However statistical power to detect

less pronounced differences between individual haplotypes is reduced once the

CD and UC groups are divided according to haplotypes due to small numbers,

and thus we compare the likelihood that haplotype distribution is different
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between each group and patient groups and controls. This confirms that there 

are significantly different patterns of haplotype frequency distribution between 

both the CD and DC groups compared to controls (P<10'®and P=0.003, 

respectively) and compared to each other (P=0.01).

Haplotype reconstruction and linkage disequilibrium analysis shows that 

-25385 and -24381 are in complete, or almost complete, LD in both patient 

and control groups (D -1.0, r^=0.963, x^=628.2 for control group) whereas 7635 

shows little LD with these SNPs (e.g. D-0.170, r^=0.025, P<10"^) (see Table 

3.4). Similarly 8055 and 11156 are in almost complete LD and show little 

association with any of the other markers (Table 3.4). Thus, the five locus PXR 

haplotypes can be tagged, with a subset of markers composed of -25385,

7635 and 8055 being the most informative combination. In fact -25385 alone 

is a stronger predictor of DC than any haplotype composed of the five loci 

tested here, with an apparent trend towards all common haplotypes carrying 

-25385T at reduced frequency in DC, with the converse being true for 

-25385C. A more complex picture emerges in CD where allele identity at 

position 7635, 8055 and 11156 discriminates between haplotypes carrying the 

major alleles at -25385 and -24381, so that haplotypes 1 (11111) and 6 

(11222) are significantly more frequent in CD (P=0.0089 and 0.023 

respectively) whereas haplotype 3 (11211) is at a lower frequency in CD 

although this does not reach significance (P=0.094) (Table 3.3). Thus, this 

suggests that combinations of these alleles, or other alleles in LD with these 

haplotypes may be important in the pathogenesis of CD.

3.3.3 Genotype-Phenotype analysis

We compared allele frequencies with respect to the disease localization. For 

UC, we partitioned the population into those with left-sided disease (proctitis, 

procto-sigmoiditis and inflammation up to the splenic flexure) and those with 

pancolitis and compared these groups with each other and against healthy 

controls. No significant differences in the allele or haplotype frequency 

distribution were seen between the left-sided colitis group and controls or
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between the left-sided and pancolitis patients (see Table 3.7). However, in the 

pancolitis group, both the -25385C (0.720 vs. 0.567, P=0.001) and -24381A 

(0.682 vs. 0.548; P=0.005) alleles were significantly more common than in 

controls (data not shown). This is again reflected by the genotype distributions: 

among patients with pancolitis, -25385C/C homozygotes have an OR of 9.49 

over non carriers compared to the controls (95% Cl 2.2-40.9, P=0.0001), a 

trend which is much weaker in patients with left sided colitis (OR 2.44, 95% Cl, 

1.01-5.89, P=0.053).

For the Crohn’s disease patient group, patients with ileal disease, colonic 

disease or ileocolonic disease were compared against the healthy controls. No 

significant differences were seen between the allele frequencies of the group 

with ileocolonic disease and the controls. Between the colonic disease group 

and the controls, the -25385C, -24381A and 7635A alleles were significantly 

more frequent in patients with p-values of 0.009, 0.013, and 0.019, respectively 

(Table 3.6). In the ileal disease patients, the frequencies of the -25385C and 

8055T alleles were significantly increased compared to controls (Table 3.6: 

P=0.039 and P=0.003, respectively) while the ileocolonic group had values 

intermediate between these (P=0.178 and 0.063). When the ileal group and 

the ileocolonic group were combined and compared to controls, the 8055T 

allele was significantly associated with disease (P=0.0017). In general, allele 

frequencies within the various CD and UC subphenotypes showed small 

variation and were not statistically different when compared with other 

subphenotypes. Finally, our data showed no association with response to 

treatment.
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Table 3.2: Comparison of NR1I2 SNP allele and genotype frequencies in IBD 
population and healthy controls.
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Allele and genotype frequency differences between populations were tested for significance 
using a Monte Carlo Markov Chain chi-square simulation in GENEPOP. Odds Ratios, and 
Fishers exact tests were calculated using HITAGENE and EPI-INFO.
® Inflammatory Bowel Disease. Odds Ratios (95% Confidence Interval for Odds Ratio). 

Genotype odds ratios are recorded as undefined when any genotype has a frequency of zero.
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Table 3.3: Comparison of NR1I2 SNP estimated liaplotype frequencies in IBD, 
CD, and UC populations and healthy controls.

Haplotype population frequencies (N*) IBD^ vs. 
Controls

CD'’ vs. 
Controls

UC'  ̂vs. 
Controls

Haplotype IBD^ CD° c o o Controls P P P

1. 11111 0.441 (372) 0.456 (216) 0,421 (156) 0.377 (264) 0.014 0.0089 0.164

2. 22111 0.179 (151) 0.181 (86) 0,177 (65) 0.219 (153) 0.075 0.115 0.139

3.11211 0.113 (95) 0.089 (42) 0,143 (53) 0,127 (89) 0.524 0.094 0,671

4. 22211 0.060 (51) 0,055 (26) 0.066 (24) 0,122 (85) 0.0009 0.0059 0.032

5. 22222 0.073 (62) 0.069 (33) 0.075 (28) 0,093 (65) 0.223 0.293 0,466

6.11222 0.084 (71) 0,095 (45) 0,072 (27) 0,050 (35) 0.042 0.023 0,221

Differences in haplotype distribution between populations were tested for significance 
using a permutation test (HITAGENE). The haplotypes are composed of SNP loci from 
the 5’ to the 3’ extremities of the gene, thus the first position in the haplotype 
corresponds to position -25385. Overall p-values for comparison between the 
population tables are: IBD vs. controls; P<10'® CD vs. controls: P<10‘® UC vs. controls; 
P=0.003; CD vs. UC; P=0.01.
® Inflammatory Bowel D isease.C rohn ’s Disease. Ulcerative colitis. * Total number 
of a haplotype in the population. Total number of haplotypes in each disease group:
IBD = 844, CD = 474, UC = 370. Only haplotypes with a frequency equal to, or 
greater than, 5% are shown.
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Table 3.4: Pairwise measures of linkage disequilibrium in the Control population 
between the 5 SNPs in NR1I2.

-25385 -24381 7356 8055 11156

-25385 628.2 17.0 15.4 17.8

-24381 0.963 23.5 20.2 21.7

7356 0.025 0.036 168.6 178.3

8055 0.023 0.030 0.253 670.0

11156 0.026 0.033 0.264 0.988

The r̂  values are shown in the bottom left area of the table and corresponding 
values are shown in the top right area of the table. Corresponding P-values to the 

values are <10'^ in all cases. The pairs exhibiting a strong LD pattern (defined 
as r^>0.8) are highlighted in bold italics. Values did not differ significantly between 
cases and controls. Values were calculated using HITAGENE.
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Table 3.5: Comparison of NR1I2 SNP allele frequencies in Crohn’s disease and 
ulcerative colitis populations and healthy controls.

Allele count (Frequency) CD® vs. Controls 1)0“ vs. Controls

SNP

Locus

Allele CD" UC° Controls P OR

(95% Cl)"

P OR

(95% Cl)'^

-25385 1 (C) 306 (0.677) 244 (0.682) 388 (0.567) 0.0001 1.61 0.0003 1.64
2 (T) 146 (0.323) 114(0.318) 296 (0.433) (1.25-2.06) (1.25-2 .15)

-24381 1 (A) 287 (0.643) 226 (0.642) 368 (0.548) 0.001 1.50 0.003 1.49
2 (C) 159 (0.357) 126 (0.358) 304 (0.452) (1.17-1.92) (1.14-1 .94)

7635 1 (A) 308 (0.694) 220 (0.618) 403 (0.594) 0.0008 1.54 0.504 1.10
2 (G) 136 (0.306) 136 (0.382) 275 (0.406) (1.20-1.99) (0.85-1 .43)

8055 1 (C) 362 (0.797) 298 (0.832) 592 (0.858) 0.007 0.65 0.270 0.83
2 (T) 92 (0.203) 60 (0.168) 98 (0.142) (0.48-0.89) (0.58-1 .17)

11156 1 (A) 377 (0.838) 305 (0.833) 589 (0.849) 0.627 0.92 0.544 0.89
2 (C) 73 (0.162) 61 (0.167) 105 (0.151) (0.67-1.28) 1

COC
D

O

.26)

Allele frequency differences between populations were tested for significance 
using a Monte Carlo Markov Chain chi-square simulation in GENEPOP. Odds 
Ratios were calculated using HITAGENE and EPI-INFO.
® Crohn’s disease.  ̂Ulcerative colitis. Odds Ratios (95% Confidence Interval for 
Odds Ratio).
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Table 3.6: Comparison of NR1I2 SNP allele frequencies in Crohn’s disease 
populations divided by disease location and healthy controls.
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Allele frequency differences between populations were tested for significance 
using a Monte Carlo Markov Chain chi-square simulation in GENEPOP. Odds 
Ratios were calculated using HITAGENE and EPI-INFO.
® Ileal Crohn’s disease. Colonic Crohn’s disease. Ileocolonic Crohn’s disease. 
Odds Ratios (95% Confidence Interval for Odds Ratio).
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Table 3.7: Comparison of NR1I2 SNP allele frequencies in ulcerative colitis 
populations divided by disease location and healthy controls.

Allele count (Frequency) Left-sided vs. Controls Pancolitis vs. Controls

SNP

Locus

Allele Left-sided^ Pancolitis° Controls P OR

(95% Cl)'=

P OR

(95% Cl)"

-25385 1 (C) 90 (0.652) 95 (0.720) 388 (0.567)

-24381

2(T) 

1 (A)

48 (0.348) 

84 (0.636)

37 (0.280) 

90 (0.682)

296 (0.433) 

368 (0.548)

0.072 1,44
(0.98-2.11)

0.001 1.97
(1.31-2.96)

7635

2(C) 

1 (A)

48 (0.364) 

83 (0.610)

42 (0.318) 

82 (0.641)

304 (0.452) 

403 (0,594)

0.068 1.45
(0.99-2.14)

0.005 1.78
(1.20-2.65)

8055

2(G) 

1 (C)

53 (0.390) 

114 (0.838)

46 (0.359) 

105 (0.808)

275 (0.406) 

592 (0.858)

0,774 1.07
(0.73-1.56)

0.374 1.22
(0.82-1.80)

11156

2(T) 

1 (A)

22 (0.162) 

117 (0.860)

25 (0.192) 

106 (0.803)

98 (0.142) 

589 (0.849)

0.594 0.86
(0.52-1.42)

0.142 0.70
(0.43-1.13)

2(C) 19 (0.140) 26 (0.197) 105 (0.151) 0,793 1.10
(0.65-1.87)

0.193 0.73
(0.45-1.17)

Allele frequency differences between populations were tested for significance 
using a Monte Carlo Markov Chain chi-square simulation in GENEPOP. Odds 
Ratios were calculated using HITAGENE and EPI-INFO.
® Left-sided colitis, including proctitis and procto-sigmoiditis.  ̂Pancolitis. Odds 
Ratios (95% Confidence Interval for Odds Ratio).
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3.4 Discussion

This study demonstrates an association between genetic variation in NR1I2 

and IBD, The minor allele frequencies o f -25385, -24381 and 7635 were 

significantly reduced in IBD patients compared with healthy controls. These 

SNPs have previously been reported to have functional consequences for PXR 

activity. Their genotype distributions in the disease populations are compatible 

with a functional role in IBD. In general, there is an increasing likelihood of IBD 

with increasing dosage of the disease associated alleles, with a number of 

exceptions where simple presence or absence of these alleles (i.e. carrier 

status) is associated with disease. Furthermore, we have shown phenotypic 

associations with NR1I2 alleles. A significant association was seen with the 

two upstream SNPs (-25385 and -24381) and extensive DC, and with the -  

25385, -24381 and 7635 SNPs and CD, with the colonic CD subgroup showing 

the strongest nominal association. In contrast, the 8055T allele was 

significantly more frequent in the ileal CD patients compared to the controls. It 

must be cautioned however, that the sample numbers in the UC and CD 

subphenotype samples were small and should be expanded before the extent 

of these associations can be properly assessed.

These findings are corroborated by haplotype reconstruction which shows that 

all haplotypes at significantly increased frequencies carry at least the major 

allele at the two upstream sites, while those at reduced frequencies carry the 

minor alleles. It is also possible to discern that those SNPs showing the 

strongest association with IBD (-25385 and -24381) are in almost total linkage 

disequilibrium, and thus it would be sufficient for either one to functionally effect 

gene expression for both of them to be selected in disease groups, a 

consideration that applies equally to other SNPs in high LD with those 

genotyped. Of the SNPs examined, -25385 has the strongest nominal 

association to disease overall and in all subgroups, and may have a functional 

role given its location in a putative transcription factor binding site.

Nevertheless, the pattern of association is complex, as shown by the 7635 

locus, which is not in linkage disequilibrium with the upstream sites, but yet
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appears to be associated with IBD overall and CD in particular, a pattern not 

seen in the UC data. Finally the 8055T allele, which is associated with disease 

to a limited extent, may owe this association to its presence on -25385C 

carrying haplotypes, with the possible exception of the ileal group. Thus it is 

feasible that complex interactions of these sites are important in the 

pathogenesis of these diseases or that as yet unidentified linked SNPs are 

playing a role.

These data implicating genetic variation at NR1I2 in susceptibility to IBD 

corroborates the findings of Langmann et al. who demonstrated that expression 

of PXR, along with a number of genes that it regulates, was significantly 

reduced in the colon but not the ileum of UC patients (Langmann et al., 2004). 

While a significant reduction was not seen in patients with Crohn’s disease, this 

finding was based on a small sample size and our study may have more power 

to detect an association. The association of the PXR gene with IBD is also 

plausible given the previous reports of association of genetic variation at 

ABCB1 (MDR1), regulated by PXR, with IBD (Panwala et al., 1998; Brant et al., 

2003; Ke et al., 2005), and the fact that the majority of the NR1I2 alleles here 

found to be associated with disease have previously been linked to reduced 

activity of PXR activated genes (Zhang et al., 2001).

Using the erythromycin breath test (ERMBT), in which the percentage of

administered ‘̂*C exhaled in 1 hour corresponds to CYP3A4 activity, Zhang et

al. found that homozygotes for the -25385T allele had approximately two-fold

higher ERMBT after rifampin induction, indicating higher CYP3A4 activity,

compared to non-carriers (P=0.05) (Zhang et al., 2001). Similarly, 7635G

homozygotes had a two-fold higher induction of intestinal CYP3A compared to

those homozygous for the 7635A allele (P<0.02), while an 8055C to T

substitution was also associated with higher intestinal CYP3A levels after

rifampin induction (P=0.04). Individuals with at least one 11156C had 1.45-fold

lower P-gp levels in gut biopsies compared to those homozygous for 11156A

(P=0.07). Two other 3’UTR SNPs, 10620 and 10799, were associated with

altered testosterone 6(3-hydroxylase activity, however this did not reach

statistical significance. It should be borne in mind that these SNPs are linked
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on various haplotypes and thus their associations are inter-related. Critically, 

since PXR is a transcription factor, functional effects of polymorphisms in this 

gene may be magnified by their effects on downstream effectors mediated 

through PXR, such as CYP3A4.

In conclusion, our study provides evidence of the association of inherited 

variation in the NR1I2 gene on chromosome 3q with the pathogenesis of both 

UC and CD. These findings support accumulating evidence of a role for the 

xenobiotic response system in the development of IBD. The alleles most 

strongly associated with disease in this study are situated in the upstream 

regulatory regions of NR1I2 and have previously been linked with reduced 

expression or activity of the PXR regulated reference gene CYP3A4 (Zhang et 

al., 2001). Further studies are required to determine whether this represents a 

direct role for these alleles in the pathogenesis of IBD or whether they may be 

caused by linkage disequilibrium with other as yet unidentified disease alleles 

in NR1I2 or linked susceptibility genes. The prior report showing association of 

inflammatory bowel disease with decreased intestinal expression of PXR and 

PXR-regulated genes supports the hypothesis that this may be a disease 

susceptibility locus for IBD.
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Chapter 4 

Genetic association analysis 

of FXR and IBD
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4.1 Introduction

4.1.1 Structure and function of farnesoid X receptor

The farnesoid X receptor (FXR) is a member of the nuclear receptor 

superfamily, and was identified as a sensor for bile acids (Makishima et al., 

1999; Parks et al., 1999; Wang et al., 1999). It is strongly activated by bile 

acids, for example chenodeoxycholic acid (CA), deoxycholic acid, and 

lithocholic acid (LCA) (Makishima et al., 1999; Parks et al., 1999). FXR is most 

abundant in the liver, but is also expressed in the gut and the kidney. When 

activated, FXR forms a heterodimer with RXRa and binds to its response 

elements found upstream of FXR target genes. The preferred response 

elements are DNA sequences comprised of two inverted hexamer repeats 

separated by one nucleotide (IR-1) (Laffitte et al., 2000). However, FXR-RXRa 

can also bind to DNA and activate transcription through a variety of DNA 

elements not conforming to the IR-1 consensus, such as DR-3 and DR-4 motifs 

(Laffitte et al., 2000).

Target genes for the agonist-bound FXR include those involved in the 

protection against bile acid toxicity such as the bile salt export pump gene 

{BESP/ABCB11) (Schuetz et al., 2001), the ileal bile acid-binding protein gene 

(l-BABP) (Grober et al. 1999), UGT2B4 (Barbier et al., 2003), members of the 

OATP family (Jung et al., 2002), and the multidrug resistance 3 gene {MDR3) 

(Huang et al., 2003). These proteins help to regulate enterohepatic 

recirculation of bile that contains conjugated drugs or other toxins. 

Deconjugation by bacteria within the colonic lumen releases the reactive 

metabolite, thus potentially damaging the colonic epithelial barrier and exposing 

the mucosal immune system to luminal contents. FXR also has target genes 

involved in the metabolism of xenobiotics, including the multidrug resistance 

associated protein 2 gene {MRP2) (Kast et al., 2002), and CYP3A4 (Gnerre et 

al., 2004). Direct elimination of xenobiotics on entrance into the cell represents 

a first defence line against xenobiotics and MRP2 is one the transporters 

implicated in this phase of xenobiotic metabolism. While CYP3A4 alone is 

involved in the processing of over 50% of prescription drugs.
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FXR, like other members of the nuclear receptor family, contains a central, 

highly conserved DNA-binding domain (DBD) that targets the receptor to the 

response elements in its target genes, and a hinge domain. At the amino 

terminus, there is a ligand-independent transcriptional activation function (AF-1) 

region. The carboxyl terminal portion of the receptor includes the ligand- 

binding domain (LBD), which interacts directly with an agonist and contains a 

ligand-dependent transcriptional activation domain (AF-2).

4.1.2 Genomic organisation and regulation

Huber at al. (2002) identified four human and hamster FXR splice variants, 

FXR-a1, FXR-o2, FXR-p1, and FXR-P2. FXR-a and FXR-P are derived from 

the use of alternative promoters arising from separate AUG initiation codons 

such that FXR-(3 transcripts are 187bp shorter than FXR-a transcripts but 

encode proteins that contain an additional 37 amino acids at the amino 

terminus. FXR-a1 and FXR-p1 contain an extra four-amino acids (MYTG) in 

the hinge domain compared to FXR-o2 and FXR-(32 as a result of alternative 

splicing in exon 5 (see Figure 4.1). FXR-a2 and FXR-[32 have been shown to 

bind to FXR response elements with a higher affinity than FXR-a1 and FXR-p1, 

suggesting that the four-amino acid insert may affect FXR function (Zhang et 

al., 2003). Real-time PCR revealed highest expression of FXR-a in the adrenal 

gland and liver, and lower expression in the duodenum, kidney and small 

intestine. The FXR-p variants were predominantly expressed in the colon, 

duodenum and kidney, with lower expression in the kidney.

The FXR gene {NR1H4) consists of 89.5kb mapped to 12q23.1. It contains 11 

exons, with the initiation codon at the 3’ end of exon 3, with exons 1 and 2 and 

the 5’ half of exon 3 containing the 5’ UTR (Huber et al., 2002). An alternative 

exon 3a encodes the FXR-P variant, which has an alternate N-terminal 

sequence.
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Figure 4.1: Exon/intron map of the human A/RtH4 locus. The domain 
structure of the FXR protein is shown on the top with the location of the four 
amino acid insertion being denoted. The five domains are colour-coded and 
labelled, with lines and colour-coding denoting the exons encoding each 
domain. Grey shading represents untranslated regions. Exons are numbered 
with the novel 5’ exon being denoted as exon 3a. The splicing of FXR-a and 
FXR-P are shown below the genomic map. FXR-o2 and FXR-(32 contain an 
extra 4-amino acid insert, MYTG. (Huber et al., 2002)

4.1.3 Polymorphisms in NR1H4

There are no studies published on inherited variation in NR1H4. The only 

information about polymorphisms in this gene comes from public databases. At 

the time of this study, Hapmap described 24 SNPs in the CEPH population.

4.1 A NR1H4 and IBD

Because FXR is involved in the regulation of members of the xenobiotic 

response system we reasoned that variation in the FXR encoding gene might 

contribute to susceptibility to IBD. We therefore investigated the inheritance of 

polymorphisms of the NR1H4 gene in a population of IBD patients and healthy 

controls.
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4.2 Methods

4.2.1 Genotyping
We selected five NR1H4 SNPs from 24 that were described on Hapmap (Dec. 

04 release) based on haplotype tagging with Haploview. These 5 SNPs tag 

94% of the haplotypes reconstructed from the 24 Hapmap SNPs (see Figure 

4.2).

Thus the five htSNP; FXR_SNP1 (A/G) (rs4764980), FXR_SNP2 (G/A) 

(rs7956050), FXR_SNP3 (A/G) (rs1030454), FXR_SNP4 (A/G) (rs35739), and 

FXR SNP5 (T/C) (rs35738), were assayed in the IBD and control populations. 

FXR SNP1 is located in the 5’ UTR, and FXR_SNP2 to 5 are intronic 

polymorphisms. SNPs were genotyped using Amplifluor technology 

(Myakishev et al., 2001) (see Table 4.1).

4.2.2 Statistics

Allele, genotype frequency differences between populations, linkage 

disequilibrium (LD), tests for Hardy Weinberg equilibrium (HWE) and haplotype 

frequency estimation (HFE) were tested as described in section 2.6.

Interaction of NR1H4 SNPs with SNPs in PXR, FXR, CAR, MRP3 and MDR1 

was tested by including an interaction term for genotype/carrier status by 

genotype/carrier status for two SNPs in a logistic regression model. The 

significance of an interaction term was assessed by using a Wald Chi-square 

test with one degree of freedom. Any interaction was then examined by 

estimating odds ratios with 95% confidence intervals for each of the NR1H4 

SNP genotypes/carrier status separately In the genotypes of the other SNP.
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Figure 4.2: Haploview output for the 24 NR1H4 Hapmap SNPs. A. Reconstructed 
haplotypes, with frequencies. The htSNPs are indicated with a black triangle. B. 
Corresponding SNP rs numbers and a measure of LD between them: 
white=D’<1+L0D<2, red=D’=1+L0D ^, blue=D’=1+L0D<2
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Table 4.1: Assay details for Amplifluor technology genotyping of NR1H4 
SNPs.

Locus Allelel Primer Allele2 Primer Common Primer Allelel Allele2

FXR_SNP1 GCCCAGCCCTC CCCAGCCCTCT CAAACAACTATGCCA A G

(rs4764980) TTGGGTTCA TGGGTTCG TATATCACAGTGGAA

FXR_SNP2 GTTTAAATGCG GTTTAAATGCG GGCCTTCCAACTCAT G A

(rs7956050) ATGTTTAAAAG ATGTTTAAAAG TTCCATTTCTAAAT

TGACCG TGACCA

FXR_SNP3 AATTTAACTAAA AATTTAACTAAA CTGTCTTTGAGAGGG A G

(rs1030454) GCATTTACCCT GCATTTACCCT GTTAGAAATGTAAA

TCTTATAAAT TCTTATAAAC

FXR_SNP4 GGAGAATTGCT GAGAATTGCTT TGACCAAAAATCAGG A G

(rs35739) TAAAATTTGCTT AAAATTTGCTT TAATTGGTCATTCAA

CATTTTCA CATTTTCG

FXR_SNP5 CCTGGAGAATA CTGGAGAATAC CCTCTTAACCACTAG T C

(rs35738) CCAGTCCTGGT CAGTCCTGGC GTTTGCTGGAA
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4.3 Results

4.3.1 Quality control

Approximately 8.5% of samples were retyped anonymously for each assay as a 

routine quality control in order to assess accuracy of genotyplng. A maximum 

of one genotype differed in any of the assays and it was a different individual in 

each case. No site deviated from expectation under HWE (P>0.05) in the IBD 

population, in the controls; however, FXR_SNP3 HWE had a p-value of 0.0001.

4.3.2 Effect of NR1H4 SNPs on IBD Susceptibility

The allele frequencies of the 5 NR1H4 SNPs were compared between the IBD 

and in the control populations. The FXR_SNP2 allele 2 (0.058 vs. 0.032; 

P=0.015), and FXR_SNP3 allele 1 (0.873 vs. 0.827; P=0.011) alleles were 

significantly more frequent in the patients (see Table 4.2). Genotype 

distributions give a clearer picture of the difference between the patients and 

the controls. The FXR_SNP2 allele 1 homozygotes are decreased in the IBD 

patients (0.886 vs. 0.936), while the heterozygotes and allele 2 homozygotes 

are both increased in the patients (P=0.047) (Table 4.2). Thus the allele 2 

carrier status is more important here (P=0.017, OR 1.87 95% Cl 1.08-3.25). 

With the FXR_SNP3, the allele 1 homozygotes are increased in the IBD 

patients compared to controls (0.769 vs. 0.716, P=0.017) (Table 4.2). Here, 

odds ratios increase with allele dosage: 1/2 vs. 2/2 OR 2.47 (95% Cl 1.12- 

5.49), and 1/1 vs. 2/2 OR 2.84 (95% Cl 1.34-6.05).

4.3.3 Effect of NR1H4 SNPs on CD and DC Susceptibility

The IBD population was divided into groups with a diagnosis of CD or DC and 

the allele frequencies were compared between these groups and the healthy 

controls. None of the SNPs were at significantly different allele or genotype 

frequencies between the CD population and the controls (Tables 4.3 and 4.4).

In the UC group, the FXR_SNP2 allele 1 was significantly lower than in the 

controls (P=0.003), and the FXR_SNP3 allele 1 was significantly more frequent 

than in the controls (P=0.012) (Table 4.3). Again, the differing patterns 

between the patients and controls are clearer in the genotype analysis (Table
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4.4). The FXR_SNP2 allele 1 homozygotes are at a frequency of 0.861 in the 

UC patients compared to 0.936 in the controls, while the heterozygotes and the 

allele 2 homozygotes are more frequent in the patients than the controls 

(P=0.006). The allele 2 carrier status has an associated p-value of 0,004, and 

an odds ratio of 2.35 (95% C.l. 1.26 to 4.40). The FXR_SNP3 genotype 

frequencies are not significantly different between the UC patients and controls, 

but the allele 2 carrier status has minimal significance (P=0.048, OR 1.52 

95%CI 1.00-2.31).

4.3.4 Genotype-Phenotype analysis

The IBD groups were then subdivided with respect to disease location. The CD 

group was partitioned into those with ileal disease, those with colonic disease 

and those with ileo-colonic disease and these groups were compared against 

the controls. There were no SNPs that had significantly different allele or 

genotype frequencies between the ileal CD patients and the controls or 

between the ileo-colonic CD patients and controls (Table 4.5). However when 

the colonic group was compared with the controls, there was a significant 

difference in the allele frequencies of FXR_SNP3 (P=0.010).

For UC, we partitioned the population into those with left-sided disease and 

those with pancolitis and compared these groups with each other and against 

healthy controls (see Table 4.6). The FXR_SNP2 alleles were significantly 

different between the left-sided UC group and the controls (P=0.003). Between 

the pancolitis UC group and the controls, the FXR_SNP2 and the FXR_SNP3 

alleles showed a significant difference (P=0.024 and 0.024, respectively), 

showing the same pattern as in the total UC group.

The CD and UC patient groups were also divided based on response to

medical therapy as described in section 2.1. The therapy resistant (CD/UC-S)

and responsive (CD/UC-R) groups were compared with each other and against

the healthy controls. While no significant differences were seen between the

UC-S and UC-R groups, a significant difference in FXR_SNP2 and SNP3 allele

frequencies was seen between the UC-R group and the controls (P=0.004 and

0.022, respectively) but not between the UC-S group and the controls (see
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Table 4.8). At FXR_SNP2, allele 1 was decreased in the UC-R patients 

compared to controls, and at FXR_SNP3, allele 2 was decreased In the 

patients, with the allele frequencies in the UC-S patients intermediate between 

the UC-R patients and the controls. The same trend was seen between the 

CD-R group and the controls, although this was not significant (see Table 4.7).

4.3.5 Haplotype analysis

Haplotype reconstruction of the five SNPs in the IBD and control populations 

shows a difference in overall pattern of distribution with a significance level of 

P=0.008 (see Table 4.7). Of the individual haplotypes, only Hap6 (22111) is 

significantly more frequent in the IBD group than in the controls, 0.051 vs.

0.033, P=0.033. Haplotype reconstruction in the patient subgroups reveals an 

overall difference in haplotype distribution between the CD group and the 

controls (P=0.025). When the individual haplotypes are examined, none 

showed a significant difference in frequency between the CD patients and 

controls. The reconstructed haplotypes in the UC group also show a significant 

difference in overall haplotype distribution compared to controls (P=0.005). In 

the individual haplotypes, when the disease associated alleles of FXR_SNP2 

and FXR_SNP3 are present (Hap6:22111), the haplotype is at an Increased 

frequency in the UC patients compared to controls (0.071 vs. 0.033, P=0.0002). 

On the other hand, when the other alleles of FXR_SNP2 and FXR_SNP3 are 

present (Hap5:11222), the haplotype is at a decreased frequency in the UC 

patients compared to controls (0.033 vs. 0.072, P=0.015). Hap4 (11122) is 

also marginally significantly increased in the UC patients compared to controls 

(P=0.042). When the CD population is subdivided based on disease location, 

there is an overall difference in haplotype pattern between the colonic CD and 

the controls and between the ileocolonic CD and controls (P=0.023 and 0.005, 

respectively), but not between the ileal CD group and the controls (P=0.169). 

Both UC subgroups (left-sided colitis and pancolitis) show an overall difference 

in haplotype pattern from the controls (P=0.004 and 0.011, respectively).
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4.3.6 interaction analysis

No interaction was seen between any of the NR1H4 SNPs any of the other 

genes studied.
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Table 4.2: Comparison of NR1H4 SNP allele and genotype frequencies in IBD 
population and healthy controls.
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Allele and genotype frequency differences between populations were tested for significance using 
a Monte Carlo Markov Chain chi-square simulation in GENEPOP. Odds Ratios, and Fishers 
exact tests were calculated using HITAGENE and EPI-INFO.
 ̂ Inflammatory Bowel Disease. Odds Ratios (95% Confidence Interval for Odds Ratio).
Genotype odds ratios are recorded as undefined when any genotype has a frequency of zero.
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Table 4.3: Comparison of NR1H4 SNP allele frequencies in Crohn’s disease and 
ulcerative colitis populations and healthy controls._______________________

Allele count (Frequency) CD" VS, Controls UC°vs, Controls

SNP

Locus

Allele CD" UC" Controls P OR

(95% Cl)"̂

P OR

(95% Cl)'=

FXR SNP1 1 (A) 
2(G)

249 (0.486) 
263 (0.514)

205 (0.510) 
197 (0.490)

344(0.517) 
322 (0.483)

0,304 0,89
(0,70-1 12)

0,835 0,97
(0,76-1,25)

FXR SNP2 1 (G) 
2(A)

474 (0.952) 
24 (0.048)

373 (0.928) 
29 (0.072)

660 (0,968) 
22 (0,032)

0,163 0,66
(0,36-1,19)

0.003 0,43
(0,24-0,76)

FXR SNP3 1 (A) 
2(G)

440 (0.863) 
70 (0.137)

359 (0.884) 
47 (0.116)

536 (0,827) 
112(0,173)

0,099 1,31
(0,95-1,82)

0.012 1,60
(1,11-2,30)

FXR SNP4 1 (A) 
2(G)

303 (0.601) 
201 (0.399)

238 (0.604) 
156 (0.340)

394(0,599)
264(0,401)

0,934 0,55
(0,22-1,33)

0,866 1,02
(0,79-1,32)

FXR SNP5 1 (C) 
2(T)

341 (0.669) 
169 (0.331)

272 (0.670) 
134 (0.330)

439 (0,655) 
231 (0,345)

0,630 0,33
(0,14-0,78)

0,621 1,07
(0,82-1,39)

Allele frequency differences between populations were tested for significance 
using a Monte Carlo Markov Chain chi-square simulation in GENEPOP. Odds 
Ratios were calculated using HITAGENE and EPI-INFO.
® Crohn’s d isease,U lcerative colitis. Odds Ratios (95% Confidence Interval for 
Odds Ratio).
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Table 4.4: Comparison of NR1H4 SNP genotype frequencies in Crohn’s disease 
and ulcerative colitis populations and healthy controls.
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Genotype frequency differences between populations were tested for significance 
using a Monte Carlo Markov Chain chi-square simulation in GENEPOP. Odds 
Ratios were calculated using HITAGENE and EPI-INFO.
® Crohn’s disease. Ulcerative colitis. Odds Ratios (95% Confidence Interval for 
Odds Ratio).
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Table 4.5: Comparison of NR1H4 SNP allele frequencies in Crohn’s disease 
populations divided by disease location and healthy controls.

Allele frequency differences between populations were tested for significance using a 
Monte Carlo Markov Chain chi-square simulation in GENEPOP. Odds Ratios were 
calculated using HITAGENE and EPI-INFO.
® Ileal Crohn’s disease.  ̂Colonic Crohn’s disease. Ileocolonic Crohn’s disease.  ̂Odds 
Ratios (95% Confidence Interval for Odds Ratio).
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Table 4.6: Comparison of NR1H4 SNP allele frequencies in ulcerative colitis 
populations divided by disease location and healthy controls.

Allele count (Frequency) Left-sided^ vs. Controls Pancolitis vs. Controls

SNP Locus Allele Left-sided^ Pancolitis“ Controls P OR

(95%CI)'=

P OR

(95% 01)"

FXR SNP1 1 (A) 

2(G)

81 (0.533) 

71 (0.467)

79 (0.506) 

77 (0.494)

344(0.517) 

322 (0.483)

0.715 1.07

(0.75-1.52)

0.820 0.96

(0.68-1.36)

FXR SNP2 1 (G) 

2(A)

139 (0.915) 

13 (0.086)

143 (0.929) 

11 (0.071)

660 (0.968) 

22 (0.032)

0.003 0.36

(0.18-0.72)

0.024 0.43

(0.21-0.91)

FXR SNP3 1 (A) 

2(G)

133 (0.864) 

21 (0.136)

144(0.900) 

16 (0.100)

536 (0.827) 

112(0.173)

0.274 1.32

(0.80-2.19)

0.024 1.88

(1.08-3.28)

FXR SNP4 1 (A) 

2(G)

85 (0.559) 

67 (0.441)

103 (0.652) 

55 (0.348)

394 (0.599) 

264 (0.401)

0.371 0.85

(0.60-1.21)

0.219 1.25

(0.87-1.80)

FXR SNP5 1 (C) 

2(T)

91 (0.599) 

61 (0.401)

115(0.728) 

43 (0.272)

439 (0.655) 

231 (0.345)

0.189 0.79

(0.55-1.13)

0.081 1.41

(0.96-2.07)

Allele frequency differences between populations were tested for significance 
using a Monte Carlo Markov Chain chi-square simulation in GENEPOP. Odds 
Ratios were calculated using HITAGENE and EPI-INFO.
® Left-sided colitis, including proctitis and procto-sigmoiditis. Pancolitis. Odds 
Ratios (95% Confidence Interval for Odds Ratio).
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Table 4.7: Comparison of NR1H4 SNP allele frequencies in therapy resistant and 
responsive CD populations and healthy controls.
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Allele frequency differences between populations were tested for significance 
using a Monte Carlo Markov Chain chi-square simulation in GENEPOP. Odds 
Ratios were calculated using HITAGENE and EPI-INFO.
® Therapy resistant, severe Crohn’s disease. Therapy responsive Crohn’s 
disease. Odds Ratios (95% Confidence Interval for Odds Ratio).
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Table 4.8: Comparison of NR1H4 SNP allele frequencies in therapy resistant and 
responsive DC populations and healthy controls.
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Allele frequency differences between populations were tested for significance 
using a Monte Carlo Markov Chain chi-square simulation in GENEPOP. Odds 
Ratios were calculated using HITAGENE and EPI-INFO.
® Therapy resistant, severe Ulcerative colitis. Therapy responsive Ulcerative 
colitis. Odds Ratios (95% Confidence Interval for Odds Ratio).
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Figure 4.3; Graph NR1H4 SNP estimated haplotype frequencies in the IBD 
population and healthy controls.
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Table 4.9: Comparison of NR1H4 SNP estimated haplotype frequencies in IBD, 
CD, and UC populations and healthy controls.

Haplotype population frequencies IBD vs. Controls CD vs. Controls UC*̂  vs. Controls

Haplotype IBD“ CD“ UC'^ Controls P P P

1. 11111 0.266 0.252 0.283 0.285 0.302 0.236 0.669

2. 21111 0.243 0.283 0.210 0.233 0.637 0.099 0.409

3. 21122 0.168 0.149 0.176 0.177 0.581 0.132 0.829

4. 11122 0.082 0.070 0.100 0.062 0.232 0.961 0.042

5. 11222 0.054 0.062 0.033 0.072 0.216 0.738 0.015

6. 22111 0.051 0.041 0.071 0.030 0.033 0.233 0.0002

Differences in haplotype distribution between populations were tested for 
significance using a permutation test (HITAGENE). The haplotypes are composed 
of SNP loci FXR_SNP1, FXR_SNP2, FXR_SNP3, FXR_SNP4 and FXR_SNP5, 
respectively. Overall p-values for comparison between the population tables are: 
IBD vs. controls: P=0.008; CD vs. controls: P=0.025; UC vs. controls: P=0.005.
® Inflammatory Bowel Disease, Crohn’s Disease. Ulcerative colitis.
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Table 4.10: Pairwise measures of linkage disequilibrium in the Control population 
between the 5 SNPs in NR1H4.

FXR_SNP1 FXR_SNP2 FXR_SNP3 FXR_SNP4 FXR_SNP5

FXR_SNP1 24.181 31.928 6.251 17.331

FXR_SNP2 0.037 0.306 15.376 11.144

FXR_SNP3 0.051 0.000 54.389 48.594

FXR_SNP4 0.010 0.024 0.088 490.249

FXR_SNP5 0.027 0.017 0.078 0.768

The r̂  values are shown in the bottom left area of the table and corresponding 
values are shown in the top right area of the table. The pairs exhibiting a strong 
LD pattern (defined as r^>0,7) are highlighted in bold italics. Values did not differ 
significantly between cases and controls.

Table 4.11: Pairwise measures of linkage disequilibrium in the IBD population 
between the 5 SNPs in NR1H4.

FXR_SNP1 FXR_SNP2 FXR_SNP3 FXR_SNP4 FXR_SNP5

FXR_SNP1 54.346 95.903 0.379 4.570

FXR_SNP2 0.060 8.190 20.796 18.413

FXR_SNP3 0.105 0.009 63.375 30.469

FXR_SNP4 0.000 0.024 0.070 596.029

FXR_SNP5 0.005 0.020 0.033 0.659

The r  ̂values are shown in the bottom left area of the table and corresponding 
values are shown in the top right area of the table. Values were calculated using 
HITAGENE.
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4.4 Discussion

In this study, the association to an IBD population of 5 haplotype-tagging SNPs 

in FXR that tag 94% of the haplotypes reconstructed from the 24 Hapmap 

SNPs was examined. The allele frequencies of SNP2 and SNPS were found to 

be significantly different in an IBD population compared to healthy controls. 

These associations were also seen when the genotype frequencies were 

examined. The allele 2 carriers of SNP2 were significantly more frequent in the 

patients than in the controls, (0.114 vs. 0.064, P=0.017), while the allele 1 

homozygotes of SNPS were significantly more frequent in the patients than in 

the controls (0.769 vs. 0.716, P=0.017). The same pattern can be seen in the 

UC patients, in which the FXR_SNP2 allele 2 is increased (P=0.003) and the 

FXR_SNPS allele 1 is increased (P=0.012) compared to controls, but no 

significant differences were seen between the CD population and the controls.

FXR_SNP2 and SNPS appear to have a phenotypic association. An 

association was seen with colonic CD and SNPS, and with left-sided UC and 

SNP2, while both SNP2 and SNPS are associated with extensive UC 

(pancolitis). With regards to response to treatment, FXR_SNP2 and SNPS 

were shown to be associated with therapy responsive UC patients, but not 

therapy resistant UC patients, when compared to controls.

Since these SNPs were chosen solely based on their ability to tag 94% of the

haplotypes reconstructed from the SNPs reported in the CEPH population on

Hapmap, the haplotype analysis is of most interest here. Indeed, haplotype

reconstruction shows significant differences in the overall pattern of haplotypes

between the IBD, CD and UC patients compared to the controls (P=0.008,

0.025 and 0.005, respectively). The Hap6 (22111) haplotype is significantly

more frequent in the IBD patients compared to controls (P=O.OSS). When the

UC group is compared to the controls, again Hap6 is significantly more frequent

in the patients, and Hap5 (11222) is significantly less frequent in the patients.

Thus when the disease-associated alleles of SNP2 and S are present the

haplotype is more frequent in the patients, and when the alternative alleles are

present the haplotype frequency is decreased in the patients. However, Hap4
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(11122) is also significantly increased in the UC population compared to the 

controls (P=0.042), and this haplotype carries allele 1 at SNP2 as opposed to 

the allele 2 found to be increased in UC. None of the individual haplotypes are 

significantly different in frequency between the CD group and the controls.

When the CD population is subdivided based on disease location, there is an 

overall difference in haplotype pattern between the colonic CD and the controls 

and between the ileocolonic CD and controls (P=0.023 and 0.005, 

respectively), but not between the ileal CD group and the controls (P=0.169). 

Both UC subgroups (left-sided colitis and pancolitis) show an overall difference 

in haplotype pattern from the controls (P=0.004 and 0.011, respectively).

FXR_SNP2 (rs7956050) and FXR_SNP3 (rs l030454) are located in intronic 

regions of FXR. There is no functional data published for these SNRs, 

although intronic SNRs could affect splice sites. Alternatively, because the 

SNPs genotyped in this study are htSNPs they serve as markers for the actual 

haplotypes or SNPs that have a functional effect, as is shown by the haplotype 

analysis in comparison to the individual genotype analysis, and thus these 

SNPs may be linked to other functional polymorphisms.

Overall, NR1H4 shows an association to ulcerative colitis, and to colonic 

Crohn’s disease. FXR-(3 is expressed at a significantly higher level in the colon 

compared to the small intestine (Huber et al., 2002), while FXR-P2 has the 

highest affinity for FXR response elements of the 4 FXR isoforms (Zhang et al., 

2003). It is possible that SNPs 2 and 3 affect, or as is more likely, are linked to 

SNPs that affect the expression of the FXR-p.

FXR is a key regulator of xenobiotic metabolism, affecting the expression of 

xenobiotic metabolising genes such as CYP450 and MRP2. FXR has also 

been shown to be involved in the regulation PXR expression (Jung et al.,

2006). Using microarray analysis, Inagaki et al. demonstrated that a number of 

immune genes appear to be regulated by FXR, including inducible nitric 

oxidase synthase (iNOS), IL18, angiogenin and anhydrase 12, which have all 

been described to exert antibacterial effects (Inagaki et al., 2006). Increased
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IL18 mRNA and protein expression has been seen in the intestinal epithelial 

cells and lamina propria mononuclear cells in CD patients compared to normal 

tissue (Pizarro et al., 1999; Corbaz et al., 2002). In addition, FXR knockout 

mice were found to have a higher number of ileum aerobic bacteria, as well as 

altered intestinal barrier integrity (Inagaki et al., 2006).

Thus, if the expression or activity of FXR was altered, it is possible that 

expression of many genes of the xenobiotic response and immune systems 

could also be affected. FXR also helps control the expression of proteins 

involved in the protection against bile acid toxicity. These proteins help to 

regulate recirculation of bile that contains conjugated drugs or other toxins. 

Within the colonic lumen, bacteria can cause deconjugation of bile acids, 

releasing reactive metabolites, thus potentially damaging the colonic epithelial 

barrier and exposing the mucosal immune system to luminal contents. 

Consequently, reduced recirculation of bile acids could contribute to the 

pathogenesis of IBD.

The finding in the present study of significantly different allele frequencies of 

FXR SNP 2 and 3, as well as significantly altered haplotype patterns, between 

IBD patients and healthy controls indicate that FXR may be involved in the 

aetiology of IBD. This is supported by the studies described above that show 

that FXR has been implicated in the integrity of the intestinal barrier and 

regulation of the immune response.
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Chapter 5 

Genetic association analysis 

of CAR and IBD
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5.1 Introduction

5.1.1 Structure and function of constitutive androsterone receptor

The constitutive androsterone receptor (CAR) is a close relative of PXR and 

they share several overlapping properties. In fact, it has been suggested that 

CAR and PXR evolved from the same ancestral gene - CXR (Chicken 

Xenobiotic-sensing Receptor), and then diverged during the species evolution 

from birds to man (Handschin et al., 2000; Moore et al., 2002). Gene 

expression studies in mice have examined the target genes of both CAR and 

PXR in the liver and small intestine (Maglich et al., 2002; Ueda et al., 2002; 

Rosenfeld et al., 2003). CAR and PXR regulate an overlapping but distinct set 

of genes that encode enzymes that are involved in oxidative metabolism, 

conjugation and transport of small hydrophobic substrates. These genes 

include those that encode several cytochrome P450s (CYPs), glutathione S- 

transferases (GSTs), UDP-glucuronosyltransferases (UGTs), sulfotransferases 

(SULTs), multidrug resistance proteins (MDRs), multidrug resistance- 

associated proteins (MRPs), and organic anion-transporting polypeptides 

(OATPs). The products of these genes are central to the elimination of 

xenobiotics and are also involved in the metabolism and transport of many 

endogenous molecules, including bilirubin, bile acids, thyroid hormone, fatty 

acids and steroids (Keppler and Konig, 2000; Kullak-Ublick and Becker, 2003; 

Xie et al., 2003).

As described in the previous chapters, members of the nuclear receptor family 

share several structural features, including a central, highly conserved DBD 

that targets the receptor to specific DNA sequences (hormone response 

elements). The C-terminal portion of the receptor Includes the LBD, which 

interacts directly with the ligand. The secondary structure of the CAR LBD 

consists of 11 alpha helices, two 3io helices and 3 beta strands that are 

arranged into a compact helical sandwich fold (Suino et al., 2004). The CAR 

LBD structure displays unique features not present in other nuclear receptors. 

The most distinct feature is the short and relatively rigid C-terminal activation 

helix (AF2) (which is important in the binding of coregulatory proteins of all
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nuclear receptors (Li et al., 2003)). The combination of the unique CAR 

structural elements may help to stabilize its AF2 helix and serve as the basis 

for its constitutive transcriptional activity.

5.1.2 Genomic organisation and regulation

CAR activity can be modulated either directly or indirectly, in contrast to PXR, 

which requires direct binding of a ligand. Upon activation, CAR translocates to 

the nucleus from the cytoplasm (Kawamoto et al., 1999). The co-chaperone 

cytoplasmic CAR retention protein (CCRP) Interacts directly with the ligand 

binding domain of the receptor to retain it in the cytoplasm (Kobayashi et al., 

2003), along with heat shock protein 90 (HSP90). Indirect CAR activation is 

demonstrated with phenobarbital (PB). PB activates nuclear translocation of 

CAR through a phosphorylation-dephosphorylation cascade that involves the 

okadaic acid-sensitive protein phosphatase 2A (Kawamoto et al., 1999; 

Yoshinari et al., 2001). Due to the intrinsically high constitutive activity of CAR, 

it does not need direct ligand binding to promote target-gene activity. In the 

nucleus CAR mediates gene expression through binding to DR4 and DR3 sites 

in target genes as a heterodimer of RXRa (Mangelsdorf and Evans, 1995; 

Sueyoshi et al., 1999; Xie et al., 2000; Smirlis et al., 2001; Sueyoshi and 

Negishi, 2001). Several compounds that activate PXR act as CAR 

transrepressors, for example androsterol, progesterone and clotrimazole are 

deactivators or inverse agonists of CAR (Forman et al., 1998; Moore et al., 

2000 ).

The human CAR (NR1I3) gene has been mapped to chromosome 1q21-23, 

spanning approximately 8.5 kb (Pascussi et al., 2003). Its closest genes are 

the apolipoprotein A-ll and the myelin protein zero. The genomic structure of 

CAR/NR1I3 consists of nine exons, with exon 2 through to exon 9 containing 

the coding region of 348 amino acids.

The transcriptional start site is -160bp upstream of the ATG codon. A

glucocorticoid response element (GRE) has been characterised at

^447 /-4432bp  upstream of the transcription start site, which has the classical

GRE structure of two half-sites separated by 3 nt, CAR transcription has also
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been shown to be regulated by glucocorticoids, for example the glucocorticoid 

antagonist RU486 blocks CAR mRNA induction (Pascussi et a!., 2000), On the 

other hand IL-6 produces a dramatic decrease of CAR mRNA expression 

(Pascussi et al., 2000).

hCAR Coding reskw

cDKA

■J--------------------------_ _ _ _ _ _ _ _ _ -----------------   NT02694S
312570 304071

Figure 5.1: Gene structure of the CAR/NR1I3 gene. The upper panel shows 
the cDNA size and the location of the coding region. The gene is 8.5kb. The 
lower panel aligns the cDNA to the genomic sequence. The open boxes are 
exons. (Pascussi et al., 2003)

5.1.3 Polymorphisms in NR1I3

Ikeda et al. identified 26 SNPs located in the 5’-flanking region, exons 4 and 9, 

and introns 1, 2, 4, 5, and 8 of CAR/NR1I3 in a Japanese population (Ikeda et 

al., 2003). In a later study, four non-synonymous SNPs in the LBD of 

CAR/NR1I3 were identified and analysed in a Japanese population, Val133Gly, 

His246Arg, Leu308Pro, and Asn323Ser (Ikeda et al., 2005). The His246Arg 

variant caused reduction in transactivation of a CYP3A4 reporter gene and 

response to a CAR-specific agonist. The Leu308Pro variant also caused a 

reduction in transactivation.

Five SNPs have been described in CAR/NR1I3 in a Caucasian population on 

the Perlegen and Hapmap databases.
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5.1.4 CAR and IBD

CAR is an important regulator of xenobiotic metabolising proteins, including 

CYPs, MDRs, and MRPs. Many of these proteins, in particular MDR1, MRP3 

and CYP3A4, have been found to have altered expression in the intestines of 

IBD patients (Lawrance et al., 2001; Langmann et al., 2004).
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5.2 Materials and Methods

5.2.1 Genotyping

We selected four of the five NR1I3 SNPs that have been described on public 

databases based their distance apart and frequencies, rs2307418 was omitted 

as it is only 101 bases from rs4073054 and has a lower reported minor allele 

frequency than rs4073054.

Thus SNP loci CAR_SNP1 (T/G) (rs4073054), CAR_SNP2 (C/T) (rs2307424), 

CAR_SNP3 (A/G) (rs2307426), and CAR_SNP4 (C/T) (rs2502805).

CAR SNP1 and 3 are intronic polymorphisms. CAR_SNP2 is a synonymous 

SNP (PIBOP) located in exon 5. CAR_SNP4 is located in the 3’ UTR of NR1I3 

(see Fig. 5.2).

SNPs were genotyped using Amplifluor technology (Myakishev et al., 2001) 

(see Table 5.1).

SNP3 SNPl

3’ UTR 1 5’ UTR

SNP4
SHP2

Figure 5.2: Diagram of CAR/NR1I3 gene showing relative locations of 
selected SNPs (exons in pink).

5.2.2 Statistics

Allele, genotype frequency differences between populations, linkage 

disequilibrium (LD), tests for Hardy Weinberg equilibrium (HWE) and haplotype 

frequency estimation (HFE) were tested as described in section 2.6.
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Interaction of NR1I3 SNPs with SNPs in PXR, FXR, RXRa, MRP3 and MDR1 

was tested by including an interaction term for genotype/carrier status by 

genotype/carrier status for two SNPs in a logistic regression model. The 

significance of an interaction term was assessed by using a Wald Chi-square 

test with one degree of freedom. Any interaction was then examined by 

estimating odds ratios with 95% confidence intervals for each of the NR1I3 

SNP genotypes/carrier status separately in the genotypes of the other SNP.
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Table 5.1: Assay details for Amplifluor technology genotyping of NR1I3 SNPs.

Locus Allelel Primer Allele2 Primer Common Primer Allelel Allele2

CAR_SNP1 CCTTTCCTTAGGGAA CTTTCGTTAGGGAAT TGCTGAAACGATGTG T G

(rs4073054) TTCAGGTATCT TCAGGTATCG AGACAGGGAT

CAR_SNP2 ATCAAGTTTACTAAG CATCAAGTTTACTAA AGGGGAGGTCACTC C T

(rs2307424) GACCTGCGC GGACCTGCCT ACCGGAA

CAR_SNP3 GAAGGTGACCAAGTT GAAGGTCGGAGTCA GGGAGTTTGGTTTGG A G

(rs2307426) CATGCTAGGTGAGAG ACGGATTGGTGAGA AGGGCTATTT

TCTCCTCCCCAA GTCTCCTCCCCAG

CAR_SNP4 GGGGGAGACAGACC AATGGGGGAGACAG GACCATCAGTGATCT C T

(rs2502805) TTTACAC ACCTTTACAT GACCATATTTCTTT
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5.3 Results

5.3.1 Quality control

Approximately 8.5% of samples were retyped anonymously for each assay as a 

routine quality control in order to assess accuracy of genotyping. A maximum 

of one genotype differed in any of the assays and it was a different individual in 

each case. No site deviated from expectation under HWE (P>0.05) in the 

control population, in the UC patients however, CAR_SNP2 HWE had a P- 

value of 0.002.

5.3.2 Effect of NR1I3 SNPs on IBD Susceptibility

When the allele frequencies of the 4 NR1I3 SNPs in the IBD and control 

populations were compared, none of the CAR_SNP1, CAR_SNP2,

CAR_SNP3, or CAR_SNP4 allele frequencies were significantly different 

between the patients and the controls (see Table 5.2). No significant 

differences were seen between patients and controls when the genotype 

distributions were compared either.

5.3.3 Effect of NR1I3 SNPs on CD and UC Susceptibility

The IBD population was divided into groups with a diagnosis of CD or UC and 

the allele frequencies were compared between these groups and the healthy 

controls. Again, none of the SNPs had significantly different allele frequencies 

between the CD or the UC populations and the controls (see Table 5.3). When 

the genotype frequencies were examined, the CAR_SNP2 showed a marginally 

significantly different pattern between the UC populafion and controls 

(P=0.039) (see Table 5.4). The 1/1 to 1/2 intermediate genetic model shows a 

significant difference for the UC group compared to the controls (P=0.031, OR 

1.54, 95% Cl 1.04-2.28), with the 1/1 genotypes almost 11% more frequent in 

the UC patients.

5.3.4 Genotype-Phenotype analysis

The IBD groups were then subdivided with respect to disease location as 

before. Once again none of the allele frequencies of the SNPs were
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significantly different between the ileal, or the ileo-colonic CD patients and the 

controls (see Table 5.5). There was a slight significant difference in 

CAR_SNP2 allele frequencies between the colonic CD subgroup and the 

controls (P=0.033), with allele 2 being at an increased frequency in the patients 

(0.422 vs. 0.331, for the patients and controls respectively) (Table 5.5).

For DC, we partitioned the population into those with left-sided disease and 

those with pancolitis and compared these groups with each other and against 

healthy controls (see Table 5.6). There were no significant differences 

between the left-sided or the pancolitis UC group and the controls.

The CD and UC patient groups were divided on the basis of their response to 

therapy as described in section 2.1. The severe, therapy resistant (CD/UC-S) 

and responsive (CD/UC-R) groups were compared with each other and against 

the healthy controls. There were no significant differences in allele frequencies 

between the therapy resistant and therapy responsive UC or CD groups, or 

between these groups and the controls (see Tables 5.7 and 5.8).

5.3.5 Haplotype analysis

Haplotype reconstruction for the 4 NR1I3 SNPs in the IBD and controls 

population shows no difference in overall pattern of distribution (see Table 5.9 

and Figure 5.1). None of the individual haplotypes were significantly different 

between the patients and controls. Haplotype reconstruction in the patient 

subgroups also reveals no significant differences in haplotype distribution 

between the CD or the UC group and the controls, and there are no differences 

in the individual haplotypes either.

5.3.6 Interaction analysis

The only interaction seen was between the CAR_SNP2 allele 2 carriers and the

PXR_25385 genotypes, when predicting the IBD patients from the controls.

The Wald statistic for the PXR_25385 allele 1 homozygotes by the CAR_SNP2

allele 2 carriers interaction term has a significance of P=0.013 (see Table 5.12).

When the stratified odds ratios are examined it can be seen that the odds ratio

of the CAR_SNP2 allele 2 carriers (12+22) to the allele 1 homozygotes (11) for
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the IBD patients and the healthy controls is only significant in the PXR_25385  

11 homozygotes (see Table 5.13 and 5.14).
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Table 5.2: Comparison of NR1I3 SNP allele and genotype frequencies in IBD 
population and healthy controls.
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Allele and genotype frequency differences between populations were tested for 
significance using a Monte Carlo Markov Chain chi-square sinnulation in GENEPOP.
Odds Ratios, and Fishers exact tests were calculated using HITAGENE and EPI-INFO. 
® Inflammatory Bowel Disease.  ̂Odds Ratios (95% Confidence Interval for Odds Ratio). 
Genotype odds ratios are recorded as undefined when any genotype has a frequency of 
zero.
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Table 5.3: Comparison of NR1I3 SNP allele frequencies in Crohn’s disease and 
ulcerative colitis populations and healthy controls.

Allele count (Frequency) CD" vs. Controls UC'’ vs. Controls

SNP

Locus

Allele CD^ UC° Controls P OR

(95% 01)“=

P OR

(95% 01)“=

CAR SNP1 1 (T) 
2(G)

329 (0.638) 

187 (0.362)

257 (0.630) 

151 (0.370)

423 (0.645) 

233 (0.355)

0.798 0.97

(0.76-1.23)

0.622 0.94

(0.73-1.21)

CAR SNP2 1 (C) 

2(T)

311 (0.653) 

165 (0.347)

257 (0.684) 

119(0.316)

435 (0.669) 

215(0.331)

0.578 0.93

(0.73-1.19)

0.638 1.06

(0.81-1.40)

CAR SNP3 1 (A) 

2(G)

501 (0.982) 

9 (0.018)

389 (0.987) 

5 (0.013)

650 (0.985) 

10(0.015)

0.738 0.86

(0.35-2.12)

0.744 1,20

(0.41-3.53)

CAR SNP4 1 (C) 

2(T)

349 (0.706) 

145 (0.293)

275 (0.688) 

125 (0.312)

454 (0.694) 

200 (0.306)

0.653 1.06

(0.82-1.37)

0.819 0.97

(0.74-1.27)

Allele frequency differences between populations were tested for significance 
using a Monte Carlo Markov Chain chi-square simulation in GENEPOP. Odds 
Ratios were calculated using HITAGENE and EPI-INFO.
® Crohn’s disease. Ulcerative colitis. Odds Ratios (95% Confidence Interval for 
Odds Ratio).
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Table 5.4: Comparison of NR1I3 SNP genotype frequencies in CD and UC 
populations and healthy controls.
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Allele and genotype frequency differences between populations were tested for 
significance using a Monte Carlo Markov Chain chi-square simulation in GENEPOP.
Odds Ratios, and Fishers exact tests were calculated using HITAGENE and EPI-INFO. 
® Crohns Disease. Ulcerative colitis.. Odds Ratios (95% Confidence Interval for Odds 
Ratio). Genotype odds ratios are recorded as undefined when any genotype has a 
frequency of zero.
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Table 5.5: Comparison of NR1I3 SNP allele frequencies in Crohn’s disease 
populations divided by disease location and healthy controls.
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Allele frequency differences between populations were tested for significance 
using a Monte Carlo Markov Chain chi-square simulation in GENEPOP. Odds 
Ratios were calculated using HITAGENE and EPI-INFO,
® Ileal Crohn’s disease.  ̂Colonic Crohn’s disease. Ileocolonic Crohn’s disease. 
Odds Ratios (95% Confidence Interval for Odds Ratio). ® Genotype odds ratios 
are recorded as undefined when any genotype has a frequency of zero.
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Table 5.6: Comparison of NR1I3 SNP allele frequencies in Ulcerative colitis 
populations divided by disease location and healthy controls.
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Allele frequency differences between populations were tested for significance 
using a Monte Carlo Markov Chain chi-square simulation in GENEPOP. Odds 
Ratios were calculated using HITAGENE and EPI-INFO.
® Left-sided colitis, including proctitis and procto-sigmoiditis. Pancolitis. Odds 
Ratios (95% Confidence Interval for Odds Ratio).
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Table 5.7: Comparison of NR1I3 SNP allele frequencies in therapy resistant and 
responsive CD populations and healthy controls.
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Allele frequency differences between populations were tested for significance using a 
Monte Carlo Markov Chain chi-square simulation in GENEPOP. Odds Ratios were 
calculated using HITAGENE and EPI-INFO.
® Therapy resistant, severe Crohn’s disease.  ̂Therapy responsive Crohn’s disease. 
Odds Ratios (95% Confidence Interval for Odds Ratio).
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Table 5.8: Comparison of NR1I3 SNP allele frequencies in therapy resistant and 
responsive UC populations and healthy controls.
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Allele frequency differences between populations were tested for significance 
using a Monte Carlo Markov Chain chi-square simulation in GENEPOP. Odds 
Ratios were calculated using HITAGENE and EPI-INFO.
® Therapy resistant, severe Ulcerative colitis.  ̂Therapy responsive Ulcerative 
colitis. Odds Ratios (95% Confidence Interval for Odds Ratio).
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Table 5.9: Comparison of NR1I3 SNP estimated haplotype frequencies in IBD, 
CD, and UC populations and healthy controls.

Haplotype population frequencies IBD vs. Controls CD vs. Controls UC'̂  vs. Controls

Haplotype IBD" 0 0 “ c o o Controls P P P

1. 2111 0.342 0.344 0.338 0.335 0.528 0.497 0.828

2. 1211 0.320 0.328 0.305 0.319 0.802 0.919 0.494

3. 1112 0.279 0.271 0.292 0.291 0.547 0.371 0.941

4. 2112 0.021 0.019 0.024 0.019 0.794 0.955 0.581

5. 1111 0.017 0.014 0.021 0.019 0.783 0.613 0,835

Differences in haplotype distribution between populations were tested for 
significance using a permutation test (HITAGENE). The haplotypes are 
composed of SNP loci CAR_SNP1, CAR _SNP2, CAR _SNP3, and CAR _SNP4, 
respectively. Overall p-values for comparison between the population tables are: 
IBD vs. controls: P=0.390: CD vs. controls: P=0.399; UC vs. controls; F=0.668.
® Inflammatory Bowel Disease.  ̂Crohn’s Disease. Ulcerative colitis.
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Figure 5.3: Graph of NR1I3 SNP estimated haplotype frequencies in the IBD 
population and healthy controls.
Haplotype frequency estimations (HFE) were generated on HITAGENE using an 
expectation maximisation (EM) algorithm.
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Table 5.10: Pairwise measures of linkage disequilibrium in the Control population
between the ^ SNPs in HRMZ.

CAR_SNP1 CAR_SNP2 CAR_SNP3 CAR_SNP4

CAR _SNP1 172.440 2.697 96.531

CAR_SNP2 0.275 11.265 137.502

CAR_SNP3 0.004 0.018 4.551

CAR_SNP4 0.150 0.219 0.007

The r̂  values are shown in the bottom left area of the table and corresponding 
values are shown in the top right area of the table. Values did not differ 
significantly between cases and controls. Values were calculated using 
HITAGENE.

Table 5.11: Pairwise measures of linkage disequilibnum in the IBD population
between the ^ SNPs in m i \ 3 .

CAR_SNP1 CAR_SNP2 CAR_SNP3 CAR_SNP4

CAR _SNP1 243.369 7.675 147.194

CAR_SNP2 0.280 23.919 172.109

CAR_SNP3 0.008 0.028 5.469

CAR_SNP4 0.161 0.204 0.006

The r̂  values are shown in the bottom left area of the table and corresponding 
values are shown in the top right area of the table. Values were calculated using 
HITAGENE.

115



Table 5.12: Binary logistic model with an interaction between CAR_SNP2 allele 2 
carriers and PXR_25385 genotypes predicting the UC patient group compared to 
controls.

Variables in the Equation

B S.E. Wald df Sig. Exp(B) 95.0% C.l. for EXP(B)

Lower Upper
CAR_2A2 0.602 0,261 5.329 1 0.021 1.826 1.095 3.046
pxr_25385 6.702 2 0.035
pxr_25385(1) -0.537 0.335 2.576 1 0.108 0.584 0.303 1.126
pxr_25385(2) 0.299 0,233 1.645 1 0.200 1.348 0.854 2.128
CAR_2A2 
pxr 25385 6.241 2 0.044

CAR 2A2 by 
pxr_25385(1) -0.387 0.469 0.681 1 0.409 0.679 0.271 1.702

CAR 2A2 by 
pxr_25385(2) -0.872 0.350 6.190 1 0.013 0.418 0.210 0.831

Constant -0.015 0.171 0.007 1 0.932 0.986

The interaction between CAR_SNP2 allele 2 carriers and PXR_25385 genotypes 
was tested using SPSS 12.0.1, The PXR_25385 genotypes were coded as: 22 
homozygotes = PXR_25385(1), 12 heterozygotes = PXR_25385(2), and 11 
homozygotes = PXR_25385. B is the logistic regression coefficient, S.E. is the 
standard error of the coefficient, Wald is the Wald statistic, df is the degrees of 
freedom for the Wald statistic, Sig. is the p-value of the Wald statistic, Exp(B) is 
the odds ratio of the logistic regression coefficient compared to its standard error.
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Table 5.13: Count of CAR_SNP2 allele 2 carriers stratified by PXR_25385 
genotypes in IBD and control populations.

car snp 2 allele2 carriers * IBP * PXR_25385 Crosstabulation
PXR_25385
genotypes CAR_SNP2 Controls IBD

11 11 Count 40 72
% within group 36.7% 51.4%

12+22 Count 69 68
% within group 63.3% 48.6%
Total 109 140

12 11 Count 67 68
% within group 48.9% 42.2%

12+22 Count 70 93
% within group 51.1% 57.8%
Total 137 161

22 11 Count 35 25
% within Group 51.5% 56.8%

12+22 Count 33 19
% within group 48.5% 43.2%
Total 68 44

Stratification was carried out using SPSS 12.0.1.

Table 5.14: Odds ratios and p-values for IBD risk with CAR_SNP2 allele 2 
carriers, stratified by PXR_25385 genotypes.

PXR_25385 genotypes OR (95% Cl) for CAR SNP2 allele 2 carriers 
(11/12+22)

P

11 1.826 (1,10-3.05) 0.020

12 0.764 (0.48-1.21) 0.249

22 1.241 (0.58-2.66) 0.579

Odds ratios and p-values calculated with SPSS12.0.1.
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5.4 Discussion

This study examined the association with IBD of four CAR/NR1I3 SNPs 

previously identified in a Caucasian population. No association was 

demonstrated between these four NR1I3 SNPs and IBD. There was a marginal 

association seen between SNP2 and the DC group when the genotype 

frequencies were compared with the controls. The allele 1 homozygotes were 

more frequent in the patients than in the controls (0.516 vs. 0.446, P=0.039). 

CAR_SNP2 also appears to have an association with colonic CD, with a 

marginally significant increase of the allele 2 in the patients compared to the 

controls (P=0.033).

No significant differences are seen with any of the other SNPs in any of the 

patient subgroups. Haplotype reconstruction shows no significant differences 

in the overall pattern of haplotypes between the patients and the controls, or 

between the individual haplotypes.

The significant associations that were seen in this study are tenuous, and 

difficult to take any conclusions from, in particular the association that was seen 

between SNP2 and the colonic CD subgroup. The subgroups are quite small 

and would need to be expanded before any associations could be assessed.

In fact, if any correction factor was imposed on the calculated p-values, then 

any significance found would disappear.

There is very little published about any polymorphisms in the NR1I3 gene in 

Caucasian populations, with only 5 SNPs described on public databases. It is 

impossible to determine how many, If any, haplotypes the SNPs examined in 

this study tag.

A significant interaction term was seen between the CAR_SNP2 allele 2

carriers and the PXR -25385 genotypes in the IBD patients compared to the

controls by logistic regression. When allele 1 homozygotes vs. the allele 2

carriers of CAR_SNP2, the frequencies of the allele 1 homozygotes were only

significantly increased in the IBD patients compared to the controls in the
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presence of the PXR-25385 11 homozygotes (P=0.020). Allele 1 

homozygotes of PXf?-25385 are significantly increased (P=0.00001) in the 

IBD population compared to controls to a much greater degree than CAR SNP2 

allele 1 homozygotes (Dring et al., 2006). Thus, while the CAR SNP2 

association is not independent of the PXR -25385 IBD association, the findings 

suggest that they may act in a common pathophysiological pathway. CAR and 

PXR regulate an overlapping set of genes that encode enzymes involved in the 

elimination of xenobiotics, and display considerable cross-regulation of their 

target genes. If there are polymorphisms present in both CAR and PXR that 

effect their expression or activity, the effect on the xenobiotic-metabolising 

genes that they regulate could be magnified.

In fact, CAR and PXR have been found to act together to regulate the 

expression of Cyp2B10 (Ding and Staudinger, 2005) (Figure 5.4). 

Guggulsterone recruits the coactivator SRC-1 to PXR and displaces SRC-1 

from CAR. The ratio of PXR to CAR determines the ratio of the number of 

SRC-1-occupied nuclear receptors to the number of SRC-1-absent nuclear 

receptors on the Cyp2b10 promoter in the presence of guggulsterone. When 

PXR is predominant over CAR, the net effect of guggulsterone on Cyp2b10 

promoter is positive, leading to transactivation of the Cyp2b10 gene. However, 

if CAR expression is predominant, the net effect of guggulsterone on the 

Cyp2b10 promoter becomes negative, thereby leading to transrepression of the 

Cyp2b10 gene.
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Figure 5.4; Model of the PXR-to-CAR ratio-dependent regulation of the 
Cyp2b10 promoter by guggulsterones. (Ding and Staudinger, 2005)

CAR SNP2 is located in exon 5 and is a synonymous SNP (P180P). Several 

hypotheses have been made as to how synonymous SNP could be functional, 

for example silent mutations may influence downstream downstream mRNA 

splicing, processing, or translational controls and regulation (Shen et al., 1999), 

or mRNA stability could be increased or decreased (Frittitta et a!., 2001). On 

the other hand, SNP2 could be in LD with another SNP which is actually 

functional.

CAR has a critical role in xenobiotic metabolism because of its function as a 

regulator of the expression of genes such as CYP450, ABCB1 and ABCC3. If 

the expression of CAR was altered then the expression of many genes of the 

xenobiotic response system could also be affected. However there is no 

evidence of a strong association between the SNPs assayed in this study and 

IBD. The only association seen is with CAR SNP2, and when this is stratified 

with the PXR SNP -25385, the only significant association with IBD is when the 

-25385 allele 1 homozygous genotype is present.
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Chapter 6 

Genetic association analysis 

of RXRg and IBD
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6.1 Introduction

6.1.1 Structure and Function of Retinoid X receptor alpha

Retinoid X receptor alpha (RXRoc) is a member of the nuclear hormone 

receptors that mediate retinoic acid (RA) dependent transcription. These 

receptors are divided into two groups; the RARs which bind all-trans RA and 

the RXRs which respond preferentially to 9-cis-RA as a ligand. Mangelsdorf et 

al. (Mangelsdorf et al., 1992) first described a receptor (RXR) that responds to 

retinoids but is substantially different from the RARs in primary structure, ligand 

specificity, tissue distribution, and target gene specificity. RXRa can function 

as a homodimer and as a heterodimer with the other RARs, defining two 

distinct retinoid response pathways. Furthermore, RXRa can hetererodimerize 

with nuclear receptors, including PPARA, CAR (NR1I3), PXR (NR1I2), LXRa 

(NR1H3) and FXR (NR1H4) (Mangelsdorf and Evans, 1995; Wan et al., 2000). 

Thus, RXRa is an integral part of the complex circuitry regulating such diverse 

physiological pathways as cholesterol, fatty acid, bile acid, steroid, and 

xenobiotic metabolism and homeostasis.

PXR interacts with its cognate response elements in the 5’-flanking region of 

target genes by forming a heterodimer with RXRa. Some of the same 

response elements are also recognized by CAR and VDR after 

heterodimerization with RXRa, suggesting that RXRa is important in the cross

talk between these signalling pathways and so is a key factor in mounting an 

appropriate response to a xenobiotic challenge.

Using knockout mice, Cai et al. (Cai et al., 2002) clearly showed the importance 

of RXRa in xenobiotic-sensing nuclear pathways. In their PXR knockout mice, 

although the inducibility of CYP3A by PXR specific ligand was totally abolished, 

the basal level of CYP3A remained unchanged compared to wild type mice. 

However in the RXRa knockout mice, the basal expression levels of a number 

of CYP450 genes was significantly reduced. This plainly demonstrates the 

importance of RXRa in the control of CYP450 basal transcription. The role of
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RXRa in MRP3 and CYP2B10 basal levels was also demonstrated by knockout 

mice (Cherrington et al., 2003). Although CAR knockout mice had similar 

levels of Mrp3 mRNA compared to wild type mice, RXRa knockout mice had 

greatly reduced levels of hepatic Mrp3. CYP2B10 constitutive expression was 

also significantly lower in RXRa knockout mice (and also in CAR knockout 

mice) (Cherrington et al., 2003).

CAR/RXR
PXR/RXR GIVGR

i
PXR/RXR

B

V V V
CKiCTCA(t*MAo~rACA TG A A C T im TC rrn Tt5AAATc»lga«GTTCA

CYP3A4DM

GOTTCA**»iA0 rc TQAACnjcTOACCCCAAACTcBc'TOACXT

•raAACrt»aa«AOOTCA

CAR/RXR
PXR/RXR
VDR/RXR

Figure 6.1: Shared response elements of the receptors involved in CYP2B6, 
CYP2C9 and CYP3A4 gene regulation (Pascussi et al., 2003).

6.1.2 Genomic location and polymorphisms

Located at 9q34 (Jones et al., 1993), RXRa/NR2B1 is 38.95 kb long, with 9 

exons (according to EnsembI). Hegele and Cao screened 30 clinically normal 

Caucasian subjects, 20 normal African subjects, 20 normal Chinese subjects, 

and 20 normal East Indian subjects for RXRa/NR2B1 SNPs (Hegele and Cao, 

2001). They uncovered 3 common SNPs, in intron 7, intron 9 and in the 3’ 

UTR. Hapmap describe 12 polymorphic SNPs in a Caucasian sample.
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6.1.3 RXRaand IBD

RXRa plays a central role in the regulation of the xenobiotic response system. 

As an obligate heterodimeric partner to orphan nuclear receptors, it binds to the 

promoters of many xenobiotic metabolising genes and is involved in their 

regulation. The proteins that RXRa helps to regulate have been implicated in 

IBD pathogenesis, for example mdr1a knockout mice spontaneously developed 

colitis (Panwala et al., 1998), and In the intestines of IBD patients, CYP3A4 and 

MDR1, amongst other transporters, were found to be significantly under 

expressed (Langmann et a!., 2004). Therefore, in order to investigate the role 

of RXRa in IBD pathogenesis, the association of polymorphisms in its gene to 

an IBD population was considered.

For this study we chose 5 SNPs in RXRa from the 12 polymorphic SNPs on 

Hapmap, which cover over 85% of the reconstructed haplotypes, to investigate 

in our population of IBD patients and healthy controls.

124



6.2 Materials and Methods

6.2.1 Genotyping

We selected five SNPs based on haplotype tagging by SNPtagger, using 12 

polymorphic SNPs from Hapmap. The SNPs were located across the genomic 

sequence, and cover over 85% of the reconstructed haplotypes.

Sl-JPl SNP3

5'UTR 1 2 3

□  DD
RXRot OTiif

J'UTR

D ^ D  ^ a *  a D
SNP2 SM?4

i L
SJ3P5

Figure 6.2: Diagram of RXRa gene showing relative locations of selected 
SNPs (exons in pink).

Thus SNP loci RXRa_SNP1 (A/G) (rs3132296), RXRa_SNP2 (C/A)

(rs3118536), RXRa_SNP3 (A/G) (rs4240705), RXRa_SNP4 (A/G) (rs3118571), 

and RXRa_SNP5 (G/T) (rs l045570) were chosen. RXRa_SNPs1 to 4 are 

intronic polymorphisms. RXRa_SNP5 is located in the RXRa 3’ untranslated 

region (UTR).

SNPs were genotyped using Amplifluor technology (Myakishev et al., 2001) 

(see Table 6.1). As a quality control one of the Amplifluor assays (SNPS) was 

partially retyped using a restriction fragment length polymorphism (RFLP) 

assay. The SNP5 site was amplified by PCR as a 204-bp region using the 

following primers (Invitrogen, Ca., U.S.A.): forward 5TGG GCC TGA GGC TTT 

CAA 3’, and reverse 5’ CCT TTG CGT GTT CCT TTT CC 3’. Cycling was for 

35 cycles of denaturation at 94°C for 30 seconds, annealing at 52°C for 1 

minute and extension at 72°C for 1 minute. A first denaturing step at 95°C for 

15 minutes, to activate Hotstar Taq (Qiagen), and a last extension step at 72°C 

for 10 minutes were also added. Approximately 15|il of PCR product was 

digested with 5 units of Dde1 (New England Biolabs, Ma., U.S.A.) at 37°C
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overnight and separated on 3% agarose gels, yielding two fragments of 60 and 

144-bp in the presence of the SNP5 T allele.

6.2.2 Statistics

Allele, genotype frequency differences between populations, linkage 

disequilibrium (LD), tests for Hardy Weinberg equilibrium (HWE) and haplotype 

frequency estimation (HFE) were tested as described in section 2.6.

Interaction of RXRa SNPs with SNPs in PXR, FXR, C^R, MRP3 and MDR1 

was tested by including an interaction term for genotype/carrier status by 

genotype/carrier status for pairs of SNPs in a logistic regression model. The 

significance of an interaction term was assessed by using a Wald Chi-square 

test with one degree of freedom. Any interaction was then examined by 

estimating odds ratios with 95% confidence intervals for each of the RXRa 

SNP genotypes/carrier status seperately in the genotypes of the other SNP.
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Table 6.1: Assay details for Amplifuor technology genotyping of RXRa SNPs.

Locus Allelel Primer Allele2 Primer Common Primer Allelel Allele2

RXRA_SNP1 CCAGGATCTGA CAGGATCTGAG GCCTGGCAGTCTCTG A G

(rs3132296) GAGTGGTCTCA AGTGGTCTCG TGAGGAT

RXRA_SNP2 GCAGGTGCAC GCAGGTGCAC AGGCTCAGAGACAC C A

(rs3118536) GGTTTCCTGC GGTTTCCTGA CTGGGCAA

RXRA_SNP3 GTCGCCCCCTC CGCCCCCTCTC GCCCCTTCTCTCAGA A G

(rs4240705) TCTGGACT TGGACC TGGGCAA

RXRA_SNP4 ATGGAGCACTT GGAGCACTTAG AGAGAAAAATAGGAG A G

(rs3118571) AGGAAGGTGAA GAAGGTGAAGA AGGAACCCACTTTA

GAT C

RXRA_SNP5 GTCTCTGAAAC GTCTCTGAAAC CCACAATTCTAATGC G T

(rs1045570) ATCGTGGCCG ATCGTGGCCT TACTGTCCATCAAA
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6.3 Results

6.3.1 Quality control

Approximately 8.5% of samples were retyped anonymously for each assay in 

order to assess accuracy of genotyping. A maximum of one genotype differed 

In any of the assays and it was a different individual in each case. The RFLP 

assay for SNP5 also detected only one data point error compared to the 

Amplifluor SNP5 assay. Overall genotype error rate was slightly less than 1% 

and allele mis-call frequency of 0.48%. No site deviated from expectation 

under HWE (P>0.05) In the IBD patients. However In the controls, SNP5 did 

deviate from expectation under HWE (P=0.00005). This Is caused by a 

complete absence of allele 2 homozygotes in the controls (allele 2 frequency is 

0.179 and the expected frequency of allele 2 homozygotes is 0.032). This 

absence of homozygotes is also seen in the HapMap CEPH population (N=60 

individuals, 120 chromosomes, with an allele 2 frequency of 0.167 and 

expected allele 2 homozygote frequency of 0.028), which also deviates from 

expectation under HWE (P=0.0286). No allele 2 homozygotes were seen in 

the EGP CEPH panel either (N=22 individuals, 44 chromosomes, with an allele 

2 frequency of 0.114), although Perlegen did find allele 2 homozygotes in their 

CEPH panel (N= 21 individuals, allele 2 frequency = 0.357, allele 2 

homozygote frequency = 0.190) (see dbSNP database).

6.3.1 Effect of RXRa SNPs on IBD Susceptibility

When the allele frequencies of the 5 RXRaSUPs in the IBD and control 

populations were compared, none of the RXRa_SNP1, RXRa_SNP2, and 

RXRa_SNP3, RXRa_SNP4, or RXRa_SNP5 allele frequencies were 

significantly different between the patients and the controls (see Table 6.2). 

However, when the genotype distributions were compared, significantly 

different frequencies were seen for RXRa_SNP5 between cases and controls 

(p-value of 0.00004) (Table 6.2). An examination of the allele distribution 

shows, as mentioned above, that allele 2 homozygotes are absent from the 

control population, although they are found at expected rates among patients. 

Concordant with this finding, it can be seen by examining the carrier status, that
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the allele 2 carriers are significantly less common among the IBD patients 

compared to controls (28.5% vs. 35.9%, P=0.032). The SNP5 intermediate 

genetic model comparing the allele 1 homozygote frequencies to the 

heterozygote frequencies shows that there is a significant ~10% differential 

(P=0.004) in heterozygote frequency between the cases (26.4%) and the 

controls (35.9%) (Table 6.7).

6.3.3 Effect of RXRa SNPs on CD and UC Susceptibility

The IBD population was divided into groups with a diagnosis of CD or UC and 

the allele frequencies were compared between these groups and the healthy 

controls. Again, none of the SNPs had significantly different allele frequencies 

between the CD or the UC populations and the controls (see Table 6.3). When 

the genotype frequencies were examined, as before, the RXRa_SNP5 showed 

a significantly different pattern between both the CD population and controls 

(P=0.0015) and between the UC population and controls (P=0.00001) (see 

Table 6.4). The allele 2 carrier status and intermediate models show no 

significant differences between the CD group and the controls, although the 

same trend is present with the heterozygotes at a lower frequency in the CD 

group than in the controls (Table 6.7). Comparing the UC group and the 

controls, however, it can be seen that the allele 2 carrier status is significantly 

different between them (0.245 vs 0.359, P=0.006), and the intermediate model 

of the allele 1 homozygotes (1/1’s) compared to the heterozygotes (1/2's) is 

also significant (P=0.00097) (Table 6.7).

6.3.4 Genotype-Phenotype analysis

The IBD groups were then subdivided with respect to disease location. As 

before, the CD group was partitioned into those with ileal disease, those with 

colonic disease and those with ileo-colonic disease and these groups were 

compared against the controls (see Table 6.5). Once again, none of the allele 

frequencies of the SNPs were significantly different between the ileal, the 

colonic or the ileo-colonic CD patients and the controls. However, there was a 

significant difference between the colonic CD patients and the controls when 

the RXRa_SNP5 intermediate genotype model is examined (1/1’s 0.775 vs.
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0.641, 1/2's 0.225 vs. 0.359, in the cases and controls, respectively, P=0.023, 

see Table 6.8).

For DC, we partitioned the population into those with left-sided disease and 

those with pancolitis and compared these groups with each other and against 

healthy controls (see Table 6.6). There were no significant differences 

between the left-sided DC group and the controls. Only the RXRa_SNP5 allele 

2 carrier status and intermediate genotype model (1/1 vs. 1/2) frequencies were 

significantly different between the pancolitis UC group and the controls 

(P=0.015, and 0.0057, respectively, see Table 6.8).

The CD and UC patient groups were also divided based on response to 

medical therapy as described in section 2.1. The therapy resistant (CD/UC-S) 

and responsive (CD/UC-R) groups were compared with each other and against 

the healthy controls. There were no significant differences in allele frequencies 

between the CD-S and the CD-R groups (see Table 6.9), and both the CD-S 

group and the CD-R group showed a significant difference from the controls in 

the genotype frequencies of RXRa_SNP5 (data not shown). No significant 

allele frequency differences were seen between the UC-S and UC-R groups 

either (see Table 6.10). Again, both the UC-S groups and UC-R groups had 

significantly different RXRa_SNP5 genotype frequencies than the controls 

(P=0.013 and 0.0009, respectively, data not shown), while the UC-R group also 

had significantly RXRa_SNP5 allele frequencies than the controls (P=0.017, 

Table 6.10).

6.3.5 Haplotype analysis

Haplotype reconstruction for the five SNPs in the IBD and controls population 

shows no difference in overall pattern of distribution with a p-value of 0.991 

(see Table 6.11 and Figure 6.2). None of the individual haplotypes were 

significantly different between the patients and controls. Haplotype 

reconstruction in the patient subgroups, also reveal no significant differences in 

haplotype distribution between the CD or the UC group and the controls, and 

there are no difference between individual haplotypes either.
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6.3.6 Interaction analysis

Even though RXRa is a binding partner of PXR, CAR and FXR, the only 

evidence of interaction at the SNP level was seen between the RXRa_SNP5 

allele 2 carriers and the MRP3_SNP39 allele 2 carriers, and only when 

predicting the UC patients from the controls. MRP3_SNP39 is an intronic SNP 

in the MRP3 gene and has marginally significantly different allele frequencies 

between the IBD patients and the controls (P=0.039, see Table 8.2, Chapter 8, 

MRP3 results). The Wald statistic for the MRP3_SNP39 allele 1 homozygotes 

by the RXRa_SNP5 allele 2 earners interaction term has a significance of 

P=0.040 (see Table 6.14). When the stratified odds ratios are examined it can 

be seen that the odds ratio of the RXRa_SNP5 allele 2 carriers (12+22) to the 

allele 1 homozygotes (11) for the UC patients and the healthy controls is only 

significant in the MRP3_SNP39 11 homozygotes and 12 heterozygotes (see 

Table 6.15 and 6.16) and not in the MRP3_SNP39 22 homozygotes.
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Table 6.2: Comparison of RXRa SNP allele and genotype frequencies in IBD 
population and healthy controls.
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Allele and genotype frequency differences between populations were tested for significance using 
a IVIonte Carlo Markov Chain chi-square simulation in GENEPOP. Odds Ratios, Fishers 
exact tests were calculated using HITAGENE and EPI-INFO.
® Inflammatory Bowel Disease. Odds Ratios (95% Confidence Interval for Odds Ratio). 
Genotype odds ratios are recorded as undefined when any genotype has a frequency of zero.
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Table 6.3: Comparison of RXRa SNP allele frequencies in Crohn’s d isease  and 
ulcerative colitis populations and healthy controls.
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Allele frequency differences between population6s were tested  for significance 
using a Monte Carlo Markov Chain chi-square simulation in GENEPOP. Odds 
Ratios were calculated using HITAGENE and EPI-INFO.
® Crohn’s d isease. Ulcerative colitis. Odds Ratios (95% Confidence Interval for 
O dds Ratio).
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Table 6.4: Comparison of RXRa SNP genotype frequencies in CD and DC 
populations and healthy controls.
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Allele and genotype frequency differences between populations were tested for 
significance using a Monte Carlo Markov Chain chi-square simulation in 
GENEPOP. Odds Ratios, and Fishers exact tests were calculated using 
HITAGENE and EPI-INFO.
® Crohns Disease.  ̂Ulcerative colitis.. Odds Ratios (95% Confidence Interval for 
Odds Ratio).  ̂Genotype odds ratios are recorded as undefined when any 
genotype has a frequency of zero.
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Table 6.5: Comparison of RXRa SNP allele frequencies in Crohn’s disease 
populations divided by disease location and healthy controls.
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Allele frequency differences between populations were tested for significance 
using a Monte Carlo Markov Chain chi-square simulation in GENEPOP. Odds 
Ratios were calculated using HITAGENE and EPI-INFO.
 ̂ Ileal Crohn’s disease. Colonic Crohn’s disease. Ileocolonic Crohn’s disease. 
Odds Ratios (95% Confidence Interval for Odds Ratio).
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Table 6.6: Comparison of RXRa SNP allele frequencies in Ulcerative colitis 
populations divided by disease location and healthy controls.
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Allele frequency differences between populations were tested for significance 
using a Monte Carlo Markov Chain chi-square simulation in GENEPOP. Odds 
Ratios were calculated using HITAGENE and EPI-INFO.
® Left-sided colitis, including proctitis and procto-sigmoiditis. Pancolitis. Odds 
Ratios (95% Confidence Interval for Odds Ratio).
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Table 6.7: Comparison of RXRa_SNP5 allele 1 carrier status and intermediate 
genotype model in IBD, CD, DC populations and healthy controls.
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Frequency differences between populations were tested for significance using a 
Monte Carlo Markov Chain chi-square simulation in GENEPOP. Odds Ratios 
were calculated using HITAGENE and EPI-INFO,
® Inflammatory Bowel Disease.  ̂Crohn’s disease. Ulcerative colitis. Odds 
Ratios (95% Confidence Interval for Odds Ratio).
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Table 6.8: Comparison of RXRa_SNP5 allele 1 carrier status and intermediate 
genotype model in CD, UC populations divided by disease location and healthy 
controls.

si? 
a: ^

n Q
O OZ)
CO Q

O '£
o

"o
u

Q
O

o
g

o
O

c
OS

CL
"fO O

O
6
5?

Frequency differences between populations were tested for significance using a 
Monte Carlo Markov Chain chi-square simulation in GENEPOP. Odds Ratios 
were calculated using HITAGENE and EPI-INFO.
® Ulcerative colitis.  ̂Crohn’s disease. Odds Ratios (95% Confidence Interval for 
Odds Ratio).
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Table 6.9: Comparison of RXRa SNP allele frequencies in therapy resistant and 
responsive CD populations and healthy controls.
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Allele frequency differences between populations were tested for significance 
using a Monte Carlo Markov Chain chi-square simulation in GENEPOP. Odds 
Ratios were calculated using HITAGENE and EPI-INFO.
® Therapy resistant, severe Crohn’s disease. Therapy responsive Crohn’s 
disease. Odds Ratios (95% Confidence Interval for Odds Ratio).
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Table 6.10: Comparison of RXRa SNP allele frequencies in therapy resistant and 
responsive UC populations and healthy controls.
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Allele frequency differences between populations were tested for significance 
using a Monte Carlo Markov Chain chi-square simulation in GENEPOP. Odds 
Ratios were calculated using HITAGENE and EPi-INFO.
® Therapy resistant, severe Ulcerative colitis. Therapy responsive Ulcerative 
colitis. Odds Ratios (95% Confidence Interval for Odds Ratio).
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Table 6.11: Comparison of RXRa SNP estimated haplotype frequencies in IBD, 
CD, and DC populations and healthy controls.

Haplotype population frequencies IBD vs. 

Controls

CD" vs. 

Controls

UC" vs. 

Controls

Haplotype 160“ CD“ c o r Controls P P P

1. 11111 0.626 0.630 0.620 0.590 0.262 0.331 0.384

2. 22222 0.079 0.072 0.089 0.097 0.283 0.263 0.631

3. 21222 0.066 0.089 0,039 0.069 0.915 0.177 0.053
4. 21221 0.065 0.047 0.083 0.064 0.780 0.350 0.194

5. 22221 0.062 0.067 0.058 0.066 0.785 0.999 0.662

6. 11211 0.038 0.037 0.041 0.041 0.859 0.868 0.988

Differences in haplotype distribution between populations were tested 
for significance using a permutation test (HITAGENE). The 
haplotypes are composed of SNP loci RXRA SNP1, RXRA_SNP2, 
RXRA_SNP3, RXRA_SNP4 and RXRA_SNP5, respectively. Overall 
p-values for comparison between the population tables are: IBD vs. 
controls; P=0.991; CD vs. controls: P=0.850; UC vs controls;
P=0.623.
® Inflammatory Bowel Disease, Crohn’s Disease. Ulcerative colitis.
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Figure 6.3: Graph of RXRa SNP estimated haplotype frequencies in the IBD 
population and healthy controls. Haplotype frequency estimations (HFE) were 
generated on HITAGENE using an expectation maximisation (EM) algorithm.

Table 6.12: Pairwise measures of linkage disequilibrium in the Control

RXRa_SNP1 RXRa_SNP2 RXRa_SNP3 RXRa_SNP4 RXRa_SNP5

RXRa_SNP1 367.500 607.999 660.749 343.877

RXRa_SNP2 0.408 291.451 313.345 180.164

RXRa_SNP3 0.664 0.315 707.094 258.837

RXRa_SNP4 0.747 0.350 0.779 327.066

RXRa_SNP5 0.389 0.202 0.286 0.372

The r̂  values are shown in the bottom left area of the table and corresponding 
values are shown in the top right area of the table. Corresponding P-values 

to the values are <10^ in all cases. The pairs exhibiting a strong LD pattern 
(defined as r^>0.7) are highlighted in bold italics. Values did not differ 
significantly between cases and controls. Values were calculated using 
HITAGENE.
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Table 6.13: Pairwise measures of linkage disequilibrium in the IBD population 
between the 5 SNPs in RXRa.

RXRa_SNP1 RXRa_SNP2 RXRa_SNP3 RXRa_SNP4 RXRa_SNP5

RXRa_SNP1 283.439 405.515 474.285 259.024

RXRa_SNP2 0.429 205.010 245.923 137.908

RXRa_SNP3 0.660 0.330 200.761 258.837

RXRa_SNP4 0.736 0.378 0.754 244.274

RXRa_SNP5 0.395 0.208 0.318 0.371

The r̂  values are shown in the bottom left area of the table and corresponding 
values are shown in the top right area of the table. Corresponding P-values 

to the values are <10'^ in all cases. The pairs exhibiting a strong LD pattern 
(defined as r^>0.7) are highlighted in bold italics. Values did not differ 
significantly between cases and controls. Values were calculated using 
HITAGENE.
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Table 6.14: Binary logistic model with an interaction between RXRa_SNP5 allele 
2 carriers and MRP3_SNP39 genotypes predicting the UC patient group 
compared to controls.

Variables in the Equation

B S.E. Wald df Sig. Exp(B) 95.0% C.I.for EXP(B)

1 , Lower Upper
RXRa_5A2 0.221 0.470 0.222 1 0.638 1.248 0.497 3.133
MRP3_39 0.984 2 0.611
MRP3_39(1) 0.073 0.337 0.047 1 0.829 1.075 0.556 2.081
MRP3_39(2) 0.264 0.332 0.630 1 0.427 1.302 0.679 2.495
MRP3 39 
RXRa 5A2 4.268 2 0.118

MRP3 39(1) by 
RXRa 5A2 -1.235 0.602 4.216 1 0.040 0.291 0.089 0.945

MRP3 39(2) by 
RXRa 5A2 -0.849 0.555 2.340 1 0.126 0.428 0.144 1.270

Constant -0.490 0.291 2.823 1 0.093 0.613 ________

The interaction between RXRa_SNP5 allele 2 carriers and MRP3_SNP39 
genotypes was tested using SPSS 12.0.1. The MRP3_SNP39 genotypes were 
coded as: 11 homozygotes = MRP3_39(1), 12 heterozygotes = MRP3_39(2), and 
22 homozygotes = MRP3_39.
B is the logistic regression coefficient, S.E. is the standard error of the coefficient, 
Wald is the Wald statistic, df is the degrees of freedom for the Wald statistic, Sig. 
is the p-value of the Wald statistic, Exp(B) is the odds ratio of the logistic 
regression coeffieient compared to its standerd error.
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Table 6.15: Count of RXRa_SNP5 allele 2 carriers stratified by MRP3_SNP39 
genotypes in DC and control populations.

RXRa SNP5 Allele2 carriers * uc cases * MRP3 SNP39 GENOTYPES Crosstabulation
MRP3 39 
GENOTYPES RXRa SNP5 Controls UC
11 11 Count 88 58

% within group 65.7% 84.1%
12+22 Count 46 11

% within group 34.3% 15.9%
Total 134 69

l 2 ^ 11 Count 89 71
% within group 62.2% 75.5%

12+22 Count 54 23
% within group 37.8% 24.5%
Total 143 94

22 l ' l Count 31 19
% within group 64.6% 59.4%

12+22 Count 17 13
% within group 35.4% 40.6%
Total 48 32

Stratification was carried out using SPSS 12.0.1.

Table 6.16: Odds ratios and p-values for UC risk with RXRa_SNP5 allele 2 
carriers, stratified by MRP3_SNP39 genotypes.

MRP3 SNP39 genotypes OR (95% Cl) for RXRA SNP5 allele 2 carriers 
(11/12+22)

P

11 0.363 (0.17-0.76) 0.006

12 0.534 (0.29-0.95) 0.033

22 1.248 (0.49-3.13) 0.637

Odds ratios and p-values calculated with SPSS12.0.1.
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6.4 Discussion

This study examined the association of 5 haplotype tagging SNPs in the RXRa 

gene. It demonstrates for the first time an association between RXRa_SNP5 

(rs1045570) and IBD (P=0.00004) (Table 6.2). What's more, this SNP was 

found to be associated with DC (P=0.00001), and to a lesser extent with CD 

(P=0.0027) (Table 6.4). No association was seen with the four other SNPs.

The RXRa_SNP5 association is only made clear by examining the intermediate 

genetic model, in which the allele 1 homozygotes are compared to the 

heterozygotes (Table 6.7). The heterozygotes are significantly less frequent in 

the IBD patients (as a whole group) than in the controls (OR 1,56, 95% Cl 1.15- 

2.11, P=0.004). The same pattern can be seen in the UC patients, in which the 

RXRa_SNP5 heterozygotes are again significantly lower in the patients than in 

the controls (OR 1.96, 95% Cl 1.31-2.94, P=0.00097), but the difference is not 

significant between the CD patients and the controls (OR 1.29, 95% Cl 0.91- 

1.84, P=0.151). However, RXRa_SNP5 may have a phenotypic association as 

a marginal association is seen with colonic CD when the allele 1 homozygotes 

are compared against the heterozygotes (OR 1.93, 95% Cl 1.09-3.40,

P=0.023), but not when small bowel CD or ileocolonic CD are compared with 

controls (OR 1.07, 95%CI 0.63-1,83, P=0.794 and OR 1,27, 95% Cl 0.70-2.31, 

P=0.426, respectively) (Table 6.8). An association is also seen with extensive 

UC (OR 2.31, 95% Cl 1.26-4.23, P=0.0057) but not left-sided UC (OR 1.38, 

95% Cl 0.79-2.41, P=0.247) compared to controls when the allele 1 

homozygotes are compared against the heterozygotes (Table 6.8). However, 

the same pattern is seen in all the disease sub-groups, with allele 1 

homozygotes increased and heterozygotes decreased compared with the 

controls. The patient numbers in these groups would need to be increased 

before a more definitive conclusion could be made regarding these 

associations.
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RXRadoes not show any association with patient response to nnedical therapy 

in the CD or the UC patients, with similar frequencies for all SNPs in both the 

therapy resistant and responsive groups.

Although the SNPs assayed for this study were chosen specifically to tag 85% 

of RXRa haplotypes, haplotype reconstruction shows no significant differences 

in the overall pattern of haplotypes between the patients and the controls, or 

between the individual haplotypes. This indicates that SNPS is a better 

predictor of disease alone due to either a functional affect of SNPS itself or its 

LD with other SNPs outside those used to generate the htSNPs in this study.

It is interesting that RXRa_SNPS heterozygotes are only significantly less 

frequent in UC patients compared to controls, and not in CD patients. RXRa 

has been shown to be essential in the development of a Th2 response (Du et 

al., 200S) and there is evidence that UC is a Th2-mediated disease, whereas 

CD appears to be a Th1-mediated disease (Bouma and Strober, 2003), A 

mouse model of UC has been shown to be driven by natural killer T (NKT) cells 

that produce IL-13 (i.e. Th2) (Heller et al., 2002), whereas CD appears to be 

driven by IL-12 and IFNy(i.e. Th1) (Neurath et al., 199S).

The data to support CD as a Th1 mediated disease is considerable, IL-12 has 

been shown to be over produced by macrophages in CD, but not UC 

(Monteleone et al., 1997; Parronchi et al., 1997; Liu et al., 1999). T cells that 

are isolated from affected tissues of CD patients express increased amounts of 

the IL-12RP2 chain, which is a characteristic of Th i cells (Parrello et al., 2000; 

Neurath et al., 2002). While on the other hand, there

is also substantial evidence that UC is a Th2 mediated disease. The IgGI and 

lgG4 antibodies, which are Th2 related subclasses of antibodies, have been 

shown to be predominant in UC (Kett et al., 1987). UC has also been 

associated with increased secretion of the Th2 cytokine IL-S (Fuss et al., 1996).

Du et al. demonstrated that RXRa deficiency caused a failure of Th2 responses 

in vivo in a mouse model with a mutant RXRa{RXRd’^̂ ) that has a 90% loss of 

RXRa activity, leading to a strongly Thi predominance (Du et al., 200S).
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Dendritic cells from the RXRcF^  ̂mice produced significantly higher levels of IL- 

12 under basal and activated conditions. Du et al. postulate that a high dietary 

intake of the RXRa-dependent ligand vitamin A, or environmental ligands that 

mimic the effect of retinoic acid, could skew the Th balance towards a strong 

Th2 (Du et al., 2005). In fact, it has been shown in mice that high dietary intake 

of vitamin A caused an increase in IL-10 and a decrease in IFNy, indicating a 

shift towards a Th2 response (Stockel et al., 2000).

RXRa_SNP5 (rs l045570) is located in the 3’ UTR region of RXRa. There is no 

functional data published for this SNP. However, there is increasing evidence 

that 3’ UTRs of mRNAs may contain regulatory elements that have important 

roles in post-transcriptional regulation of gene expression. This includes 

modulation of the transport of mRNAs out of the nucleus and of translation 

efficiency (van derVelden and Thomas, 1999), subcellular localization (Jansen, 

2001) and stability (Bashirullah et al., 2001). It is therefore possible that the 

RXRa_SNP5 could have a functional effect, or be linked to another 3’UTR 

functional SNP.
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Figure 6.4: The generic structure of a eukaryotic mRNA, illustrating some 
post-transcriptional regulatory elements that affect gene expression. 
Abbreviations (from 5' to 3'): UTR, untranslated region; m7G, 7-methyl- 
guanosine cap; hairpin, hairpin-like secondary structures; uORF, upstream 
open reading frame; IRES, internal ribosome entry site; CPE, cytoplasmic 
polyadenylation element; AAUAAA, polyadenylation signal. (Mignone et al., 
2002).

An interaction was seen between the RXRa_SNP5 allele 2 carriers and the

MRP3 SNP39 genotypes in the UC patients compared to the controls. The

difference in frequencies of the RXRa_SNP5 allele 1 homozygotes versus the

allele 2 carriers between the UC patients and controls was most significant in

the presence of the MRP3 SNP39 11 homozygotes (P=0.006), and was not

significant at all in the presence of the MRP3_SNP39 22 homozygotes
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(P=0.637). The interaction between these two polymorphisms suggests that 

they are likely to act in the same causal pathway, or in some other way act 

together to contribute to DC. This observation is also in agreement with the 

functional interaction of RXRa and MRP3, in that RXRa has been shown to be 

critical in the constitutive expression of MRP3 (Cherrington et al., 2003).

In conclusion, RXRa has a critical role in xenobiotic metabolism because of its 

role as an obligate heterodimeric partner of nuclear receptors such as CAR, 

PXR, FXR etc. that regulate the expression of xenobiotic metabolising genes 

such as CYP450, MDR1 and MRP3, underlying the cross talk between the 

nuclear receptors. If its’ gene expression was altered, then the expression of 

many genes of the xenobiotic response system could also be affected.
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Chapter 7 

Genetic association analysis 

of ABCB1 and IBD
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7.1 Introduction

7.1.1 Structure and function of P-glycoprotein

P-glycoprotein (P-gp) is encoded by ABCB1 (or MDR1), and is an energy 

dependent, transmembrane drug efflux pump, of 170 kD. P-gp belongs to a 

superfamily of ATP-binding cassette transporters (ABC transporters). High 

levels of P-gp are present in the intestinal mucosa, luminal membranes of the 

renal proximal tubes, the bilary canicular membrane of hepatocytes, the 

adrenal gland, endometrium and astrocyte foot processes associated with the 

blood brain barrier (Thiebaut et al., 1987). The current theory to explain P-gp 

function is that it acts as a ‘flipase’, which removes substrates from the lipid 

bilayer into the extracellular space (Higgins and Gottesman, 1992). P-gp 

transports a wide range of lipophilic and amphiphatic compounds that include 

many commonly used anticancer agents, cardiac drugs, HIV protease 

inhibitors, immunosuppressants, as well as glucocorticoids (Vo and Gruol, 

1999).

P-gp is 1280 amino acids long and consists of two halves that share a high 

degree of sequence homology. Each half of the protein includes a short highly 

hydrophilic N-terminal region, a long hydrophobic region with six 

transmembrane segments, and a relatively hydrophilic region, which contains a 

consensus sequence for a nucleotide-binding site (Chen et al., 1990). The 

ABCB1 P-gp has three carbohydrate side chains located in the first 

extracellular loop. These are N-glycosylation sites, which may affect P-gp 

stability and routing to the plasma membrane.

7.1.2 Genomic organisation and regulation

The ABCB1 gene is encoded on the long arm of chromosome 7, located at 

7q21.1 (Chenetal., 1990). It includes 29 exons, numbered-1 to 28, spanning 

over 100 Kb and the exon sizes range from 49 to 587-bp in the protein-coding 

region (Chen et al., 1990). The protein-coding sequence is encoded by 27 

exons, 14 of which code for the left half of the protein and 13 the right half of 

the protein (Chen et al., 1990).
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Figure 7.1: Genomic structure of the >ASCS7 gene. The locations of 15 
polymorphisms identified by Hoffmeyer at al. (arrows) are indicated in relation 
to the exon-intron structure of the human ABCB1 gene and the corresponding 
domain composition of P-gp. *: SNP just before the translation start codon. 
White arrows depict noncoding polymorphisms, two of which are linked (broken 
line). Black arrows show the protein polymorphisms in exons 2, 5, and 11. 
(Hoffmeyer et a!., 2000).

Two promoters have been identified, a distal upstream promoter found at the 

beginning of exon -1 and a proximal downstream promoter located within exon 

1, with the major transcription initiation site at nucleotide -140 (Ueda et al., 

1987). The portion of exon 1 located 5’ from the downstream promoter is 

designated exon la , and the 3’ portion of this exon is called exon 1b (Chen et 

al., 1990). The ATG translation initiation codon is located within exon 2, with 

the A set to 1 in the numbering of the bases (Chen et al., 1990).

The regulation of ABCB1 expression is complex and a considerable number of 

regulatory elements have been identified (Figure 7.2). The downstream 

promoter is used for expression of ABCB1 by most drug resistant cell lines and 

normal tissues (Ueda et al., 1987).

The downstream promoter contains an initiator element (INR) (see Figure 2) 

that is defined by the consensus formula Py-Py-A(+1)-N-(T/A)-Py-Py (Labaille 

et al., 2002) (the +1 is the -140 transcription start site). The INR is required to 

direct basal transcription at the major transcription start point. Basal levels of 

transcription are regulated by at least three regions in the gene. Negative 

regulation of transcription is carried out by a GC-rich region located at -110 to 

-103 bases upstream of the major transcription start site (Cornwell and Smith,
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1993). Mutation in this area resulted in a six-fold increase in promoter activity. 

Binding sites for SP1 (a 105kDa ubiquitous nuclear transcription factor) and 

early growth response factors (E G R ) in another GC-rich region at -50 to -70  

bases upstream of the +1 site also seem to be involved in regulation (Cornwell 

and Smith, 1993). Mutation of this GC-box reduced promoter activity 5-fold, 

indicating a transcriptional stimulatory role fo rS p I (Cornwell and Smith, 1993). 

Deletion of the Y-box consensus at - 7 3  to -8 2  causes a 5-10-fold decrease in 

ABCB1 expression, and thus it may be critical for basal transcriptional 

regulation (Goldsmith e ta l., 1993).

Several transcription factors and cellular stimuli that increase ABCB1 promoter 

activity have been identified. The wild type tumour suppressor protein p53 has 

been shown to inhibit the ABCB1  promoter, whereas mutant versions of p53 

act as activators, probably due to the loss of their inhibitory effect (Johnson et 

al., 2001). Promoter activity has been proposed to be modulated via signal 

transduction pathways involved in growth regulation, for exam ple parts of the 

Ras pathway and the M EK-M APK cascade (Cornwell and Smith, 1993; Duerr 

et al., 2006). Heat shock has been shown to Increase ABCB1  m RNA levels 

and ABCB1  gene transcription (Handschin et al., 2000) indicating that M DR1  

may be considered a stress response gene. Vilaboa et al. (Vilaboa et al., 

2000) have shown HSF1 to increase ABCB1  promoter activity. The  

methylation status at the GC-rich sites near the Y-box on the promoter may be 

important fo r /\S C S y  expression. Nakayam a e ta l. (Nakayam a e ta l., 1998) 

found that demethylation of CpG sites in this area was a necessary condition 

for ABCB1 gene overexpression in AM L patients.
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Figure 7.2; Untranslated 5' regulatory region of the human ABCB1 gene 
showing promoter elements. Numbers indicate their position relative to the 
major +1 start site. Two arrows over the initiator window indicate the major and 
secondary start sites reported in the literature. (Labaille et al., 2002).



Induction by drugs and steroid hormones also play an important part in ABCB1 

mRNA expression (Durr et al., 2000; Kim et al., 2001). This induction has been 

shown to be dependent on orphan nuclear receptors, and in particular PXR 

(NR112). PXR binds to a DR4 motif in the distal -7 .8kb  enhancer of the ABCB1 

5’-upstream regulatory region and induces gene transcription following 

activation by a ligand (for example rifampicin) (Geick et al., 2001). The orphan 

nuclear receptor CAR has also been shown to play a role in the regulation of 

intestinal ABCB1 expression (Lang et al., 2004). Both PXR and CAR bind to 

ABCB1 as heterodimers with RXRa (Geick et al., 2001; Lang et a!., 2004). 

Many other elements are likely involved in ABCB1 transcriptional regulation, 

and knowledge of this regulation is far from complete.

7.1.3 Polymorphisms and mutations in ABCB1
Kioka et al. (Kioka et al., 1989) first described an Ala-Ser polymorphism in 

1989, which they found in ABCB1 cDNA isolated from the human adrenal gland 

that expresses P-gp at a high level. Mickley et al. (Mickley et al., 1998) 

identified two naturally occurring genetic polymorphisms in the protein-coding 

region. One was the G to T change in exon 21 at position 2677 (21/2677) 

causing the amino acid change from Ala to Ser described by Kioka et al. (Kioka 

et al., 1989). The other polymorphism was in exon 24, a G2995A substitution 

that resulted in an Ala to Thr change.

Fifteen polymorphisms were described by Hoffmeyer et al. (Hoffmeyer et al.,

2000). Eleven of these were noncoding SNPs in introns (2/-1, 5/-35, 5/-25,

6/+139, 6/+145, 12/+44, 17/-76 and 17/+137) and wobble positions (that is

SNPs in the third position of codons that do not cause alterations to the amino

acid sequence), 12/1236, 26/3435 and 26/3396. Another was a noncoding

SNP in the promoter, 1b/-129. The remaining three SNPs altered amino acid

sequence and were located in exons 2, 5, and 11. The polymorphism in exon 2

(2/61) resulted in Asn being replaced with Asp, and thus the charge at this

position was changed from basic to acidic. The involvement of this region of P-

gp (near the N-terminus) with protein function has not yet been elucidated. In

exon 5, the SNP caused an aromatic residue, 103Phe, to be changed to Leu, a

lipophilic residue. This is located before the second transmembrane domain on
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the extracellular side of P-gp, near to glycosylation sites. The 400Ser was 

replaced with Asp by the polymorphism in exon 11. This is located on the 

cytoplasmic side of P-gp just before the first ATP-binding domain.

A third rare allele was subsequently found at the 21/2677 SNP (G2677A, 

893Thr) by Cascorbi et al. (Cascorbi et al., 2001) along with a SNP at 26/3320 

(GInl 107Pro). A further four novel SNPswere identified in Asian populations; 

an A to G transversion 41 bases upstream from the initial position of exon 1 a 

(A-41G), a C to G transversion a t -145  in exon la  (C-145G) (Johnson et al., 

2001), 24/2956 (Met986Val), 28/4030 and 28/4036 (non-coding) (Tanabe et al., 

2001). Screening in ethnic populations (Kim et al., 2001; Schwab et al., 2003) 

revealed 2 / ^  (intronic), 7/548 (Asn183Ser), 13/1474 (Arg492Cys), 21/2650 

(Leu884Leu) and 26/3421 (Ser1141Thr). This brings the number of SNPs thus 

far described in ABCB1 up to 28 (see Table 7.1).
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Figure 7.3: Polymorphisms in the human ABCB1 gene. The positions of identified 
polymorphisms (arrows) are indicated in relation to the exon structure of the human 
ABCB1 gene and the predicted topology of P-gp. Sequence numbering is from Chen 
et al. (Chen et al., 1990). (Tanabe et al., 2001).
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Table 7.1: Summary of >ASCS7 SNPs. The positions correspond to >A6C6y 
cDNA with the first base of the ATG start codon set to 1. (Sequence 
numbering is from (Chen et a!., 1990)).

Location Position
Allele
Change Effect Reference

promoter
5’flanking/-
41a A t o G

(Johnson et al., 
2001)

exon 1a 1a/-145 C t o G
(Johnson et al., 
2001)

exon 1b 1b/-129 T t o C
(Hoffmeyer et a!., 
2000)

intron 1 2/-4 C t o T (Kim etal., 2001)

intron 1 2/-1 G to A
initiation of 
translation

(Hoffmeyer et al., 
2000)

exon 2 2/61 A to G 21Asn to 21Asp
(Hoffmeyer et al., 
2000)

intron 4 5/-35 G toC
(Hoffmeyer et al., 
2000)

intron 4 5Z-25 G to T
(Hoffmeyer et al., 
2000)

exon 5 5/307 T t o C 103Phe to103Leu
(Hoffmeyer et al., 
2000)

intron 6 6/+139 C t o T
(Hoffmeyer et al., 
2000)

intron 6 6/+145 C t o T
(Hoffmeyer et al., 
2000)

exon 7 7/548 A t o G 183Asn to 183Ser (Kim etal., 2001)

exon 11 11/1199 G t o A 400Ser to 40DAsn
(Hoffmeyer et al., 
2000)

exon 12 12/1236 C t o T 412Gly to412G ly
(Hoffmeyer et al., 
2000)

intron 12 12/+44 C t o T
(Hoffmeyer et al., 
2000)

exon 13 13/1747 C t o T 492Arg to 492Cys (Kim et al., 2001)

intron 16 17/-76 T t o A
(Hoffmeyer et al., 
2000)

intron 17 17/+137 A t o G
(Hoffmeyer et al., 
2000)

exon 21 21/2650 C t o T 884Leu to 884Leu (Kim et al., 2001)

exon 21 21/2677 G to T/A
893Ala to 
893Ser/893Thr

(Mickley et al.,
1998; Cascorbi et 
al., 2001)

exon 24 24/2956 A to G 986l\/let to 986Val
(Tanabe et al., 
2001)

exon 24 24/2995 G to A 999Ala to 999Thr
(Mickley et al., 
1998)

exon 26 26/3320 A t o C 1107Glnto 1107Pro
(Cascorbi et al., 
2001)

exon 26 26/3396 C t o T wobble
(Hoffmeyer et al., 
2000)

exon 26 26/3421 T t o A 1141Ser to 1141Thr

(Kim etal., 2001; 
Schwab et al., 
2003)

exon 26 26/3435 C t o T 1145lleto 1145lle
(Hoffmeyer et al., 
2000)

exon 28 28/4030 G t o C
(Tanabe et al., 
2001)

exon 28 28/4036 A to G
(Tanabe et al., 
2001)
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A number of studies have found an association between SNPs and the 

expression levels and/or function of P-gp. The Hoffmeyer et al. study was too 

small to make a correlation between ABCB1 activity and most

of the polymorphisms, but one, 26/3435TT, was correlated with both lower 

expression levels and activity of intestinal P-gp (Hoffmeyer et al., 2000). This 

association was subsequently also demonstrated in CD56-positive cells of 

individuals who had the 26/3435TT genotype, which had lower levels ABCB1 

mRNA and decreased rhodamine 123 efflux compared to those with the 

reference 3435CC genotype (Lang et al., 2004). Higher drug absorption, 

indicating lower expression or activity of P-gp has been associated with the 

3435TT genotype in a number of other studies (Hoffmeyer et al., 2000; Fellay 

et al., 2002; Balram et al., 2003; Verstuyft et al., 2003). On the other hand, 

higher 6uo6er\a\ ABCB1 mRNA expression has been demonstrated with the 

3435TT genotype (Saito et al., 2002), and lower drug absorption has also been 

associated with 3435T (Fellay et al., 2002; Nakamura et al., 2002). However, a 

number of other studies have shown no difference in the expression of P-gp or 

ABCB1 mRNA with either 26/3435 allele (Siegmund et al., 2002; Ikeda et al., 

2003; Oselin et al., 2003; Owen et al., 2005). Chowbay et al. carried out a 

meta-analysis of 26/3435 and concluded that it did not have any effects on 

digoxin pharmacokinetics or ABCB1 mRNA expression (Chowbay et al., 2005).

The molecular basis for an association of a seemingly silent mutation and 

altered expression/activity could be due to a linkage of C3435T to another 

functional SNP, such as 21/2677. Other possible effects of silent mutations 

could include alteration of downstream splicing of mRNA and influencing RNA 

processing or the control or efficiency of mRNA translation.

Tanabe et al. (Tanabe et al., 2001) found that the 21/2677TT and 1b/-129TC 

genotypes correlated with decreased P-gp expression, although the 21/2677TT 

correlation was not significant. In cells transduced with ABCB1-893Ser 

(21/2677GG) or ABCB1-8Q3A\a (21/2677GT), digoxin intracellular 

concentration was found to be 47% lower with the 893Ser variant than with

893Ala, implying enhanced efflux ability with the 893Ser (Kim et al., 2001).
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However, 21/2677 along with four other coding SNPs (2/61, 5/307, 11/1199, 

and 24/2995) were found not to have any functional consequence using a 

vaccinia virus based transient expression systenn (Kimchi-Sarfaty et al., 2002). 

Two more studies that looked at both transient and stable expression of 893Ser 

did not show any differences in the transport of calcein-AM, verapamil, digoxin, 

vinblastine, or cyclosporin A compared to the reference protein (Kroetz et al., 

2003; Morita et al., 2003). Recently the 21/2677TT genotype was found to be 

associated with increased basal levels of CYP3A4 in the liver and intestines 

(Lamba et al., 2006). Conversely, the magnitude of CYP3A4 induction by 

rifampin was greater in individuals with the 21/2677G allele, although this may 

be explained be the inverse relationship between CYP3A4 induction and its 

basal level (Lamba et al., 2006). There are a number of possible explanations 

for these discordant results including heterogeneity in the ABCB1 haplotype 

structure within study populations.

7.1.4 ABCB1 and IBD

A number of lines of evidence have indicated that ABCB1 may be involved in 

the development of IBD. Family based genetic mapping studies identified the 

genomic region encoding ABCB1 as a susceptibility locus for IBD (Satsangi et 

al., 1996). It was subsequently shown that mdr1a knockout mice 

spontaneously developed colitis. This was reversed and prevented by the 

administration of antibiotics, suggesting that the intestinal flora was necessary 

in the initiation and perpetuation of colitis and that loss of the xenobiotic efflux 

mechanism contributes to the development of colitis in this model (Panwala et 

al., 1998). Several studies have looked at the association ABCB1 SNPs with 

IBD with different degrees of success. Schwab et al. (Schwab et al., 2003) 

examined the association of 26/3435 with IBD, and found that it was associated 

with DC, but not with CD. On the other hand Brant et al. (Brant et al., 2003) 

found that 21/2677, but not 26/3435, was associated with IBD. Yet another 

study found that neither were associated with CD or DC in UK and German 

populations (Croucher et al., 2003). A later study replicated the Schwab finding 

of an association of 26/3435 with UC but not CD (Ke et al., 2005). Recently, 

ABCB1, along with a number of other xenobiotic detoxification genes, was
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7.2 Methods

7.2.1 Genotyping

Five ABCB1 SNPs were chosen based on their effect on the coding region 

(11/1199 [rs2229109], and 21/2677 [rs9282563]), previous association with 

expression levels (1b/-129 [rs3213619] and 26/3435 [rs1045642]) or the high 

frequency of the SNP (12/1236 [rsl 128503]).

Taqman or RFLP assays were designed depending on the suitability of the 

sequences around the different SNPs for Taqman. A sequence is suitable for a 

Taqman assay if probes can be designed for the SNP, according to the 

guidelines give by Applied Biosystems, that are less than 30-bp long. If they 

are any longer than 30-bp, a single base pair change in the probe would not be 

sufficient to destabalise it in the presence of the non-bonding allele and allelic 

discrimination could not be achieved. Thus, 26/3435 was suitable for assay by 

Taqman and 1b/-129, 11/1199, 12/1236 and 21/2677 were assayed by RFLP 

(see section 2.5).

7.2.2 Statistics

Allele, genotype frequency differences between populations, linkage 

disequilibrium (LD), tests for Hardy Weinberg equilibrium (HWE) and haplotype 

frequency estimation (HFE) were tested as described in section 2.6.

Interaction of the two ABCB1 SNPs with SNPs in PXR, FXR, RXRa, CAR, and 

MRP3 was tested by including an interaction term for genotype/carrier status by 

genotype/carrier status for pairs of SNPs in a logistic regression model. The 

significance of an interaction term was assessed by using a Wald Chi-square 

test with one degree of freedom. Any interaction was then examined by 

estimating odds ratios with 95% confidence intervals for each of the RXRa 

SNP genotypes/carrier status separately in the genotypes of the other SNP.
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7.3 Results

Minor allele frequencies of 1b/-129 and 11/1199 were <3% and did not differ 

significantly between groups after an initial screen (including all controls and 

over 70% of the patient sample). Thus these SNPs were considered 

uninformative and so were not typed in the remainder of our patient group and 

were excluded from our analysis. It was attempted to genotype 12/1236 by two 

different RFLP assays and by a MGB Taqman assay, all of which gave unclear 

and conflicting results. Therefore this SNP was also excluded from our 

analysis.

7.3.1 Quality control

Approximately 8.5% of samples were retyped anonymously for each assay in 

order to assess accuracy of genotyping. A maximum of one genotype differed 

in any of the assays and it was a different individual in each case. Overall 

genotype error rate was slightly less than 1% and allele mis-call frequency of 

0.48%. No site deviated from expectation under HWE (P>0.05) in the IBD 

patients.

7.3.2 Effect of ABCB1 SNPs on IBD Susceptibility

The allele frequencies of the 21/2677 and 26/3435 SNPs were compared in the 

IBD and in the control populations, and neither were significantly different in 

frequency between the groups (see Table 7.2). Genotype distributions were 

also similar between cases and controls for both loci (Table 7.2).

7.3.3 Effect of ABCB1 SNPs on CD and DC Susceptibility

The IBD population was divided into groups with a diagnosis of CD or DC and 

the allele frequencies were compared between these groups and the healthy 

controls. There were no significant differences in allele or genotype frequency 

between the groups for either SNP (Table 7.3).

7.3.4 Genotype-Phenotype analysis

The IBD groups were then subdivided with respect to disease location. The CD

group was partitioned as before, into those with ileal disease; those with colonic
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disease and those with ileo-colonic disease and these groups were compared 

against the controls (see Table 7.4). Once again neither SNP was significantly 

different between the ileal, colonic or ileo-colonic CD patients and the controls.

For UC, we partitioned the population into those with left-sided disease and 

those with pancolitis and compared these groups with each other and against 

healthy controls (see Table 7.5). There were no significant differences 

between the leftsided or the pancolitis UC group and the controls.

The CD and UC patient groups were also divided based on response to 

medical therapy as described in section 2.1. The severe, therapy resistant 

(CD/UC-S) and responsive (CD/UC-R) groups were compared with each other 

and against the healthy controls. No significant differences in allele 

frequencies were seen between the therapy resistant and responsive patient 

groups, or between these groups and the controls (see Tables 7.6 and 7.7).

7.3.5 Haplotype analysis

Haplotype reconstruction for the two SNPs in the IBD and control populations 

shows no difference in overall pattern of distribution (see Table 7.8). None of 

the individual haplotypes are significantly different in frequency in the IBD 

group compared to the controls. Haplotype reconstruction in the patient 

subgroups reveals no overall difference in haplotype distribution between the 

CD group and the controls, and no difference in the individual haplotypes. The 

reconstructed haplotypes in the UC group show no difference in overall 

haplotype distribution, and there are no differences in the individual haplotypes 

either.

7.3.6 Interaction analysis

A significant interaction is seen between the ABCB1_2M2677 allele 2 carriers

and the PXR_25385 SNP, when predicting the IBD patients from the controls.

The Wald statistic for the PXR_25385 allele 1 homozygotes, heterozygotes and

allele 2 homozygotes by the ABCB1_2M2677 allele 2 carriers interaction terms

are all significant (P=0.012, 0.032, and 0.006, respectively) (see Table 7.12).

When the stratified odds ratios are examined, it can be seen that the odds ratio
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of the ABCB1_2M2677 allele 2 carriers (12+22) to the allele 1 homozygotes 

(11) for the IBD patients compared to the healthy controls is only significant in 

the PXR_25385 22 homozygotes (P=0.031) (PXR 25385 allele 2 is significantly 

decreased in IBD patients compared to controls, see PXR results chapter), with 

the allele 2 carriers less frequent in the patients (see Table 7.13 and 7.14).

Although no significant interaction can be seen when logistic regression is 

carried out between ABCB1_26/3435, when its allele 2 carriers are stratified by 

PXR_25385 genotypes a significant difference is seen. Again, only within the 

PXR_25385 allele 2 homozygotes is a significant odds ratio obtained between 

the IBD patients and the controls for the ABCB1_26/3435 allele 2 carriers (OR 

0.35, 95% Cl 0.13-0.19, ,^=0.017), with the ABCB1_26/3435 allele 2 carriers at 

a decreased frequency in the IBD patients compared to the controls.

An interaction was also seen between the ABCB1_2M2677 allele 1 carriers and 

the MRP3_SNP39 genotypes, when predicting the IBD patients from the 

controls. The Wald statistic for the MRP3_SNP39 allele 1 homozygotes, 

heterozygotes and allele 2 homozygotes by the ABCB1 _2M2677 allele 1 

carriers interaction terms are all significant (P=0.029, 0.014, and 0.042, 

respectively) (see Table 7.15). When the stratified odds ratios are examined, it 

can be seen that the odds ratio of the ABCB1_2M2Q77 allele 1 carriers (11+12) 

to the allele 2 homozygotes (22) for the IBD patients compared to the healthy 

controls is only significant in the MRP3_SNP39 22 homozygotes (P=0.040), 

with the ABCB1 _2M2Q77 allele 1 carriers more frequent in the patients (see 

Table 7.16 and 7.17) (MRP3_SNP39 allele 2 is significantly more frequent in 

the IBD patients compared to the controls, see Chapter 8). A significant 

interaction between these two SNPs is also seen when the UC patients are 

predicted compared to the controls (see Table 18). Again, a significant odds 

ratio for the ABCB1_2M2677 allele 1 carriers (12+22) to the allele 1 

homozygotes (11) for the UC patients compared to the healthy controls is only 

significant in the MRP3_SNP39 allele 2 homozygotes (P=0.026) (see Tables 

7.19 and 7.20).
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Table 7.2: Comparison of ABCB1 SNP allele and genotype frequencies in IBD 
population and healthy controls.
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Allele and genotype frequency differences between populations were tested for 
significance using a Monte Carlo Markov Chain chi-square simulation in 
GENEPOP. Odds Ratios, and Fishers exact tests were calculated using 
HITAGENEand EPI-INFO.
® Inflammatory Bowel D isease .O dds Ratios (95% Confidence Interval for Odds 
Ratio).
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Table 7.3: Comparison of ABCB1 SNP allele frequencies in Crohn’s disease and 
ulcerative colitis populations and healthy controls.

Allele count (Frequency) CD® vs. Controls UC° vs. Controls

SNP

Locus

Allele CD® UC" Controls P OR

(95% Cl)‘=

P OR

(95% 01)“=

21/2677 1 (G)
2 (T/A)

287 (0.529) 
255 (0.471)

202 (0.486) 
214(0.514)

350 (0.513) 
332 (0.487)

0.570 1.06
(0.85-1.33)

0.375 0.89
(0.70-1.14)

26/3435 1 (C) 
2(T)

238 (0.465) 
274 (0.535)

186 (0.454) 
224 (0.546)

305 (0.440) 
389 (0.560)

0.382 1.11
(0.88-1.39)

0 647 1.06

(0.83-1.35)

Allele frequency differences between populations were tested for significance 
using a Monte Carlo Markov Chain chi-square simulation in GENEPOP. Odds 
Ratios were calculated using HITAGENE and EPI-INFO.
® Crohn’s disease.  ̂Ulcerative colitis. Odds Ratios (95% Confidence Interval for 
Odds Ratio).
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Table 7.4: Comparison of ABCB1 SNP genotype frequencies in Crohn’s disease 
and ulcerative colitis populations and healthy controls.

Allele count (Frequency) CD^ vs. Controls UC° vs. Controls

SNP

Locus

Allele CD^ UC“ Controls P OR

(95% Cl)"

P OR

(95% Cl)'^

21/2677 1/1 79 (0.292) 54 (0.260) 90 (0.264) 0.745 1.13(0.72-1.76) 0.387 0.81 (0.50-1.30)
1/2 129 (0.476) 94 (0.452) 170 (0.499) 0.98 (0.65-1.46) 0.75 (0.49-1.13)
2/2 63 (0.232) 60 (0 289) 81 (0.237) 1.00 1.00

26/3435 1/1 63 (0.246) 43 (0.210) 69 (0.199) 0.347 1.25 (0.80-1.95) 0.899 1.12(0.68-1.82)
1/2 112(0.438) 100 (0.488) 167 (0.481) 0.92 (0.63-1.34) 1.07 (0.72-1.60)
2/2 81 (0.316) 62 (0.302) 111 (0.320) 1.00 1.00

Genotype frequency differences between populations were tested for significance 
using a Monte Carlo Markov Chain chi-square simulation in GENEPOP. Odds 
Ratios were calculated using HITAGENE and EPI-INFO.
 ̂Crohn’s disease.  ̂Ulcerative colitis. Odds Ratios (95% Confidence Interval for 

Odds Ratio).
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Table 7.5: Comparison of ABCB1 SNP allele frequencies in Crohn’s disease 
populations divided by disease location and healthy controls.
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Allele frequency differences between populations were tested for significance 
using a Monte Carlo Markov Chain chi-square simulation in GENEPOP. Odds 
Ratios were calculated using HITAGENE and EPI-INFO.
 ̂ Ileal Crohn’s disease.  ̂Colonic Crohn’s disease.  ̂ Ileocolonic Crohn’s disease.  ̂

Odds Ratios (95% Confidence Interval for Odds Ratio).
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Table 7.6: Comparison of ABCB1 SNP allele frequencies in Ulcerative colitis 
populations divided by disease location and healthy controls.

Allele count (Frequency) Left-sided  ̂vs. Controls Pancolitis“ vs. Controls

SNP Locus Allele Left-slcled“ Pancolltis“ Controls P OR

(95% 01)^

P OR

(95% Cl)"

21/2677 1 (G)

2 (T/A)

82 (0.519) 

76 (0.481)

73 (0.451) 

89 (0.549)

350 (0.513) 

332 (0.487)

0.896 1.02

(0.72-1.44)

0.152 0.78

(0.55-1.09)

26/3435 1 (C) 

2(T)

73 (0.462) 

85 (0.538)

72 (0.450) 

88 (0.550)

305 (0.440) 

389 (0.560)

0.607 1.09

(0.77-1.55)

0.809 1.04

(0.73-1.47)

Allele frequency differences between populations were tested for significance 
using a Monte Carlo Markov Chain chi-square simulation in GENEPOP. Odds 
Ratios were calculated using HITAGENE and EPI-INFO.
® Left-sided colitis, including proctitis and procto-sigmoiditis. Pancolitis. Odds 
Ratios (95% Confidence Interval for Odds Ratio).
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Table 7.7: Comparison of ABCB1 SNP allele frequencies in therapy resistant and 
responsive Crohn’s disease populations and healthy controls.
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Allele frequency differences between populations were tested for significance 
using a Monte Carlo Markov Chain chi-square simulation in GENEPOP. Odds 
Ratios were calculated using HITAGENE and EPI-INFO.
® Therapy resistant, severe, Crohn’s disease. Therapy responsive Crohn’s 
disease. Odds Ratios (95% Confidence Interval for Odds Ratio).
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Table 7.8: Comparison of ABCB1 SNP allele frequencies in therapy resistant and 
responsive ulcerative colitis populations and healthy controls.
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Allele frequency differences between populations were tested for significance using a 
Monte Carlo Markov Chain chi-square simulation in GENEPOP. Odds Ratios were 
calculated using HITAGENE and EPI-INFO.
® Therapy resistant, severe, ulcerative colitis.  ̂Therapy responsive ulcerative colitis. 
Odds Ratios (95% Confidence Interval for Odds Ratio).
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Table 7.9: Comparison ABCB1 SNP estimated haplotype frequencies in IBD, 
CD, and UC populations and healthy controls.

Haplotype population frequencies IBD vs. Controls CD vs. Controls DC'" vs. Controls

Haplotype IBD'̂ CD“ c o o Controls P P P

1. 22 0.435 0.421 0.454 0.442 0.780 0.459 0,705
2. 11 0.404 0.419 0.399 0.391 0.587 0.334 0.751

3. 12 0.107 0.111 0.089 0.118 0.496 0.695 0,139

4. 21 0.054 0.049 0.059 0.049 0.692 0.975 0.527

Differences in haplotype distribution between populations were tested for 
significance using a permutation test (HITAGENE). The haplotypes are 
composed of SNP loci 21-2677 and 26-3435, respectively. Overall p-values 
for comparison between the population tables are: IBD vs. controls;
P=0.846; CD vs. controls; P=0.792; UC vs. controls; P=0.462.
® Inflammatory Bowel Disease, Crohn’s Disease. Ulcerative colitis.
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Figure 7.4. Graph ABCB1 SNP estimated haplotype frequencies in the IBD 
population and healthy controls.
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Table 7.10: Pairwise measures of linkage disequilibrium in the Control population 
between the 21/2677 and 26/3435 in ABCB1.

21/2677 26/3435

21/2677 302.871

26/3435 0.455

The r̂  value is shown in the bottom left area of the table and corresponding 
value is shown in the top right area of the table. The corresponding P-value to the 

value is <10'^. Values did not differ significantly between cases and controls. 
Values were calculated using HITAGENE.

Table 7.11: Painwise measures of linkage disequilibrium in the IBD population 
between the 21/2677 and 26/3435 in ABCB1.

21/2677 26/3435

21/2677 435.167

26/3435 0.465

The r̂  value is shown in the bottom left area of the table and corresponding 
value is shown in the top right area of the table. The corresponding P-value to the 
X̂  value is <10'^. Values did not differ significantly between cases and controls. 
Values were calculated using HITAGENE.
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Table 7.12: Binary logistic model with an interaction between ABCB1_2M2677 
allele 2 carriers and PXR_25385 genotypes predicting the IBD patient group 
compared to controls.

Variables in the Equation
95.0% C.l. for

Variables in the B S.E. Wald df ^Exp(B) EXP(B)
Equation 1 Lower Upper
ABCB1 _2V2Q77 0.495 0.275 3.241 1 0.072 1.640 0.957 2.810
pxr_25385 1.527 2 0.466
pxr_25385(1) 0.325 0.432 0.568 1 0.451 1.385 0.594 3.228
pxr_25385(2) 0.378 0.316 ' 1.435 1 0.231 1.459 0.786 2.709
ABCB1 21/2677 8.923

7.628

4.602

0.000

1

0.012

0.006

0.032

1.000

pxr 25385 
ABCB1 21/2677 by 
pxr 25385(1) 
ABCB1 21/2677 by 
pxr_25385(2) 
Constant

-1.408

-0.797

0.000

0.510

0.371 

0.232 1

! 1 

1 

1

0.245

0.451

1.000

0.090

0.218

0.664

0.934

The interaction between ABCB1 _2M2Q17 allele 2 carriers and PXR_25385 
genotypes was tested using SPSS 12.0.1.
ABCB1_2M2677 A1 = ABCB1J2M2677 allele 1 carriers, PXR_25385(1) = 
PXR_25385 22 homozygotes, PXR_25385(2) = PXR_25385 12 heterozygotes, 
PXR_25385 = PXR_25385 11 homozygotes. B is the logistic regression 
coefficient, S.E. is the standard error of the coefficient, Wald is the Wald statistic, 
df is the degrees of freedom for the Wald statistic, Sig. is the p-value of the Wald 
statistic, Exp(B) is the odds ratio of the logistic regression coefficient compared to 
its standard error.
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Table 7.13: Count of ABCB1 _2M2677 allele 2 carriers in the IBD patients and 
controls stratified by PXR_25385 genotypes.

ABCB1 21/2677 allele2 carriers * IBD * PXR 25385 Crosstabulation
PXR_25385
genotypes

ABCB1
21/2677 Controls IBD

11 11 Count 37 37
% within group 33.0% 23.1%

12+22 Count 75 123
% within group 67.0% 76.9%
Total 112 160

12 11 Count 37 54
% within group 24.5% 30.5%

12+22 Count 114 123
% within group 75.5% 69.5%
Total 151 177

22 11 Count 13 18
% within group 19.4% 37.5%

12+22 Count 54 30
% within group 80.6% 62.5%
Total 67 48

Stratification was carried out using SPSS 12.0.1.

Table 7.14: Odds ratios and p-values for IBD risk with ABCB1_2M2677 allele 2 
carriers, stratified by PXR_25385 genotypes.

PXR 25385 genotypes OR (95% Cl) for 21/2677 allele 2 carriers 
(11/12+22) P

11 1.640 (0.96-2.81) 0.071

12 0.739 (0.45-1.21) 0.226

22 0.401 (0.17-0.93) 0.031

Odds ratios and p-values calculated with SPSS12.0.1.
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Table 7.15: Binary logistic model with an interaction between ABCB1 _2M2Q11 
allele 1 carriers and MRP3_SNP39 genotypes predicting the IBD patient group 
compared to controls.

Variables in the Equation

B
---------

yVald J f  _ Exp(B)
95.0% C.I.for 

EXP(m
“  ........... Lower Upper

ABCB1_2M2677 0,869 0.430 4.086 1 0.043 2.385 1.027 5.539
MRP3_SNP39 3.065 2 0.216
MRP3_SNP39(1) 0.464 0.438 1.119 1 0.290 1.590 0.673 3.753
MRP3_SNP39(2) 0.746 0.432 2.979 1 0,084 2.108 0.904 4.918
MRP3 SNP39 
ABCB1 21/2677 A1 6.331 2 0.042

MRP3 SNP39(1)by 
ABCB1 21/2677A1 -1.108 0.508 4.752 1 0.029 0.330 0.122 0.894

MRP3 SNP39(2)by 
ABCB12M2677M -1.221 0.498 6.002 1 0.014 0.295 0.111 0.783

Constant -0.069 0.372 0.034 1 0.853 0.933

The interaction between ABCB1_2M2677 allele 1 carriers and MRP3_SNP39 genotypes 
was tested using SPSS 12.0.1.
ABCB1_2M2677 A1 = ABCB1_2M2677 allele 1 carriers, MRP3_SNP39(1) = 
MRP3_SNP39 11 homozygotes, MRP3_SNP39(2) = MRP3_SNP39 12 heterozygotes, 
MRP3_SNP39 = MRP3_SNP39 22 homozygotes. B is the logistic regression coefficient, 
S.E. is the standard error of the coefficient, Wald is the Wald statistic, df is the degrees of 
freedom for the Wald statistic, Sig. is the p-value of the Wald statistic, Exp(B) is the odds 
ratio of the logistic regression coefficient compared to its standard error.
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Table 7.16: Count of ABCB1 _2M2677 allele 1 carriers in the IBD patients and 
controls stratified by MRP3_SNP39 genotypes.

ABCB1_2^-2%^^ alleld carriers * IBD * MRP3 39 Genotypes Crosstabulation
MRP3 39 
Genotypes

ABCB1
21/2677 Controls IBD

11 11+12 Count 95 111
% within group 75.4% 70.7%

22 Count 31 46
% within group 24.6% 29.3%
Total 126 157

-^2 ^11+12^ Count 117 162
% within group 79.1% 72.6%

22 Count 31 61
% within group 20.9% 27.4%
Total 148 223

22 T i +12 Count 31 69
% within group 67.4% 83.1%

22 Count 15 14
% within group 32.6% 16.9%
Total 46 83

Stratification was carried out using SPSS 12.0.1.

Table 7.17: Odds ratios and p-values for IBD risk with ABCB1_2M2Q77 allele 1 
carriers, stratified by MRP3_SNP39 genotypes.

MRP3 SNP39 genotypes OR (95% Cl) for 21/2677 allele 1 carriers 
(22/11+12) P

11 0.787 (0.46-0.1.34) 0.378

12 0.704 (0.43-1.15) 0.162

22 2.385 (1.03-5.54) 0.040

Odds ratios and p-values calculated with SPSS12.0.1.
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Table 7.18: Binary logistic model with an interaction between ABCB1 _2M2Q71 
allele 1 carriers and MRP3_SNP39 genotypes predicting the UC patient group 
compared to controls.

Variables in the Equation

B S.E. Wald _Sig. Exp(B)_
95.0% C.l. for 

EXP(B)
" ' I

Lower ' Upper
ABCB1_2M2677A: 1.322 0.617 4.583 1 0.032 3.750 1.118 12.577
MRP3_SNP39 4.346 2 0.114
MRP3_SNP39(1) 1.066 0.625 2.908 1 0.088 2.903 0.853 9.882
MRP3_SNP39(2) 1,289 0.618 4.346 1 0.037 3.629 1.080 12.192
MRP3 SNP39 
ABCB1 21/2677A1 7.813 2 0.020

MRP3 SNP39(1)by 
ABCB1 21/2677A1 -1.791 0.698 6.582 1 0.010 0.167 0.042 0.655

MRP3 SNP39(2) by 
ABCB1 21/2677A1 -1.861 0.686 7.365 1 0.007 0.155 0.041 0.596

Constant -1.322 0.563 5.517 1 0.019 0.267

The interaction between ABCB1 _2M2Q71 allele 1 carriers and MRP3_SNP39 
genotypes was tested using SPSS 12.0.1.
/\eC87_21/2677 A1 = ABCB1JZM2677 allele 1 carriers, MRP3_SNP39(1) = 
MRP3_SNP39 11 homozygotes, MRP3_SNP39(2) = MRP3_SNP39 12 
heterozygotes, MRP3_SNP39 = MRP3_SNP39 22 homozygotes. B is the logistic 
regression coefficient, S.E. is the standard error of the coefficient, Wald is the 
Wald statistic, df is the degrees of freedom for the Wald statistic, Sig. is the p- 
value of the Wald statistic, Exp(B) is the odds ratio of the logistic regression 
coefficient compared to its standard error.
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Table 7.19: Count of/ASCS7_21/2677 allele 1 carriers in the UC patients and 
controls stratified by MRP3_SNP39 genotypes.

ABCB1 21/2677 allelel carriers * UC cases * MRP3 SNP39 Genotypes Crosstabulation
MRP3 39 
Genotypes

ABCB1
21/2677 Controls UC

11 11+12 Count 95 46
% within group 75.4% 65.7%

22 Count 31 24
% within group 24.6% 34.3%
Total 126 70

12 11+12 Count T 17 66
% within group 79.1% 68.8%

22 Count 31 30
% within group 20.9% 31.3%
Total 148 96

22 11+12 Count 31 31
% within group 67.4% 88.6%

22 Count 15 4
% within group 32.6% 11.4%
Total 46 35

Stratification was carried out using SPSS 12.0.1.

Table 7.20: Odds ratios and p-values for UC risk with ABCB1 _2M2677 allele 1 
carriers, stratified by MRP3_SNP39 genotypes.

MRP3 SNP39 genotypes OR (95% Cl) for 21/2677 allele 1 carriers 
(22/11+12) P

11 0.625 (0.33-1.19) 0.148

12 0.583 (0.33-1.05) 0.069

22 3.75 (1.12-12.58) 0.026

Odds ratios and p-values calculated with SPSS12.0.1.
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7.4 Discussion

We found no direct association of 21/2677 or 26/3435 with IBD, DC or CD. 

There was also no association seen with the two SNPs and any of the 

subgroups (by disease location or response to treatment). However, when 

their interaction with other genes was analysed, some significant associations 

were seen. The 21/2677 allele 2 carriers have a significant association with a 

decreased risk of IBD (OR 0.40, 95%CI 0.17-0.93) in patients with the 

PXR_25385 allele 2 homozygote genotype, but no association is seen in those 

with the PXR_25385 11 or 12 genotypes. In other words, the frequency of the 

21/2677 allele 2 carriers is significantly reduced only in those IBD patients with 

a PXR_25385 22 genotype. This was also seen when the 26/3435 allele 2 

carriers were stratified with respect to the PXR_25385 genotypes. The 

26/3435 allele 2 carriers were at significantly lower frequency in the IBD 

patients than in the controls only within the PXR_25385 allele 2 homozygotes 

(OR 0.35 95%CI 0.13-0.91, P=0.017). We have found PXR -25385 allele 1 to 

be at significantly increased frequency in patients with IBD (P=0.000008) (Dhng 

et al., 2006).

A significant interacfion was also seen between the 21/2677 allele 1 carriers 

and the MRP3_SNP39, with the 21/2677 allele 1 carriers predisposing to a 

significanly increased risk of IBD (P=0.040, OR 2.385 95% Cl 1.03-5.54) in 

patients with the MRP3_SNP39 22 homozygote genotype, but no association is 

seen in those with the MRP3_SNP39 11 or 12 genotypes. That is, the 21/2677 

allele 1 carriers were significantly increased in patients compared to controls, 

only in those patients with the MRP3_SNP39 22 genotype. Allele 2 of MRP3 

SNP39 is also significantly increased in IBD patients compared to healthy 

controls (see Chapter 8). This pattern was also seen to a significant level when 

the UC patients were compared with the controls, and non-significantly when 

the CD patients were compared to controls. Because stratification reduces the 

sizes of subject groups, more patients and controls would have to be recruited 

to conclusively determine if there is any difference between the UC and CD 

patient groups with regards to 21/2677 genotype frequencies.
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The evidence indicating that ABCB1 is involved in the aetiology of IBD is 

substantial, with genetic mapping studies, mouse knockout models and gene 

expression studies all pointing towards its involvement. However, SNP 

association studies have been more contradictory. Allele 2 homozygotes of 

26/3435 have been associated with UC, but not with CD (Schwab et al., 2003), 

while other studies found no association of 26/3435 with IBD, UC or CD (Brant 

et al., 2003; Croucher et al., 2003). Allele 1 of 21/2677 has also been shown to 

be associated with IBD (Brant et al., 2003), while other studies found no 

association between 21/2677 and IBD (Croucher et al., 2003; Ho et al., 2005).

There are a number of possible explanations why these contradicting findings 

may have been observed. The 26/3435 SNP is synonymous and several 

hypotheses have been advanced to explain its effect, for example silent 

mutations may influence downstream downstream mRNA splicing, processing, 

or translational controls and regulation (Shen et al., 1999), or mRNA stability 

could be increased or decreased (Frittitta et al., 2001). Nevertheless, the 

molecular basis of the putative 26/3435 affect on altered P-gp function has not 

been clarified experimentally. A number of studies have shown linkage 

disequilibrium between 26/3435 and 21/2677 (Tang et al., 2002; Ikeda et al., 

2003) (although, it was not demonstrated in the present study), suggesting that 

the functional effects may be haplotype dependent. However, the allele 

frequencies of ABCB1 SNPs differ in various populations (Ameyaw et al., 2001; 

Cascorbi et al., 2001; Schwab et al., 2003; Ozawa et al., 2004), and so the 

haplotype structure and distribution also varies between populations. If as yet 

unidentified SNPs are the actual functional SNPs, then differences in haplotype 

structure will result in different levels of association of 21/2677 and 26/3435 to 

disease.

Gene-gene interaction, or epistasis, is another possible reason for conflicting

results (Moore, 2003). The previous association studies failed to take any

account of interaction of ABCB1 with other genes, which could contribute to the

contradictory findings to date. The present work shows that both 21/2677 and

26/3435 allele 2 carriers are associated with a decreased risk for IBD in the

subpopulation of patients that are do not carry the PXR -25385 risk allele
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(allele 1). On the other hand the allele 1 of 21/2677 association with IBD was 

not shown to be independent of the MRP3_SNP39 risk allele (allele 2). The 

complexity of the interactions between these genes may help to explain the 

inter-individual phenotypic variability of the IBD.

PXR regulates the expression of an array of genes involved in the metabolism 

of xenobiotics, including ABCB^ and MRP3 along with many others. Since 

PXR is a transcription factor, functional effects of polymorphisms in this gene 

may be more diffuse because of their effects on numerous downstream 

effectors mediated through PXR, such as MDR1, MRP3 and CYP3A4. On the 

other hand, decreased levels of the ABCB1 product, P-gp, would allow more 

PXR ligand into a cell and consequently PXR would be activated to upregulate 

its target genes such as CYP3A4, thereby having a protective effect against 

IBD. Whereas the gene products of ABCB^ and MRP3 are both transporters 

directly involved in the xenobiotic response system. Therefore polymorphisms 

in these genes, if they make a significant and similar impact on the function of 

the encoded proteins, might have an additive effect on the intracellular 

concentrations of xenobiotics and could thus influence the development of IBD. 

However, there is not a precise correspondence between statistically measured 

epistasis and the actual biological model of epistasis, and thus, inferring 

biological meaning from quantitative data measuring disease risk as an 

outcome is difficult.

In conclusion, while many studies have shown that P-gp/MDRI is somehow 

implicated in the pathogenesis of IBD, the exact genetic

involvement is far from clear. This study is the first to show that ABCB1 

interacts with other genes within the xenobiotic response system to contribute 

to IBD.
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Chapter 8 

Genetic association analysis 

of MRP3 and IBD
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8.1 Introduction

8.1.1 Structure and function of IVIRP3

The multidrug resistance protein 3 (MRP3) is encoded by the gene ABCC3, 

and belongs to a family of nine ATP-binding cassette transporters that 

constitute the multidrug resistance proteins (MRP family). The MRPs act as 

multispecific organic anion transporters, exporting toxic xenobiotics and 

metabolites across tissue barriers and from cells specialised in extrusion 

activity. The members of the MRP family differ in their substrate specificity, 

tissue distribution and cellular localization (Konig et al., 1999; Borst et al., 

2000). MRP1 was the first to be described (Cole et al., 1992) and is 

ubiquitously expressed and functions as an in vivo resistance factor for 

anticancer agents and in inflammatory responses mediated by leukotriene C4 

(Wijnholds et al., 1997; Schultz et al., 2001).

Among the MRP family members, MRPS shares the highest amino acid 

sequence identity (58%) with MRP1 (Kiuchi et al., 1998), and both are localised 

to the basolateral membranes of polarised cells (Konig et al., 1999; Kool et al., 

1999). MRPS is expressed most highly in the intra-hepatic bile ducts, followed 

by moderate to low expression in the Intestine, kidney, gallbladder, adrenal 

cortex and pancreas (Kool et al., 1997; Scheffer et al., 2002).

MRPS transports glucuronate and glutathione conjugates and also 

monoanionic bile acids (Hirohashi et al., 1999; Zeng et al., 2000). It is highly 

up-regulated in the liver in cholestatic conditions (Donner and Keppler, 2001; 

Soroka et al., 2001), and appears to be upregulated when MRP2 is 

downregulated or absent, and so acts as an alternative route of elimination 

when the canalicular route of detoxification is impaired. This is supported by 

studies showing the induction of MRPS by bile acids (Inokuchi et al., 2001; 

Zollner et al., 200S). MRPS has a high affinity for the glucuronosyl-conjugates 

of drugs such as etoposide (Zelceret al., 2001), suggesting that it could be 

important in the disposal of toxic compounds inactivated by glucuronidation.
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8.1.2 Genomic organisation and regulation

A study of 1229 nucleotides in the 5’-flanking region of the MRP2 gene 

{ABCC2/MRP2) and of 1297 nucleotides in the 5’-flanking region of MRP3 

gene {ABCC3/MRP3) demonstrated that ABCC3 is expressed at a very low 

level under basal conditions compared to the high promoter activity of the 

ABCC2 gene (Stockel et al., 2000). Under several conditions, the expression 

of the two genes in a hepatic cell line, HepG2, was inversely regulated rather 

than co-ordinately. A number of nuclear hormone receptors have been shown 

to regulate ABCC3 expression. Selective activation of PXR and CAR was 

shown to regulate the inducible expression oi ABCC3 (Maglich et al., 2002; 

Staudinger et al., 2003; Teng et al., 2003), however nonliganded PXR appears 

to have a negative role in regulating Mrp3 in mice. Cherrington et al. 

(Cherrington et al., 2003) found that phenobarbital (PB) activation of ABCC3 

was independent of CAR, showing that CAR is not necessary for ABCC3 

expression. They also found that ABCC3 levels were greatly reduced in RXRa 

knockout mice. The Vitamin D receptor (VDR) has also been shown to have a 

regulatory role in the expression of/ASCC3 in the colon (McCarthy et al., 2005).

The ABCC3 gene is located at chromosome 17q22. It is 76.83Kb long and 

contains 30 exons that code for a 1238 amino acid protein. Alternative splicing 

leads to 3 known transcript variants; MRP3, MRP3A and MRP3B (Fromm et al., 

1999). MRP3A contains a 149bp insert that causes a premature stop codon 

and results in a 289 amino acid deletion compared to the predominant MRP3. 

While the MRP3B has the same 149bp insertion as MRP3A as well as a further 

55bp insertion, and these lead to a premature stop codon that results in a 1010 

amino acid deletion compared to MRP3.

8.1.3 Polymorphisms and mutations in ABCC3

Saito et al. (Saito et al., 2002) identified 35 SNPs in ABCC3 in 48 Japanese

individuals; subsequently Lang et al. (Lang et al., 2004) carried out the first

systematic screening of a Caucasian population and identified 51 mutations.

They sequenced 2kb of the 5’ flanking region and all exons including the

intron/exon boundaries of ABCC3 in 13 subjects, and analysed the identified

polymorphisms and haplotypes with respect to potential effects on hepatic
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MRP3 mRNA or protein expression. Of the 51 polymorphisms found, 16 were 

exonic, 25 were intronic and 10 were found in the promoter. Six of the exonic 

mutations were non-synonymous, but none of these were predicted to be 

located in the transmembrane regions. Two of the intronic mutations were 

found to alter consensus sequences of existing splice sites. Of the 10 

mutations found in the 5’ flanking region 2kb upstream of exon 1, one (-211C/T) 

Is localized in putative transcription factor binding sites for Egr-1, BRF1 and 

Pax5 binding sites. This -211 SNP was the only polymorphism that was found 

to be associated with significantly lower hepatic MRP3 mRNA expression. The 

-21 IT  allele appears to cause strongly reduced binding of nuclear factors, as 

demonstrated by electrophoretic mobility shift assays (Lang et al., 2004).

Using the PHASE software package they reconstructed haplotypes out of the 

21 SNPs that had a frequency of greater than 10%, this gave 60 haplotypes 

and 7 of these had a frequency of greater than 4.2%. Haplotype analysis 

revealed 2 haplotypes that were associated with higher mRNA expression 

(P=0.05), both of which carry th e -211C allele.

8.1.4 IBDand ABCC3

There is some evidence Indicating that MRP3 may be involved In IBD 

pathogenesis. The genomic region of ABCC3 (17q22) has been identified as a 

susceptibility locus for CD in a meta-analysis of affected relative pairs (van 

Heel et al., 2004). Langmann et al. found a down-regulation of MRP3 In the 

ileum and colon of IBD patients compared to controls (Langmann et al., 2004). 

However, no genetic association studies between IBD and ABCC3 have been 

carried out to date, and so in this study we will attempt to investigate any such 

association.
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8.2 Materials and Methods

8.2.1 Genotyping

We selected five SNPs based on haplotype tagging by SNPtagger, using 7 

haplotypes identified in Lang et al., plus a sixth one that is non-synonymous 

(Lang et al., 2004). The SNPs were located across the genomic sequence, 

and cover all the haplotypes that Lang et al. found to have a frequency of equal 

to, or over, 4.2%.

Thus SNP loci MRP3_SNP2 (G/A) (rs1989983), MRP3_SNP10 (C/A) 

(rs4793665), MRP3_SNP32 (A/G) (rs879459), MRP3_SNP37 (G/C) 

(rs4794176), and MRP3_SNP39 (C/T) (rs4148415) that tag the reconstructed 

haplotypes and the MRP3_SNP47 (G/A) (rs11568591) were chosen. 

MRP3_SNP2 and 10 are promoter polymorphisms. MRP3_SNP32-39 are 

intronic polymorphisms, while MRP3_SNP47 is a non-synonymous SNP 

(R1297H), located in exon 27.

SNPs were genotyped using Amplifluor technology (Myakishev et al., 2001) 

(see Table 8.1). As a quality control one of the Amplifluor assays (SNP 37) 

was partially retyped using a restriction fragment length polymorphism (RFLP) 

assay. The SNP 37 site was amplified by PCR using standard conditions as a 

192-bp region using the following primers (Invitrogen, Ca., U.S.A.): forward 

5TTG CTA GCT GAC CTG GAG ATG C 3’, and reverse 5’CCA GTG CCT 

GGC ACA GAG TT 3’.

This fragment was digested with Hhal (New England Biolabs, Ma., U.S.A.), 

yielding two fragments of 92 and 100-bp in the presence of the SNP37_C 

allele.
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8.2.2 Statistics

Allele, genotype frequency differences between populations, linkage 

disequilibrium (LD), tests for Hardy Weinberg equilibrium (HWE) and haplotype 

frequency estimation (HFE) were tested as described in section 2.6.

Interaction of ABCC3/MRP3 SNPs with SNPs in PXR, FXR, CAR, RXRaand 

MDR1 was tested by including an interaction term for genotype/carrier status 

by genotype/carrier status for two SNPs in a logistic regression model. The 

significance of an interaction term was assessed by using a Wald Chi-square 

test with one degree of freedom. Any interaction was then examined by 

estimating odds ratios with 95% confidence intervals for each of the 

ABCC3/MRP3 SNP genotypes/carrier status separately in the genotype groups 

of the other SNP.
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Table 8.1 : Assay details for Amplifluor technology genotyping of MRP3/ABCC3 
SNPs.

Locus Allelel Primer Allele2 Primer Common Primer Allelel Allele2

MRP3_snp2 TCTCAAGAAATG TCTCAAGAAATGAA ACTGTGTGATCTCAA G A

(rsl 989983) AAGTCCCAGAGG GTCCCAGAGA TAAGCTCCTTGAT

MRP3_snp32 CCTCCCCTGTCC CTCCTCCCCTGTC GGGTAGCCTGCAGG A G

(rs879459) TCCTTTT CTCCTTTC GAGGCT

MRP3_snp37 TCCATCCCTAAG CTTCCATCCCTAAG GGGTTGAGGTGGGC G C

(rs4794176) AGGCTAGG AGGCTAGC AGCTCTAT

MRP3_snp39 GTCTTTCTTGTTG AAGTCTTTCTTGTT GGGGTTCAATGGACA C T

(rs4148415) CCCTTTCAATCC GCCCTTTCAATCT AGCATGAAAATAAA

MRP3_snp47 GAGTTCCGGAAT GGAGTTCCGGAAT GGTCTAGGCCCGGC G A

(rs11568591) TATTCTGTGCG TATTCTGTGCA CGGTA
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8.3 Results

8.3.1 Quality control

Approximately 8.5% of samples were retyped anonymously for each assay as a 

routine quality control in order to assess accuracy of genotyping. A maximum 

of one genotype differed in any of the assays and it was a different Individual In 

each case. No site deviated from expectation under HWE (P>0.05) in the 

control or IBD population.

The MRP3_SNP10 (the -211 SNP) assay failed to give clear results using 

Amplifluor technology, so a MGB Taqman assay was designed. However, this 

also failed to give clear results and the assay was abandoned.

8.3.2 Effect of MRP3/ABCC3 SNPs on IBD Susceptibility

When the allele frequencies of the 5 MRP3/ABCC3 SNPs in the IBD and 

control populations were compared, MRP3_SNP39 was found to be 

significantly different between the patients and the controls, with allele 2 

increased in the patients (P= 0.039) (see Table 8.2). When the genotype 

distributions were compared, no significant differences in frequencies were 

seen (Table 8.2). The allele carrier status and intermediate genetic models 

were also examined, however no significant differences were seen between the 

patients and the controls (data not shown).

8.3.3 Effect of MRP3/ABCC3 SNPs on CD and UC Susceptibility

The IBD population was divided into groups with a diagnosis of CD or UC and 

the allele frequencies were compared between these groups and the healthy 

controls. The allele frequencies of l\/IRP3_SNP32 were marginally significantly 

different between the CD group and the controls (P=0.048), with allele 1 

Increased in the CD patients. None of the SNPs had significantly different 

allele frequencies between the UC population and the controls, although the 

same trend was seen for SNP32 (see Table 8.3). When the genotype 

frequencies were examined, there were again no significant differences seen 

between the UC or the CD patients and the controls (see Table 8.4), nor were
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any of the allele carrier status or intermediate genetic models significant (not 

shown).

8.3.4 Genotype-Phenotype analysis

The IBD groups were then subdivided with respect to disease location, as 

previously. The CD group was partitioned into those with ileal disease, colonic 

disease and ileo-colonic disease and these groups were compared against the 

controls (see Table 8.5). The MRP3_SNP32 allele 1 frequency was 

significantly higher in the colonic CD patients compared to the controls 

(P=0.002, OR 3.2, 95%CI 1.45-7.07). This significant difference was not seen 

between the ileal or the ileo-colonic and the controls, although the same trend 

was noted for SNP32 between the ileal CD patients and the controls. There 

was a marginally significant difference in allele frequencies between the ileo

colonic CD group and the controls for MRP3_SNP47.

For UC, we again partitioned the population into those with left-sided disease 

and those with pancolitis and compared these groups with each other and 

against healthy controls (see Table 8.5). There were no significant differences 

in allele frequency between the left-sided group or the pancolitis group and the 

controls (see Table 8.6). In the pancolitis group, the SNP32 allele frequencies 

show the same trend as the colonic CD group, with allele 1 higher in the 

patients than the controls (0.923 vs. 0.875), and when the 2 by 2 intermediate 

genetic models are examined, the 1/1 genotype compared to the 1/2 genotype 

were marginally significantly different between the pancolitis group and the 

controls (P=0.041, data not shown).

The CD and UC patient groups were also divided based on response to

medical therapy as described in section 2.1. The therapy resistant (CD/UC-S)

and responsive (CD/UC-R) groups were compared with each other and against

the healthy controls. Within the CD groups, MRP3_SNP32 allele frequencies

were statistically different, with allele 1 significantly more frequent in the

therapy responsive CD (CD-R) group compared to both the therapy resistant

patients (CD-S) and the controls (P=0.017 and 0.004, respectively) (see Table

8.7), whereas there was no significant difference between the severe patients
193



and the controls (P=0.320). There was a marginal difference in MRP3_SNP37 

allele frequencies between the therapy resistant and responsive CD groups 

(P=0.043), while MRP3_SNP39 allele 1 was significantly less frequent in the 

CD-R group than in the controls (0.509 vs. 0.630, P=0.017), but not between 

the CD-S group and the controls (0.603 vs. 0.630, P=0.400) (see Table 8.7). 

There were no significant differences in allele frequencies between the UC-S, 

UC-R and control groups (see Table 8.8).

8.3.5 Haplotype analysis

Haplotype reconstruction for the five SNPs in the IBD and controls population 

shows a difference in overall pattern of distribution with a significance level of 

P=0.021 (see Table 8.9 and Figure 8.1). Of the individual haplotypes, Hap7 

(11221) was significantly increased in the IBD patients compared to controls 

(P=0.011). No significant differences in overall haplotype distribution were 

seen between the CD or the DC groups and the controls, although Hap7 was 

also significantly more frequent in the CD and the DC groups than in the 

controls (P=0.035 and 0.010, respectively).

Haplotype reconstruction was also examined in the CD-S and CD-R 

populations; these were compared against each other and to controls (Table 

8.10). No significant differences in overall haplotype distribution were seen 

between the CD-S or the CD-R groups and the controls. However, Hapi 

(11121) is at a significantly increased frequency in the

CD-R group compared to in the controls (0.428 vs. 0.329, P=0.047). Hap3 

(12211) is at a significantly lower frequency in the CD-R group compared to 

both the CD-S group and the controls (0.029 vs. 0.095 and 0.094, respectively, 

P=0.047 and 0.026).

8.3.6 Interaction analysis

The only interaction seen between SNPs was between the RXRA_SNP5 allele 

2 carriers and the MRP3_SNP39 allele 2 carriers when predicting the DC
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patients from the controls, and between the MDR1_21/2677 allele 1 carriers 

and the l\/IRP3_SNP39 genotypes, when predicting the IBD patients from the 

controls. See results in Chapters 6 and 7.
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Table 8.2: Comparison of MRP3/ABCC3 SNP allele and genotype frequencies in 
IBD population and healthy controls.
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Allele and genotype frequency differences between populations were tested for 
significance using a Monte Carlo Markov Chain chi-square simulation in GENEPOP.
Odds Ratios, and Fishers exact tests were calculated using HITAGENE and EPI-INFO. 
® Inflammatory Bowel Disease.Odds Ratios (95% Confidence Interval for Odds Ratio). 
Genotype odds ratios are recorded as undefined when any genotype has a frequency of 
zero.
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Table 8.3: Comparison of MRP3/ABCC3 SNP allele frequencies in Crohn’s 
disease and ulcerative colitis populations and healthy controls.
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Allele frequency differences between populationSs were tested for significance 
using a Monte Carlo Markov Chain chi-square simulation in GENEPOP. Odds 
Ratios were calculated using HITAGENE and EPI-INFO.
 ̂Crohn’s disease. Ulcerative colitis. Odds Ratios (95% Confidence Interval for 

Odds Ratio).
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Table 8.4: Comparison of MRP3/ABCC3 SNP genotype frequencies in CD and 
UC populations and healthy controls.
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Allele and genotype frequency differences between populations were tested for 
significance using a Monte Carlo Markov Chain chi-square simulation in 
GENEPOP. Odds Ratios, and Fishers exact tests were calculated using 
HITAGENE and EPl-INFO.
® Crohns Disease. Ulcerative colitis. Odds Ratios (95% Confidence Interval for 
Odds Ratio).  ̂Genotype odds ratios are recorded as undefined when any 
genotype has a frequency of zero.
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Table 8.5: Comparison of MRP3/ABCC3 SNP allele frequencies in Crohn’s 
disease populations divided by disease location and healthy controls.
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Allele frequency differences between populations v̂ /ere tested for significance 
using a Monte Carlo Markov Chain chi-square simulation in GENEPOP. Odds 
Ratios were calculated using HITAGENE and EPI-INFO.
® Ileal Crohn’s disease.  ̂Colonic Crohn’s disease. Ileocolonic Crohn’s disease. 
 ̂Odds Ratios (95% Confidence Interval for Odds Ratio).
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Table 8.6: Comparison of MRP3/ABCC3 SNP allele frequencies in Ulcerative 
colitis populations divided by disease location and healthy controls.

Allele count (Frequency) Left-sided^ vs. Controls Pancolitls vs. Controls

SNP Locus Allele Left-sided'' Pancolltls“ Controls P OR

(95% Cl)"

P OR

(95% Cl)‘=

MRP3 SNP2 1 (G) 

2(A)

134 (0.882) 

18(0.118)

145 (0.906) 
15(0.094)

609 (0.912) 

59 (0.088)

0.251 0.72

(0.41-1.26)

0.829 0.94

(0.52-1.69)

MRP3 SNP32 1 (A) 

2(G)

127 (0.894) 

15(0.106)

144 (0.923) 

12 (0.077)

581 (0.875) 

83 (0.125)

0.522 1.21

(0.68-2.17)

0.091 1.71

(0.91-3.23)

MRP3 SNP37 1 (G) 

2(C)

131 (0.851) 

23 (0.149)

140 (0.864) 

22 (0.136)

599 (0.871) 

89 (0.129)

0.509 0.85

(0.52-1.39)

0.827 0.95

(0.57-1.56)

MRP3 SNP39 1 (C) 

2(T)

96 (0.632) 

56 (0.368)

95 (0.594) 

65 (0.406)

418(0.630) 

246 (0.371)

0.962 1.01

(0.70-1.45)

0.402 0.86

(0.60-1.22)

MRP3 SNP47 1 (G) 

2(A)

145 (0.942) 

9 (0.058)

154(0.951) 

8 (0.049)

633 (0.923) 

53 (0.077)

0.420 1.35

(0.65-2.74)

0.217 1.62

(0.75-3.46)

Allele frequency differences between populations were tested for significance 
using a Monte Carlo Markov Chain chi-square simulation in GENEPOP. Odds 
Ratios were calculated using HITAGENE and EPI-INFO.
® Left-sided colitis, including proctitis and procto-sigmoiditis. Pancolitis. Odds 
Ratios (95% Confidence Interval for Odds Ratio).
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Table 8.7: Comparison of MRP3/ABCC3 SNP allele frequencies in therapy 
resistant and responsive CD populations and healthy controls.
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Allele frequency differences between populations were tested for significance 
using a Monte Carlo Markov Chain chi-square simulation in GENEPOP. Odds 
Ratios were calculated using HITAGENE and EPI-INFO.
® Therapy resistant, severe Crohn’s disease. Therapy responsive Crohn’s 
disease. Odds Ratios (95% Confidence Interval for Odds Ratio).
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Allele frequency differences between populations were tested for significance 
using a Monte Carlo Markov Chain chi-square simulation in GENEPOP. Odds 
Ratios were calculated using HITAGENE and EPI-INFO.
® Therapy resistant, severe ulcerative colitis. Therapy responsive ulcerative 
colitis. Odds Ratios (95% Confidence Interval for Odds Ratio).
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Table 8.9: Comparison of MRP3/ABCC3 SNP estimated haplotype frequencies 
in IBD, CD, and UC populations and healthy controls.

Haplotype population frequencies IBD vs. Controls CD“ vs. Controls UC'" vs. Controls

Haplotype IBD  ̂ CD“ c o r Controls P P P

1. 11121 0.373 0.351 0.358 0.329 0.071 0.260 0.342
2. 11111 0.350 0.379 0.362 0.383 0.206 0.089 0.242
3. 12211 0.084 0.081 0.087 0.094 0.480 0.401 0.711
4. 11112 0.055 0.059 0.046 0.072 0.222 0.463 0.081
5. 21121 0.040 0.040 0.044 0.034 0.671 0.660 0.696
6. 21111 0.039 0.035 0.044 0.031 0.541 0.871 0.428
7. 11211 0.045 0.042 0.047 0.020 0.011 0.035 0.010
Differences in haplotype distribution between populations were tested for 
significance using a permutation test (HITAGENE). The haplotypes are 
composed of SNP loci MRP3_SNP2, MRP3_SNP32, MRP3_SNP37, 
MRP3_SNP39, and MRP3_SNP47, respectively. Overall p-values for 
comparison between the population tables are: IBD vs. controls; F^O.021; 
CD vs. controls; P=0.105; UC vs. controls; P=0.166. ® Inflammatory Bowel 
Disease. ^ Crohn’s Disease. Ulcerative colitis.

Table 8.10: Comparison of MRP3/ABCC3 SNP estimated haplotype frequencies 
in CD-S and CD-R populations and healthy controls.

Haplotype population frequencies CD-S^ vs. Controls CD-R vs. Controls CD-S^ vs. CD-R*”

Haplotype CD-S^ CD-R“ Controls P P P

1. 11121 0.355 0.428 0.329 0.321 0.047 0.153
2. 11111 0.365 0.342 0.383 0.595 0.337 0.556
3. 12211 0.095 0.029 0.094 0.961 0.026 0.047
4. 11112 0.052 0.068 0.072 0.172 0.901 0.537
5. 21121 0.037 0.054 0.034 0.924 0.319 0.672
6. 21111 0.035 0.031 0.031 0.987 0.953 0.919
7. 11211 0.041 0.049 0.020 0.071 0.056 0.794
Differences in haplotype distribution between populations were tested for 
significance using a permutation test (HITAGENE). The haplotypes are 
composed of SNP loci MRP3_SNP2, MRP3_SNP32, MRP3_SNP37, 
MRP3_SNP39, and MRP3_SNP47, respectively. Overall p-values for 
comparison between the population tables are; CD-S vs. controls; P=0.333;
CD-R vs. controls; P=0.074; CD-S vs. CD-R; P=0.336.
® Therapy resistant, severe Crohn’s disease. Therapy responsive Crohn’s disease. 
Odds Ratios (95% Confidence Interval for Odds Ratio).
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Figure 8.1: Graph of MRP3/ABCC3 SNP estimated haplotype frequencies in the 
IBD population and healthy controls.
Haplotype frequency estimations (HFE) were generated on HITAGENE using an 
expectation maximisation (EM) algorithm.
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Table 8.11: Pairwise measures of linkage disequilibrium in the Control population 
between the 5 SNRs in MRP3/ABCC3.

MRP3_SNP2 MRP3_SNP32 MRP3_SNP37 MRP3_SNP39 MRP3_SNP47

MRP3_SNP2 1.231 1.240 0.031 0.351

MRP3_SNP32 0.002 443.319 38.504 7.437

MRP3_SNP37 0.002 0.676 57.782 8.719

MRP3_SNP39 0.000 0.061 0.088 33.109

MRP3_SNP47 0.001 0.011 0.013 0.050

The r̂  values are shown in the bottom left area of the table and corresponding 
values are shown in the top right area of the table. Corresponding P-values to the 

values are <10'^ in all other than MRP3_SNP2. Values did not differ 
significantly between cases and controls. Values were calculated using 
HITAGENE.

Table 8.12: Pairwise measures of linkage disequilibrium in the IBD population 
between the 5 SNPs in MRP3/ABCC3.

MRP3_SNP2 MRP3_SNP32 MRP3_SNP37 MRP3_SNP39 MRP3_SNP47

MRP3_SNP2 0.205 3.057 2.925 5.549

MRP3_SNP32 0.002 513.697 60.652 5.622

MRP3_SNP37 0.003 0.576 92.375 9.362

MRP3_SNP39 0.003 0.070 0.100 41.109

MRP3_SNP47 0.006 0.006 0.010 0.044

The r  ̂values are shown in the bottom left area of the table and corresponding 
values are shown in the top right area of the table. Values did not differ 
significantly between cases and controls. Values were calculated using 
HITAGENE,
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8.4 Discussion

This is the first study examining the genetic association of ABCC3 and IBD. A 

small association between MRP3_SNP39 and IBD is shown in this study, with 

allele 1 significantly less frequent at MRP3_SNP39 in the patients than in the 

controls (Table 8.2). The MRP3_SNP32 was shown to be marginally 

associated to CD (with allele 1 increased in CD patients), but there were no 

significant differences seen between the UC patients and the controls, although 

the same trend is evident (Table 8.3). A stronger significant association was 

seen with colonic CD and MRP3_SNP32, although the same trend was seen, 

this was not significant when the ileal CD group was compared to the controls 

(Table 8.5). Interestingly, MRP3 expression is 2 to 3 fold higher in the colon 

compared to the ileum (Zimmermann et al., 2005). The same trend was also 

seen between the pancolitis UC group and the controls (Table 8.6), and a 

significant difference was seen between the groups when the 1/1 vs. 1/2 

intermediate genetic model was examined. The sample numbers in the UC 

and CD subphenotype groups were small and should be expanded before the 

extent of these associations can be properly assessed. ABCC3 may also play 

a part in a patient’s response to medical therapy.

Differences in allele frequencies were seen between therapy resistant and 

responsive CD groups at MRP3_SNP32, SNP37 and SNP39 (Tables 8.7 and 

8.8). Again, however, these subgroups need to be expanded before any 

associations can be elucidated.

Haplotype reconstruction shows a significant difference in the overall pattern of 

haplotypes between the IBD patients and the controls (Table 8.9). One of the 

individual haplotypes [Hap7 (11211)] is significantly more frequent in the IBD 

patients, the CD patients, and the UC patients than the controls. The haplotype 

that is more frequent in the patients contains the disease-associated allele at 

SNP32 (allele 1). However, other haplotypes that are not significantly different 

between patients and controls also carry this allele, indicating that as yet 

unidentified linked SNPs may be playing a role.
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Haplotype analysis reveals a significant difference between the CD-R 

population and the controls at two haplotypes (Table 8.10). Hap1 (11121) is 

significantly more frequent in the CD-R compared to the controls (P=0.047), 

while Hap3 (12211) is at a significantly lower frequency in the CD-R population 

than in the controls (P=0.026) and also than in the CD-S population (P=0.047). 

Hapi carries allele 1 at the SNP32 locus, which is significantly more frequent in 

the CD-R population compared to controls, and allele 2 at the SNP39 locus, 

which is also at an increased frequency in the CD-R population compared to in 

the controls. HapS, on the other hand, carries allele 2 at SNP32 and allele 1 at 

SNP39. However, HapS (21121) also carhes allele 1 at SNP32 and allele 2 at 

SNP39 as does Hapi, but it is not significantly different between the groups, 

again indicating that as yet unidentified linked SNPs are playing a role. The 

pattern seen here comparing the CD-R group to the CD-S and control groups, 

with a haplotype that is increased in the CD-R group carrying SNP32 allele 1 

and SNP39 allele 2 and vice versa for the haplotypes reduced in the CD-R 

group is similar to that seen comparing the IBD, CD and DC groups to the 

controls. This is logical under the theory that lower expression or activity of 

xenobiotic transporters in the gut contributes to the development of IBD, since 

lower amounts of these transporters would also allow higher concentrations of 

therapeutic drugs being able to cross the gut lining and thus being more 

effective in controlling the disease.

MRP3_SNP32 (rs879459) and SNP39 (rs4148415) are located in the intronic 

regions of MRP3. There is no functional data published for these SNPs.

Intronic SNPs could affect splice sites, however, it is more likely that these 

SNPs are linked to other functional polymorphisms as there were specifically 

chosen to tag the haplotypes of the gene.

An interaction was seen between the MRP3_SNP39 genotypes and 

RXRA_SNP5 allele 1 homozygotes in the DC patients compared to the controls 

(see Tables 6.14 to 6.16 in Chapter 6). RXRA_SNP5 allele 1 homozygotes are 

significantly increased in the UC population compared to controls (P=0.006). 

When the allele 1 homozygotes vs. the allele 2 carriers of RXRA_SNP5 are 

stratified by MRP3_SNP39 genotypes, the difference in frequencies of the
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RXRA_SNP5 allele 1 homozygotes between the UC patients and controls was 

most significant in the presence of the MRP3_SNP39 allele 1 homozygotes 

(P=0.006), and was not significant at all in the presence of the MRP3_SNP39 

allele 2 homozygotes (P=0.637). A significant interaction was also seen 

between the MRP3_SNP39 and the ABCB1 21/2677 allele 1 carriers (see 

Tables 7.15 to 7.20 in Chapter 7), with the 21/2677 allele 1 carriers being 

significantly increased in IBD patients compared to controls only in those 

patients with the MRP3_SNP39 allele 2 homozygotes (P=0.040, OR 2.385 95% 

Cl 1.03-5.54). This pattern was also seen to a significant level when the UC 

patients were compared with the controls, and non-significantly when the CD 

patients were compared to controls.

These interactions appear to act in a different manner, in that the RXRa 

significant association is seen with the allele 1 homozygotes of SNP39, while 

the ABCB1 significant association is seen with the allele 2 homozygotes of 

SNP39. However, as discussed in Chapter 7, RXRais  at a different level in 

the xenobiotic response system than both MRP3 and ABCB1 and while the 

functional model of epistasis may consequently be more complicated between 

RXRa and MRP3 than between ABCB1 and MRP3, inferring biological 

meaning from quantitative data measuring disease risk as an outcome is 

difficult.

The interaction between these polymorphisms suggests that they are likely to 

act in the same causal pathway, although epistasis can also occur if two genes 

impact the same phenotype via alternative pathways. The RXRor interaction is 

in agreement with the functional effect of RXRa on MRP3 expression, in that 

RXRahas been shown to be critical in the constitutive expression of ABCC3.

In conclusion, this study provides evidence of the association of variation in the 

ABCC3 gene with the pathogenesis of CD. These findings support existing 

evidence ABCC3 is involved in the pathogenesis of IBD. MRP3 is an important 

component of the xenobiotic metabolism system. A system already shown to 

be dys-regulated in IBD. The genomic region of ABCC3/MRP3 has been
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identified as a susceptibility locus for CD (van Heel et al., 2004). Langmann et 

al. found a down-regulation of MRP3 in the ileum and colon of IBD patients 

compared to controls (Langmann et al., 2004). Thus, the association found in 

this study between polymorphisms in ABCC3 and IBD, and CD in particular, 

supports the hypothesis that this may be a disease susceptibility locus for IBD. 

In order to more fully understand the nature of this association, the population 

numbers of both cases and controls need to expanded and further studies are 

required to determine whether this represents a direct role for these alleles in 

the pathogenesis of IBD or whether they may be caused by linkage 

disequilibrium with other as yet unidentified disease alleles in ABCC3.
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Chapter 9 

General Discussion

211



9.1 Background

The aim of this study was to further the understanding regarding the genetic 

factors which predispose to Inflammatory Bowel Disease. To that end, inherited 

variation within genes of the xenobiotic response system was analysed in an Irish 

IBD population.

Inflammatory bowel disease (IBD) patients can be classified into two major 

phenotypes, Crohn’s disease (CD) and ulcerative colitis (DC), both of which are 

thought to result from the complex interplay of multiple genetic and environmental 

factors in genetically predisposed individuals. Thus, there is strong familial 

clustering of the disease with a complex pattern of inheritance. First-degree 

relatives of an affected patient have a risk of IBD that is 4 to 20 times as high as 

that of the background population (Orholm et al., 1991; Hugot et al., 2001). 

Whereas the rate of concordance for CD in dizygotic twins is similar to that of all 

siblings, the rate among monozygotic twins has been reported to be as high as 

58%, clearly illustrating the contribution of genetic and environmental components 

to the risk of developing disease (Hugot et al., 2001). The penetrance of the UC 

genotype appears lower with a monozygotic concordance rate ranging from 6-19% 

depending on the population, an observation most easily explained by the 

requirement of non-genetic factors to precipitate disease (Orholm et al., 1991; 

Hugot et al., 2001; Halfvarson et al., 2003). Family based genetic mapping 

studies have identified a number of susceptibility loci, although few have been 

reproduced consistently (Ahmad et al., 2004).

Thus, IBD is quite clearly a complex genetic disorder. Complex disorders are 

polygenic, that is, resulting from a large number of genetic variants, each 

contributing small effects. As well as numerous genes being involved, often, if not 

always, these disorders result from an interaction between one or more of the 

genetic variants and also with environmental or nongenetic disease risk factors.

To add to the complexity, epidemiological and molecular data suggest
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heterogeneity among both CD and DC patients (Podolsky, 1991; Satsangi et al., 

1994; Hugot et ai., 2001). The ability toidentify of subgroups of IBD patients would 

represent a substantial progress in the understanding and probably the 

management of these patients. However, the definition of stable phenotypes 

remains a difficult task since clinical characteristics such as location or behaviour 

of the disease may change overtime.

Taking these difficulties into consideration, it is easy to see why the majority of the 

IBD susceptibility genes have yet to be conclusively identified. This study has 

therefore attempted to implement recent advances, both in knowledge and 

technology, to investigate for the presence of IBD susceptibility loci.

At least one important interection with the environment has been demonstrated by 

the association of Crohn’s disease with NOD2/CARD15 (Hugot et al., 2001; Ogura 

et al., 2001), a gene whose protein product is directly involved in the innate 

immune response to microbial antigens. This finding suggests that Crohn’s 

disease, and potentially ulcerative colitis, result from an inappropriate mucosal 

immune response to normal constituents of the luminal microflora. As early as 

1994 the theory that the xenobiotic response system was somehow involved in the 

pathology of IBD has been postulated (Crotty, 1994). Since then, a number of 

lines of evidence have indicated that the response to xenobiotics may be dys- 

regulated in IBD. For instance, in experimental mouse models of intestinal 

inflammation, mdr1a knockout mice develop ulcerative colitis which may be 

prevented by antibiotic treatment (Panwala et al., 1998; Esworthy et al., 2001). 

Gene expression studies in humans (Lawrance et al., 2001; Langmann et al.,

2004) have also implicated the response to xenobiotics in the pathophysiology of 

IBD. In particular, genes involved in cellular detoxification and defense were found 

to be down-regulated in patients with ulcerative colitis. We therefore investigated 

the inheritance of polymorphisms in genes involved in the xenobiotic response 

system in a population of IBD patients and healthy controls.
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9.2 Genetic association analysis of nuclear receptors and IBP

The nuclear receptors comprise a superfamily of ligand-activated transcription 

factors that, when activated, regulate an array of genes involved in the metabolism 

of xenobiotics. From this family, we selected the PXR/NR1I2, FXR/NR1H4, 

CAR/NR1I3 and RXRa/NR2B1 genes to investigate.

In PXR/NR1I2, the major allele of the promoter SNP -25385 (rs3814055), was 

found to have the strongest nominal significant association with IBD overall, as 

well as with DC and CD. A significant association was also seen with -24381 

(rs1523127) and 7635 (rs6785049) and IBD and CD, while only the two upstream 

SNPs were associated with DC. When the DC and CD groups were divided based 

on disease location, -25385, -24381 and 7635 were significantly associated with 

colonic CD and -25385 and -24381 were associated with pancolitis UC. These 

polymorphisms have been linked to reduced activity of PXR activated genes 

(Zhang et al., 2001). The case for the role of NR1I2 in the susceptibility to IBD is 

strengthened by the finding that expression of PXR, along with a number of genes 

that it regulates, was significantly reduced in the colon but not the ileum of UC 

patients (Langmann et al., 2004).

For FXR/NR1H4, 5 htSNPs were selected that cover 94% of the haplotypes 

reconstructed from the 24 SNPs found in the CEU population on HapMap. Two of 

these htSNPs, SNP2 (rs7956050) and SNP3 (rs1030454) were found to have 

significantly different allele frequencies between the IBD patients and the controls. 

The allele 2 carriers of SNP2 were significantly more frequent in the patients than 

in the controls, (0.114 vs. 0.064, P=0.017), while the allele 1 homozygotes of 

SNP3 were significantly more frequent in the patients than in the controls (0.769 

vs. 0.716, P=0.017). Haplotype reconstruction of the 5 htSNPs showed significant 

differences in the overall pattern of haplotypes between the IBD, CD and UC 

patients compared to the controls. The Hap6 (22111) haplotype was significantly 

more frequent in the IBD patients compared to controls. When the UC group is
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compared to the controls, again Hap6 was significantly more frequent in the 

patients, as well as Hap4 (11122), and Hap5 (11222) is significantly less frequent 

in the patients. When the CD population was subdivided based on disease 

location, there was an overall difference seen in haplotype pattern between the 

colonic CD and the controls and between the ileocolonic CD and controls, but not 

between the ileal CD group and the controls. Whilst both UC subgroups (left-sided 

colitis and pancolitis) showed an overall difference in haplotype pattern from the 

controls.

Overall, NR1H4 shows an association to ulcerative colitis, and to colonic Crohn’s 

disease. The FXR-p isoform is expressed at a significantly higher level in the 

colon compared to the small intestine (Huber et al., 2002). As discussed 

previously (section 4.4), it is possible that the haplotypes of NR1H4 found to be 

associated with UC and colonic CD affect the expression of the FXR-(3 isoform.

Four of the five SNPs in CAR/NR1I3 reported on HapMap in the CEPH population 

at the time this study was designed were examined in the IBD population. A 

minimal association was seen between SNP2 (rs2307424) and UC. No significant 

differences are seen with any of the other SNPs in any of the patient groups. 

Haplotype reconstruction shows no significant differences in the overall pattern of 

haplotypes between the patients and the controls, or between the individual 

haplotypes. With only 5 SNPs described on public databases when these four 

SNPs were chosen, it is impossible to determine how many, if any, haplotypes the 

SNPs examined in this study tag.

Five htSNPs in the RXRa/NR2B1 gene were studied. A significant association

between RXRa_SNP5 ( rs l045570) and IBD was demonstrated. This SNP was

found to be associated with extensive UC, and to a lesser extent with colonic CD.

No association was seen with the four other SNPs. Although the SNPs assayed

for this study were chosen specifically to tag 85% of RXRa haplotypes, haplotype

reconstruction shows no significant differences in the overall pattern of haplotypes

between the patients and the controls, or between the individual haplotypes. This
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indicates that SNP5 is a better predictor of disease alone due to either a functional 

affect of SNP5 itself or its LD with other SNPs outside those used to generate the 

htSNRs in this study.

9.3 Genetic association analysis of ABC transporters and IBP

The ATP binding cassette (ABC) transporters are important components of the 

xenobiotic response system. They are plasma membrane transporters that are 

expressed in various organs that transport exogenous and endogenous 

substances, and thus reduce the body load of potentially harmful compounds. 

MDR1 and MRP3 have high expression in the gut and may be critically involved in 

the protection of the intestinal barrier by keeping drugs, nutrients, or bacterial 

compounds in the gut lumen (Ho et al., 2003; Langmann et al., 2003).

Two SNPs were ultimately genotyped in the MDR1 gene, ABCB1, for this study, 

the non-synonymous 21/2677 (rs9282563), and 26/3435 ( rs l045642), which have 

previously been associated with altered expression of MDR1. We found no direct 

association of 21/2677 or 26/3435 with IBD, UC or CD. There was also no 

association seen with the two SNPs and any of the subgroups (by disease location 

or response to treatment).

For the MRP3 gene, ABCC3, 5 htSNPs were chosen based on haplotypes in a 

Caucasian population along with a non-synonymous SNP (Lang et al., 2004). 

However, one of the htSNPs did not give consistent results by either Ampliflour or 

Taqman techniques and so was dropped. A small association was found between 

MRP3_SNP39 (rs4148415) and IBD, while SNP32 was associated with CD as a 

whole and the colonic CD subphenotype. A significant difference was seen 

between the pancolltis UC groups and the controls when the 1/1 vs. 1/2 

intermediate genetic model of SNP32 (rs879459) was examined. Haplotype 

reconstruction showed a significant difference in the overall pattern of haplotypes
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between the IBD patients and the controls, and one of the individual hapiotypes 

[Hap7 (11211)] was significantly more frequent in the IBD patients, the CD 

patients, and the UC patients than the controls. Haplotype analysis also revealed 

a significant difference between the therapy responsive CD (CD-R) population and 

the controls at two hapiotypes. Hapi (11121) was significantly more frequent in 

the CD-R compared to the controls (P=0.047), while Hap3 (12211) was at a 

significantly lower frequency in the CD-R population than in both the controls 

(P=0.026) and the severe, glucocorticoid resistant (CD-S) population.

Interestingly, the genomic region o f/\6C C 3 (17q22) has been identified as a 

susceptibility locus for CD, but not UC, in a meta-analysis of affected relative pairs 

(van Heel et al., 2004).

9.4 Gene-qene interaction effects

Gene-gene interaction, or epistasis, is a possible reason for conflicting results 

between different genetic association studies (Moore, 2003). Epistasis is the term 

used to describe the masking effect whereby an allele at one locus prevents the 

variant at another locus from manifesting its effect (Bateson, 1909). From a 

statistical point of view, epistasis refers to a deviation from additivity in the effect of 

alleles at different loci with respect to their contribution to a phenotype (Fisher, 

1918). The presence of gene-gene interaction is a cause for concern in complex 

disease genetics since, if the effect of one locus is altered or masked by the 

effects at another locus, power to detect the first locus is likely to be reduced and 

elucidation of the main effects at the two loci is hindered by their interaction.

The effect of any gene-gene interactions between the different loci of the 6 genes 

was also investigated. Crosstabulation and logistic regression analysis methods 

were employed to investigate this hypothesis.

217



This proved to be particularly interesting with regard to ABCB1 (MDR1). ABCB1- 

IBD association studies have produced many contradictory results. There are 

numerous possible explanations why these contradictory findings may have been 

observed, including the presence of epistasis, and previous association studies 

failed to take into account any interaction ofAB C BI with other genes. The present 

work shows that both 21/2677 and 26/3435 allele 2 carriers are associated with a 

decreased risk for IBD only in the subpopulation of patients that do not carry the 

P X R -25385 risk allele (allele 1). On the other hand the allele 1 of 21/2677 

association with IBD was not shown to be independent of the MRP3_SNP39 risk 

allele (allele 2).

An interaction between ABCB1/MDR1 and PXR has also been demonstrated with 

respect to CYP3A4 expression (Lamba et al., 2006). Lamba et al. found that the 

21/2677 allele 2 homozygotes of MDR1 and carriers of a 6-bp deletion in the 

promoter of PXR interacted to significantly increase CYP3A4 protein levels in the 

liver (Lamba et al., 2006).

A significant interaction term was seen between the CAR SNP2 allele 2 carriers 

and the PXR -25385 genotypes in the IBD patients compared to the controls by 

logistic regression. When this was examined by stratification, the allele 1 

homozygotes of CAR SNP2 were only significantly increased in the IBD patients 

compared to the controls in the presence of the PXR -25385 allele 1 

homozygotes. Thus, the CAR SNP2 association does not appear to be 

independent of the P X R -25385  IBD association, although the findings suggest 

that they may act in a common pathophysiological pathway.

9.5 Conclusion

This study has highlighted the complexity of the genetic background underlying the 

group of diseases collectively termed Inflammatory Bowel Disease. The most
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significant finding of the work presented here is the importance of the orphan 

nuclear receptors in the aetiology of IBD, in particular PXR. Our study provides 

strong evidence of the association of inherited variation in the NR1I2 gene on 

chromosome 3q with the pathogenesis of both UC and CD. To a lesser extent, 

NR1H4 on 12q and NR2B1 on 9q were also shown to be associated with UC and 

colonic CD pathogenesis. The interaction analysis demonstrated one reason for 

the conflicting ABCB1-\BD association results, with a significant association 

between ABCB1 and IBD only seen in the patients that do not carry the NR1I2 risk 

allele. Haplotype analysis of the other ABC transporter studied here, ABCC3, 

revealed an association with UC and CD, and also to glucocorticoid therapy 

responsive CD. Overall, these findings support accumulating evidence of a role 

for the xenobiotic response system in the development of IBD.

Nuclear receptors, including PXR, FXR and CAR, which have their highest 

expression in the intestine and liver, have also been shown to be expressed in 

cells of the immune system (in CD4 positive, CDS positive, CD19 positive and 

CD14 positive cells) (Schote et al., 2007). Intriguingly, a recent study has shown 

an interaction between the xenobiotic response system and NFkB regulated 

inflammatatory mechanisms (Zhou et al., 2006). They found that PXR activation 

inhibited NFkB signalling in vivo, whilst higher constitutive expression of NFkB 

target genes and increased inflammatory infiltrate in the small bowel was found in 

PXR knockout mice (Zhou et al., 2006). Recently, PXR was shown to be 

protective against dextran sulphate sodium (DSS) induced IBD in mice, and that 

this was mediated throught PXR repression of NFkB (Shah et al., 2007). Another 

study has demonstrated NFkB interaction with the RXRa DNA binding domain 

leading to a disruption of the PXR/ RXRa heterodimer (Gu et al., 2006). It is also 

clear that the innate immune system interferes with the xenobiotic response 

system, since it has been shown that LPS downregulates the expression of many 

important drug metabolizing genes such as the CYP450 3A family among others 

(Fang et al. 2004). Further evidence of the link between the xenobiotic response 

system and the inflammatory response, is the finding that FXR appears to be
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involved in regulating some genes in the immune system, including IL-18 (Inagaki 

et al., 2006) and also is involved in the regulation of PXR expression. In addition, 

FXR knockout mice were found to have a higher number of ileum aerobic bacteria, 

as well as altered intestinal barrier integrity (Inagaki et al., 2006). These findings 

demonstrate that FXR may play an important role in protecting the distal small 

intestine against bacterial overgrowth and the resulting disruption of the epithelial 

barrier. Thus nuclear receptors, as well as regulating the drug and xenobiotic 

response system, also seem to act as mediators of inflammation and the 

immunity. These studies support the conclusion made in the present study that 

there is complex interaction and crosstalk both within and between the orphan 

nuclear receptors, the xenobiotic response system and the inflammatory response.

The findings in the present study, along with the recent studies linking the 

xenobiotic response system and the inflammatory response, indicate that inherited 

variation in nuclear receptors could play a crucial role in regulating the balance 

between the two systems. Thus, a possible model for how the polymorphisms in 

PXR affect the aetiology of IBD is that they result in, or are linked to SNRs that 

result in, decreased activity or expression of PXR, this leads to downregulation of 

CYP3A4 and other xenobiotic transporters lowering the ability of the gut lining to 

keep out harmful bacteria and toxins. At the same time, lower levels of PXR also 

appear to lead to loss of repression of NFkB mediated inflammation (Zhou et al., 

2006), leading to increased generalized inflammation particularly in the intestine. 

While at the same time, NFkB mediated inflammation may also be upregulated via 

the IL-17 pathway (Hata et al., 2002; Zhang et al., 2006). Thus there is the 

potential for a vicious cycle of increased toxic xenobiotics allied to an increased 

propensity to mount an inflammatory response. The FXR haplopypes that were at 

a significantly different frequency in the IBD patients compared to the controls may 

lead to altered FXR expression or activity, and could consequently alter PXR 

expression (Jung et al., 2006), disrupt the integrity of the gut lining, and affect the 

expression of immune genes involved in inflammation and antibacterial activity 

(Inagaki et al., 2006). Allele 1 homozygotes of SNP5 in RXRaare  significantly
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increased in IBD patients compared to controls. RXRa is important as an obligate 

heterodimeric partner of PXR, CAR and FXR, and thus plays a crucial part in 

regulating the crosstalk between the nuclear receptors. It has been shown to be 

critical in controlling the basal levels of, amongst other genes, CYP450 

(Cherrington et al., 2003) and in maintaining intestinal barrier integrity (Inagaki et 

al., 2006).

A possible model for the effect of the interaction seen between the -25385 PXR 

SNP and the 21/2677 MDR1 SNP is as follows. When the -25385 allele 2 

homozygotes are present along with the 21/2677 allele 2 homozygotes there 

appears to be protective effect seen (OR 0.40, 95%CI 0.17-0.93). Allele 2 of 

-25385 has been linked to higher activity of PXR compared to allele 1 (Zhang et 

al., 2001), while the 21/2677 allele 2 homozygotes have been associated with 

lower P-gp expression in the intestine compared to the 21/2677 allele 1 

homozygotes in a recent study (Lamba et al., 2006). So, because of the presence 

of the putatively less active MDR1 Ser893 (21/2677 allele 2), cells achieve a 

higher intracellular concentration of PXR ligands, which also carries the more 

active allele o f -25385, and this causes higher basal expression of CYP3A4 and 

other PXR regulated proteins as well as repressing NFkB regulated inflammation 

and thus having a protective effect against the development of IBD. On the other 

hand, if lower activity of P-gp results in higher intracellular concentration of 

xenobiotics, this accumulation of toxins might lead to increased inflammation, thus 

overcoming the beneficial effect of the PXR status. While these are both rational 

explanations it is not possible on the basis of the current data to distinguish 

between them.

Thus the picture emerging from the latest research is that PXR, in conjunction with 

other nuclear receptors, are at the heart of the two pathways that regulate 

xenobiotic homeostasis and biodefense. Moreover, their activity is integral to 

intestinal homeostasis. There is a high degree of interaction between all of the 

nuclear receptors and the members of the two systems. Disruption of this balance
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could therefore contribute to the profound chronic and relapsing inflammation that 

is seen in IBD.

RXRo/
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Figure 9.1: The complex interaction between nuclear receptors (NRs), the xenobiotic 
response system and the inflammatory response, all contribute to an altered risk of IBD. 
The NRs regulate the expression of xenobiotic transporters, including CYP3A4, MDR1 
and MRP3, which help protect the integrity of the gut lining. The NRs also affect the 
inflammatory response through interaction with proteins such as NFkB. The activity of the 
NRs is also affected by both the xenobiotic transporters and proinflammatory proteins (eg 
NFkB).

9.6 Future prospects

The results presented in this study highlight many future lines of investigation 

which may be followed. Genetic advances are progressing rapidly both in the 

knowledge obtained regarding the structure of the human genome, including the 

variation present and the interaction and linkage between these variants, and also 

in the technological advances available at present to study this variation and 

behavior.
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Continued recruitment of patients at St. James’ hospital and at other centers 

across the country will be carried out to increase the sample size of the population 

under investigation, thus increasing the power of future studies. Though 

recruitment of a large number of patients is a laborious task, it is imperative to the 

success of future genetic association studies. Importantly, a large sample of IBD 

patients is required to give sufficient numbers of the subphenotypes groups. In 

addition, higher sample numbers would better facilitate the interaction between 

genes to be examined. To date, the most successful identification of risk factors 

for various diseases have almost all identified those risk factors with high odds 

ratios. As the task to identify the remaining disease risk factors which will most 

likely have small effect sizes on disease intensifies, patient and control sample 

sizes need to be increased substantially from those used in current studies to 

provide the power necessary to detect these small changes. This will only be 

achieved after years of patient recruitment and possible collaborations between 

recruitment centers. The establishment of national biobank facilities, such as that 

proposed and currently being implemented in Ireland, is also an important and 

perhaps, necessary advancement for genetic association studies. Such projects 

will provide a pool of healthy control individuals sampled randomly throughout the 

country, from which to draw a control population for analysis. This method is most 

likely to be better than the most popular currently used method which implements 

the construction of a healthy control sample population for analysis from 

colleagues and health workers in hospitals, which usually tend to be biased 

towards selection of females and there may also be other unseen biases.

The clinical impact of genetic findings is situated in a better understanding of the 

heterogeneity of IBD, in terms of location, age at onset and behaviour of the 

disease. Thus, along with the increased numbers of patient samples required, it is 

imperative to clearly define the subphenotypes of the disease. These include age 

at diagnosis, location of the disease, disease behavior, extraintestinal 

manifestations, response the medical therapy and smoking habit. This would give 

greater power to detect specific genotype-phenotype correlations.
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In theory it is assumed that each single genetic marker analysed independent, and 

thus each marker should be corrected for multiple testing. The usual Bonferroni 

correction for multiple testing would be overly stringent in reality given the fact that 

most markers in a gene show some degree of LD and the the power to detect any 

association would be reduced. However, unless the chosen loci are in complete 

LD with each other multiple testing will still increase the number of false-positives 

under nominal significance thresholds. Other methods for multiple testing 

correction that are not as stringent have been developed. For example correction 

can be carriied out using permutation testing, while another technique is the Nyholt 

method (Nyholt, 2004). In permution testing subjects from the combined case and 

control populations are randomly labelled ‘cases’ and the remainder labelled 

‘controls’ thus maintaining the overall genotype structure. Frequency differences 

in ‘cases’ and ‘controls’ are compared for each SNP and the minimum p-values 

calculated. The calculated p-values are then compared to the lower minimum p- 

values among the permutations. The Nyholt method involves estimating an 

'effective number' of independent tests and then adjusting the smallest observed 

p-value using Sidak's formula based on this number of tests (Nyholt, 2004).

This study has provided some exploratory positive associations between certain 

genetic variants and IBD. To confirm such results, these polymorphisms will need 

to be replicated in an independent population sample through collaborative works.

It will also, in the future, be possible to re-assess positive findings in a larger Irish 

patient sample after the continued recruitment of patients has been completed.

RXRa has a central role in the xenobiotic metabolizing system given its function 

as an obligate heterodimer of many other nuclear receptors and also its interaction 

with NFkB (Gu et al., 2006). It would be interesting to further investigate the 

significant association seen between RXRa and DC to see if SNPS has any 

functional effect on mRNA or if it is in LD with other functional SNPs.
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Some significant differences in allele frequencies of the ABCC3/MRP3 SNPs were 

seen between the IBD patients and the controls. However, the associations were 

not very strong and so it would be useful to design another assay for the -211 

SNP (rs4793665) to investigate the distribution of its genotypes in our patient and 

control populations. This SNP was found to be associated with significantly 

altered Ihepatic MRP3 mRNA expression. In addition, the -211T allele appears to 

cause strongly reduced binding of nuclear factors, as demonstrated by 

electrophoretic mobility shift assays (Lang et al., 2004). Unfortunately, two 

attempts to assay this SNP in our populations both failed.

Functional characterisation of the promoter variants in PXR that have been found 

to be significantly associated with IBD would be worthy of investigation. In order to 

do this, any alteration in conserved sequences could be examined 

computationally, and high content cellular screening assays (Cellomics) could be 

used to investigate the effect of variants in nuclear receptors on the activity and 

expression target genes (e.g. ABCB1). This could be achieved by the use of 

fluorescent substrates of the target gene products, analysed in real time by the 

kinetic scanner in different cell lines that carry specific polymorphisms in the 

nuclear receptor genes.
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Appendix I

List of SNP or haplotype related databases

A comprehensive list of SNP related database 

(http://hqvbase.cqb.ki.se/databases.htm)

Asthma pharmacogenetics website (http://wwv\/.pharmqat.orq/index html) 

Genetic association database (http://geneticassociationdb.nih.gov/) Perlegen 

database (http://qenome.perleqen.com/)

Seattle SNPs variation resource database (http://pqa.qs.washinqton.edu/) 

Southwestern program for genomic applications (http://pqa.swmed.edu/) 

Innate Immunity (http://innateimmunitv.net/)

The HapMap project website (http://www.hapmap.orq/)

NCBI gene genotype report (http://wvm.ncbi.nlm.nih.gov/)
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Appendix II 

Reagents and Buffers

Tris Acetate EDTA (TAE) Buffer (10X)

Tris base

Glacial Acetic Acid

Ethylenediaminetetraacetic acid (EDTA), pH 8,0 (0.5 M) 

Make up to a final volume of 1 L with deionised water.

1X TAE Running Buffer

TAE (10X)

Deionised water

3% Agarose Gel

Agarose

TAE running buffer

Boil solution to dissolve agarose.

Ethidium Bromide (EB) stock (10 mg/ml)

Ethidium Bromide 

Deionised water

Gel Loading Dye

Xylene cyanol 

Bromophenol Blue 

Glycerol 

EDTA (0.5 M)

Deionised water

Mix and store at room temperature.

24.2 g 

5.71 ml 

20 ml

50 ml 

450 ml

6 g

200 ml

100 mg 

10 ml

50 mg 

75 mg 

25 ml 

5 ml 

20 ml
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200 mM dNTP mix

ATP 20 \i\

CTP 20 iJl

GTP 20 |jl

TTP 20 |J|

Deionised water 920 |jl
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