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ABSTRACT 

 

POPULATION GENOMICS OF CROHN DISEASE SUSCEPTIBILITY 

 

Crohn's Disease (CD) is an inflammatory bowel disease that causes chronic 

inflammation of the gastrointestinal tract. It is argued that the genetic makeup that 

increases susceptibility to CD in modern populations is a derived trait that confers 

selective advantage against certain environmental stressors, such as resistance to 

infections and pathogens. Therefore, there should be signs of selection on CD-associated 

genes. To test whether CD risk is a derived selected trait, CD-associated genes and 

variants were identified through literature searches. Ancient and modern population data 

were collected through the Allen database and 1000 Genomes Project. Data were 

analyzed using Plink and R. 352 CD risk alleles were identified and the disease risk status 

(protective and susceptible) of CD-associated alleles was compared to their ancestral and 

derived status. The differentiation of four metapopulations worldwide according to these 

alleles was examined. Furthermore, differences in allele frequency between ancient and 

modern populations were compared. It was observed that the genetic differentiation and 

segregation between modern metapopulations is due to the influence of CD-related genes 

PUS10 and PPBP_CXCL5, while the segregation between ancient and modern 

metapopulations is due to the influence of PPP5C, PPBP_CXCL5 and AIMP1P2 genes. 

Populations with higher prevalence of CD were found to have higher risk allele 

frequencies. Variants in CD-related IRGM, OR2B11 and IL10 genes showed high allele 

frequency changes over time when comparing ancestral and modern European 

populations. Recent selection analyses indicated possible positive selection acting on the 

CD-related genes HERC2, MACROD2, RBFOX1, ITLN1 and RNFT1P2. 
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ÖZET 

 

CROHN HASTALIĞI DUYARLILIĞININ POPÜLASYON GENOMİĞİ 

 

Crohn Hastalığı (CD), gastrointestinal sistemin kronik inflamasyonuna neden 

olan inflamatuar bir bağırsak hastalığıdır. Modern popülasyonlarda CD'ye yatkınlığı 

artıran genetik yapının, enfeksiyonlara ve patojenlere direnç gibi belirli çevresel stres 

faktörlerine karşı seçici avantaj sağlayan türetilmiş bir özellik olduğu iddia edilmektedir. 

Bu nedenle, CD ile ilişkili genlerde seçilim belirtileri olmalıdır. CD riskinin türetilmiş 

seçilmiş bir özellik olup olmadığını test etmek için, literatür taramaları yoluyla CD ile 

ilişkili genler ve varyantlar belirlenmiştir. Allen veriseti ve 1000 Genom Projesi 

aracılığıyla eski ve modern nüfus verileri toplanmıştır. Veriler Plink ve R kullanılarak 

analiz edilmiştir. 352 CD risk aleli tanımlanmıştır ve CD ile ilişkili alellerin hastalık risk 

durumu (koruyucu ve duyarlı) atasal ve türetilmiş durumlarıyla karşılaştırılmıştır. Dünya 

çapındaki dört metapopülasyonun bu alellere göre farklılaşması incelenmiştir. Ayrıca, 

eski ve modern popülasyonlar arasındaki alel frekansı farklılıkları karşılaştırılmıştır. 

Günümüz metapopülasyonları arasındaki genetik farklılaşma ve ayrımın, CD ile ilişkili 

PUS10 ve PPBP_CXCL5 genlerinin etkisine bağlı olduğu, antik ve modern 

metapopülasyonlardaki ayrımın ise PPP5C, PPBP_CXCL5 ve AIMP1P2 genlerinin etkisi 

olduğu gözlemlenmiştir. CD prevalansının daha yüksek olduğu popülasyonlarda daha 

yüksek risk alel frekanslarına sahip olduğu belirlenmiştir. CD ile ilişkili IRGM, OR2B11 

ve IL10 genlerindeki varyantlar, atasal ve modern Avrupa popülasyonları 

karşılaştırıldığında zaman içinde yüksek alel frekansı değişiklikleri göstermiştir. Gen 

bazlı son seleksiyon analizleri, CD ile ilişkili HERC2, MACROD2, RBFOX1, ITLN1 ve 

RNFT1P2 genlerinde etkili olan olası pozitif seçilime işaret etmiştir.  
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CHAPTER 1  
 

 

INTRODUCTION 

 

 

1.1 What is Crohn’s Disease? 
 

 

Inflammatory bowel disease (IBD) is a life-long disease that involves chronic 

inflammation of the gastrointestinal (GI) tract. It results from the interaction of an 

individual's immune responses, genetic predisposition, and environmental factors. 

Inflammatory bowel disease includes types of Crohn's Disease (CD) and Ulcerative 

Colitis (UC).1 Crohn's Disease was first described as a Regional Ileitis in 1932 by Burrill 

Crohn, Leon Ginzberg and Gordon D. Oppenheimer. By collecting data on 14 patients 

with symptoms of diarrhea, fever, abdominal cramps and weight loss, these doctors 

studied the pathological and clinical details of the disease and determined the existence 

of Crohn's Disease as a new disease unlike any previous disease.2 Crohn's disease is a 

destructive and progressive IBD characterized by chronic inflammation of any part of the 

GI tract from the mouth to the anus, with a rapidly increasing worldwide incidence.3,4 

Although the cause of CD is still unknown, weak immune system, altered microbiota, 

genetic predisposition and environmental factors play an effective role in the course of 

the disease.4 Crohn's Disease is a complex disease, so the genetic background is very 

important because multi-allelic, multi-gene disease, and also epidemiology and clinical 

manifestations of CD vary significantly between ethnic groups and geographical regions. 

 

 

1.2 Epidemiology: Incidence and Prevalence 
 

 

The epidemiology of Crohn's Disease varies greatly depending on geographic 

region, environmental conditions, ethnic groups, and immigrant populations.3 Although 

there are regional differences, the prevalence and incidence rates of CD are generally 
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increasing steadily worldwide.3,5 In particular, the highest rates are in Europe and North 

America, while it remains rare in Africa and South America.3,6 The incidence of Crohn's 

Disease is highest in North America (Canada), Northern Europe, New Zealand and 

Australia. The highest prevalence of Crohn's Disease is seen in Europe (Germany), 

Canada and America.5,6 It is observed that the incidence and prevalence of Crohn’s 

Disease is increasing in today's populations, especially in Europe and America, as well as 

in Asia.7 In addition to genetic predisposition being an important factor in this increase, 

changing environmental conditions and habits also act an important role. 

 

 

1.3 Clinical Features and Natural History of Crohn’s Disease 
 

 

Crohn’s Disease is a chronic intestinal inflammatory disease that can be seen in 

any area throughout the digestive system and most commonly affects the terminal ileum, 

cecum, perianal region and colon.1 Clinical diagnosis of Crohn’s Disease requires a 

variety of data such as the patient's history, physical examination, laboratory tests, 

endoscopy results, pathology findings and radiographic analyses.8 What makes diagnosis 

easier is the presence of chronic intestinal inflammation, and the presence of Crohn’s 

Disease can be checked and confirmed with other test results. 

Crohn’s Disease varies depending on which area or areas of the gastrointestinal 

tract the inflammation is located in. When the distribution of the disease according to the 

relevant regions is examined, only ileitis is seen in 25% of the patients, only colitis is seen 

in 25%, and ileocolitis is seen in 50%. Additionally, approximately one-third of the 

patients have perianal involvement, and 5-15% have oral or gastroduodenal region 

involvement.3 Depending on this condition, there are different varieties of Crohn’s 

Disease and these types may show different symptoms and complications. 

The most common type of Crohn’s Disease is Ileocolitis. Ileocolitis is 

inflammation of the last part of the small intestine (ileum) and large intestine (colon). The 

symptoms that occur in this type of inflammation are diarrhea, weight loss, cramping or 

pain in the middle or lower abdomen. Ileitis is inflammation of only the last part of the 

small intestine (ileum). Ileitis shows similar symptoms to ileocolitis. Jejunoileitis, 

inflammation of the middle part of the small intestine (jejunum), can cause vomiting, 

abdominal pain, cramps and diarrhea in the individual. Long-term inflammation may 
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cause fistula formation in the jejunum.9 Gastroduodenal Crohn's is inflammation that 

affects the stomach, esophagus, and the first part of the small intestine, the duodenum. 

Symptoms of this type may include nausea, vomiting, loss of appetite, and weight loss.10 

Also, Gastroduodenal CD may cause obstruction, fistula formation or biliary 

obstruction.11,12 Crohn's Colitis, or Granulomatous Colitis, causes inflammation only in 

the large intestine. Symptoms of Crohn's colitis include diarrhea, rectal bleeding, joint 

pain and skin lesions.13 Additionally, fistula, ulcer and abscess may develop as a result of 

this inflammation.14 

Although symptoms vary in different types of CD, in general, symptoms such as 

abdominal pain, weight loss, diarrhea and hematochezia, fever are common among types 

of CD.15 In addition to these symptoms, patients also present with fistulas or perianal 

findings such as ulcers, abscesses, and fissures at the time of diagnosis.4,16 

Extraintestinal Manifestations (EIM) of Crohn’s Disease are likely to be seen in 

nearly half of the patients; Formations such as both axial and peripheral, pyoderma 

gangrenosum and erythema nodosum, uveitis, scleritis, iritis and episcleritis, primary 

sclerosing cholangitis can be observed outside the gastrointestinal system, and these 

symptoms can affect many body systems, including the mouth, eye, musculoskeletal 

system, and hepatobiliary systems.3,4,8,17 

The different behavior or phenotypes of CD that exist; stricturing disease due to 

fibrosis, stricturing and/or penetrating disease, penetrating disease due to fistulas between 

the gut and other structures, and lastly inflammatory or non-stricturing, non-penetrating 

disease.4 Changes that may occur in clinical symptoms during the course of Crohn’s 

Disease, for example, recurrence of inflammation and/or variation in its severity, may 

cause replace in the current disease phenotype. 

 

 

1.4 Pathogenesis and Risk Factors of Crohn’s Disease 
 

 

Crohn’s Disease, that is, inflammation occurring in the gastrointestinal system, is 

a disease that results from interactions between genetic predisposition, environmental 

factors and intestinal microflora. CD can lead to the formation of an irregular and 

unhealthy intestinal microbiota by deteriorating the function of the intestinal barrier and 

the emergence of various immune responses.4,18 
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1.4.1 Non-Genetic Factors 
 

 

Non-genetic factors (environmental factors and intestinal microflora) that affect 

the pathophysiology of Crohn’s Disease also play a major role in the development of the 

disease. Environmental factors in Crohn’s Disease include smoking, vitamin D 

deficiency, oral contraceptive use, antibiotic use, regular use of non-steroidal anti-

inflammatory drugs, poor hygiene and urban environment increase the risk of the disease; 

Having more than two siblings, exposure to pets and farm animals, physical activity, 

breastfeeding, sharing a bedroom, fruit consumption and high fiber intake are among the 

factors associated with a reduced risk of disease.1,7,17,19,20 

 

 

1.4.1.1 Environmental Factors  
 

 

Environmental factors have a significant impact on the pathogenesis of Crohn’s 

Disease. Numerous studies have examined the link between various environmental 

factors and the development of CD.1 Smoking is a known environmental risk factor for 

CD and is associated with a twofold increased risk of CD, including passive smoking and 

early life exposure (OR 1.76, 95% CI 1.40–2.22).21 Smoking has also been associated 

with earlier disease recurrence, greater need for surgery, need for immunosuppression 

(more frequent immunosuppression), and higher postoperative disease recurrence.18,21,22 

In addition, it has been observed that smoking changes smooth muscle tone, affects 

intestinal mucosal integrity, causes oxidative stress and affects the intestinal 

microbiota.23,24 Several meta-analyses have identified a difference in the effect of 

smoking on CD risk among different ethnicities.25 In an Israeli study on the relationship 

between smoking and Ulcerative Colitis, smoking cessation was associated with an 

increased risk of Ulcerative Colitis but not with an increased risk of Crohn’s Disease.26 

Also, the incidence of CD is quite low in Asia and Africa despite high smoking rates, 

while the incidence of Crohn’s Disease is quite high in Northern European countries 

despite low smoking rates.27,28 Considering the results of some analyses, the causal 

relationship remains to be proven. 
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Medications such as antibiotics, NSAIDs (non-steroidal anti-inflammatory 

drugs), oral contraceptives, and aspirin have been suggested as potential risk factors in 

Crohn’s Disease.29 The gut microbiota is unbalanced and diverse during childhood, the 

first years of life, which can affect the gut immune response and cause a variety of 

abnormal inflammatory responses. It is thought that more than one factor is responsible 

for triggering intestinal dysbiosis.30,31 Exposure to antibiotics, especially in childhood, is 

associated with this condition and increases the risk of CD (OR 1.74; 95% CI 1.35–

2.23).25,32 Other drugs potentially associated with increased risk include oral 

contraceptives, aspirin, and NSAIDs, while statins have been associated with reduced 

risk, especially in older people.33 In addition to these valid data, antibiotic exposure has 

been shown to have a protective association with Crohn’s Disease in a large population-

based study from Asia.34 There are studies on the effect of infections on CD, and although 

supporting data are less, systemic infections may trigger relapse in people with 

established disease.35 

Appendectomy, that is, surgical removal of the appendix, is associated with the 

risk of CD, although its relationship with the development of CD is an area of research 

that has been little researched.36 A study on Crohn’s Disease suggested that Crohn’s 

Disease may be diagnosed later in those who have previously had an appendectomy.36,37 

One study, in a large cohort of 212,963 patients who had an appendectomy before age 50, 

found an increased risk of Crohn’s Disease for up to 20 years after appendectomy; 

However, it was observed that the risk of Crohn’s Disease decreased when patients were 

operated on under the age of 10.38 Appendectomy for perforating appendicitis has been 

associated with an increased risk of bowel resection, whereas appendectomy for other 

causes has been associated with a decreased risk of Crohn’s Disease.38 

Vitamin D and Micronutrients (Zinc and Iron) have been suggested to have an 

effect on Crohn’s Disease.7 In a study conducted to investigate the effects of vitamin D 

on CD, it was observed that women with sufficient and high levels of vitamin D had a 

significantly lower risk of CD than those with low and insufficient vitamin D levels (OR 

0.54, 95% CI 0.30–0.99).39 In animal studies, it has been observed that vitamin D 

deficiency or knockout of the vitamin D receptor may be associated with an increased 

risk of disease by causing inflammation.40–42 Low vitamin D levels (≤20 ng/ml) increase 

the risk of progression to CD, and normalization of levels is associated with reduced risk. 

43 Micronutrients such as zinc and iron have many effects on the immune system. In 

Crohn’s Disease, zinc is important for autophagy and bacterial clearance, reduces 
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intestinal permeability, and there are studies suggesting that it reduces the likelihood of 

relapse.44,45 Studies have suggested that dietary iron may cause colonic inflammation and 

also, there may be a relationship between high iron content in drinking water and 

increased disease risk.46 

The three most important lifestyles that have an impact on Crohn’s Disease 

include sleep, stress and exercise. Sleep deprivation and dysregulation are more common 

in CD and have been associated with active disease.47 This relationship may cause active 

disease to cause sleep disturbances and exacerbate inflammation in poor sleep.3,48,49 A 

study involving 136 Japanese patients found that sleep disturbance was a potential risk 

factor for exacerbations of CD within one year, while another study of a similar type 

observed that 3173 patients with sleep disturbances had an increased risk of disease 

exacerbations in CD within 6 months.47,49 Studies with large samples have shown an 

association between major life stressors, anxiety, and depression, and increased risk of 

CD.50 Stress can affect intestinal inflammation through various mechanisms, especially 

the autonomic nervous system; By affecting the production of pro-inflammatory 

cytokines and the activation of macrophages, it can cause changes in intestinal 

permeability and intestinal microbiota.51 In CD patients, depression or anxiety is 

associated with disease relapse, surgery, decreased responsiveness to immunosuppressive 

therapy, and impaired quality of life.50,52 Engaging in physical activity has been linked to 

a reduced risk of Crohn’s Disease. A study conducted in Germany observed that people 

who do heavy work, such as construction, cleaning, etc., have a lower risk of developing 

CD than those who work in sedentary professions, such as desk jobs, mechanics, etc.53 

This study was supported by a prospective sample study showing a 44% reduction in CD 

risk in the cohort performing intense physical activity.53,54 

 

 

1.4.1.2 Intestinal Microflora and Diet 
 

 

In Crohn’s Disease, diversity in the intestinal microbiota and diet are important 

factors associated with the disease. Any change in the structure of the healthy microbiota 

in the intestine can cause unusual inflammatory responses.1 The occurrence of intestinal 

dysbiosis as a result of various factors is a feature of CD, and diet is the most likely 

environmental factor affecting the intestinal microbiota. Dysbiosis in Crohn's patients is 
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seen as a decrease in Firmicutes and Bacteroides bacteria and an increase in 

Gammaproteobacteria and Actinobacteria.55 In a study by Darfeuille-Michaud et al., 

mucosa-associated adherent-invasive Escherichia coli (AIEC) was observed to be 

prevalent in approximately one-third of patients with Crohn’s Disease.56,57 It has also 

been suggested that Faecalibacterium prausnitzii, which has anti-inflammatory 

properties, provides protection against such diseases.58–60 

Diet affects the structure of the intestinal microbiota and the metabolic activity of 

the intestine. Changes in microbial composition may alter the impact of diet on disease 

risk.3,61 In particular, the host-gut microbiota relationship has changed with changes in 

food composition. Depending on the eating habits of individuals, the effect of different 

nutritional models is associated with the intestinal microbiota. For example, long-term 

consumption of a Western-style diet rich in animal origin and saturated fat has been 

associated with enterotypes such as Bacteroides, and long-term consumption of a diet 

rich in carbohydrates and fiber has been associated with enterotypes such as 

Prevotella.1,62 Studies have shown that there is an inverse relationship between dietary 

fiber intake and the risk of CD. In particular, fiber from vegetables and fruits has been 

associated with a lower risk of CD (OR 0.59, 95% CI 0.39–0.90).63,64 

In a study conducted in India, it was observed that Proteobacteria and 

Bacteriodetes phyla were dominant in the intestinal microbiome of subjects living in rural 

areas, and Firmicutes and Lactobacillus phyla were dominant in subjects living in urban 

areas.65 Additionally, in a study conducted in South Africa, different gut microbiome 

composition was observed in genetically similar populations. In this observation, rural 

subjects contained significantly less Bacteriodetes than semi-urban and urban subjects.66 

These findings suggest that exposure to different environmental conditions and lifestyles 

can affect microbiome composition in a similar population.1 

 

 

1.4.2 Genetic Factors 
 

 

Looking at genetic, immunological and epidemiological data, Crohn’s Disease is 

a heterogeneous disease that interacts with genetic and environmental factors.7 Genetic 

predisposition plays an important role in determining disease risk, and much research is 

still ongoing to identify the genomic effect. There are many genes and loci associated 
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with the diagnosis of Crohn’s Disease, and these genes are associated with innate pattern 

genes; Innate pattern recognition receptors are involved in epithelial barrier homeostasis 

and maintenance of epithelial barrier integrity, autophagy and lymphocyte differentiation. 

The most strongly duplicated genes associated with CD in studies conducted so far are; 

NOD2 (CARD15), IL23R and ATG16L1.3,4,67 

 

 

1.4.2.1 Familial Inheritance 
 

 

In studies aimed at understanding the role of genetics in the pathogenesis of 

Crohn’s Disease, it has been obtained from familial aggregation and twin studies that the 

hereditary component is an important factor.68–70 While approximately 15% of 

individuals diagnosed with Crohn’s Disease mention a familial connection to CD, only a 

minority of these patients have relatives with Ulcerative Colitis.68,69,71 The relative risk of 

first-degree relatives of CD patients developing Inflammatory Bowel Disease is estimated 

to be around 5% in non-Jewish populations and 8% in Jewish populations.69 When both 

parents are affected, the likelihood of the child developing the disease is estimated to be 

one in three.68  

Twin studies indicate a substantial hereditary factor in Crohn’s Disease. Using the 

twin design, researchers assume that the environmental influence on phenotypic variation 

is consistent between dizygotic (DZ) and monozygotic (MZ) twins. The disparity in 

disease concordance rates between MZ and DZ twin pairs can help estimate the additive 

genetic, unique environmental, and shared environmental elements of disease risk.72 

While the concordance rate for Crohn’s Disease is 20-50% in monozygotic twins, this 

rate is 10% in dizygotic twins. However, although the effect of genetic predisposition 

between twins is known, some differences may develop in the natural course of the 

disease as a result of being affected by environmental factors. For example, a twin who 

smokes may develop Crohn’s Disease, while a twin who does not smoke may develop 

Ulcerative Colitis.68,73–75 Meta-analysis of six twin studies with a combined set of 196 DZ 

and 112 MZ twin pairs yielded concordance rates of 3.6% and 30.3%, respectively, 

suggesting a large role for genetics in Crohn’s Disease risk.72 Family and twin studies 

have motivated genome-wide analyses that will contribute to a better understanding of 

Crohn’s Disease.  
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1.4.2.2 Disease Related Genes and Variances in Loci 
 

 

There are many genes and loci associated with Crohn’s Disease, but studies so far 

have identified strong associations with NOD2, the autophagy gene ATG16L1, and the 

IL-23 receptor gene IL23R.67 Many of the CD risk loci may individually increase disease 

risk, and these variants are often found in regulatory regions of the genome.76 Studies 

examining the relationship between the disease and genetic loci first showed that there 

was a relationship with a locus on chromosome 16.77 In ongoing studies, this locus has 

been characterized as the NOD2 locus, with three common variants affecting 

susceptibility to CD.78,79 Following the discovery of coding variation in the intracellular 

pattern recognition receptor gene NOD2 in 2001, more than 150 risk loci associated with 

CD risk have been identified through international collaborative GWAS.76,77,80 The 

NOD2 gene has been associated with fibrostenotic disease, ileal involvement, early age 

of onset, and family history of CD. While the increased risk of CD in patients carrying 

the heterogeneous NOD2 locus is 2-4 times, it has been observed that the risk of 

developing CD is 20-40 times in those with homogeneous alleles.78,79,81 The IL23R gene 

is involved in the development of Th17 lymphocytes and leads to alteration of cytokine 

production, which is involved in the development of Crohn’s Disease.82,83 ILC3 and ILC1 

are known to play a role in the development of Crohn’s Disease. Innate lymphoid cells 

(ILCs), a heterogeneous cell population, are critical in maintaining barrier integrity. They 

respond to microbial cues and dietary input by producing cytokines such as TNFα, 

interleukin 17, interleukin 22, and interferon γ.84,85 As a result of analysis, ILCs isolated 

from the inflamed colon of patients with Crohn’s Disease show increased gene expression 

of key ILC3 cytokines, transcription factors (RORC) and cytokine receptors (IL23R).86 

Despite the diversity in the effects of CD-related genes on the immune system in 

general, most genes can be broadly divided into those that affect innate immune 

responses, autophagy, maintenance of the integrity of the epithelial barrier, adaptive 

immune responses, repair and injury repair, response to oxidative stress, and microbial 

defense and antimicrobial activity.67,87 Immune pathways are dysregulated in Crohn’s 

Disease, and disruption of a site on the intestinal epithelium by emulsifiers commonly 

found in the western diet or by mutations in the MUC2 gene may promote bacterial 

translocation.88,89 Various risk loci may affect immunological function in a single 

pathway; for example, ATG16L1, NOD2, IRGM, LRRK2 all have an effect on autophagy.  
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1.5 Candidate Gene Studies and Genome-Wide Association Study 

(GWAS) 
 

 

In candidate gene studies, genes are selected because they contain basic 

information about biological function or are located within a region revealed through 

linkage analysis. Candidate gene studies involve genotyping markers within a gene of 

interest in a sample of controls and disease cases and detecting statistically significant 

differences in allele frequencies between the two groups.90 The majority of the results 

obtained from candidate gene studies related to Crohn's Disease did not produce the 

expected results and these studies were not repeated in subsequent studies.91,92 Factors 

such as false positive associations, small sample sizes, publication bias, and lack of 

reliability or omission of multiple comparisons mean that findings from candidate gene 

studies can be inaccurate and unreliable.93,94 Consequently, a combination of 

technological advances and much larger samples will be required to identify accurate risk 

loci.90  

As the Human Genome Project began to be completed, efforts to measure the 

extent of human genetic diversity at the population level were ongoing.90 Thanks to 

projects such as the SNP Consortium and dbSNP, more than 1.4 million Single 

Nucleotide Polymorphisms (SNPs) have been documented.95,96 In ongoing research, an 

additional 3.1 million SNPs were identified in 270 individuals from three different 

ancestral groups through the International Hapmap Project.97 Simultaneously, advances 

in microarray technologies have facilitated cost-effective genotyping of hundreds of 

thousands of SNPs across the genome.98 Linkage Disequilibrium (LD), specifically 

nonrandom associations of alleles situated at distinct loci, enables direct genotyping of 

pertinent sequences representing only a fraction of the total variants in the genome, thus 

allowing for effective exploration of the majority of genetic variations prevalent in a 

population.90 In both East Asians and Europeans, around five million common SNPs with 

a minor allele frequency exceeding 5% can be identified through the tagging of 

approximately 500,000 SNPs.97,99 These advances enabled Genome-Wide Association 

Studies (GWAS) to understand complex traits or identify loci associated with disease risk. 

GWAS are the search for statistically significant differences in allele or genotype 

frequencies between large numbers of diseased individuals and population controls at 

hundreds of thousands of SNPs generally spread across the genome. In these association 
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studies, SNPs that show a significant association with the disease point to regions of the 

genome that are likely to contain disease-related genes.90 The first GWAS study of 

Crohn’s Disease was conducted in a Japanese population in 2005 and identified TNFSF15 

as a disease-associated gene.100 Ongoing studies each include approximately 500-2000 

Crohn’s Disease cases and a similar number of controls genotyped at 100,000-600,000 

SNPs.101,102 Genome-wide association studies have shown that Ashkenazi Jews have a 

three to four times higher risk of disease than the non-Jewish population; African-

American and Asian groups have been observed to be associated with the lowest risk of 

disease.7,103 Multiple CD risk loci with small individual contributions appear to correlate 

better across ethnicities.101 This transethnic association study showed that most risk loci 

are shared between different ancestry groups, with a small number affecting population 

specificity regarding risk allele frequency (NOD2) or effect size (TNFSF15 and 

TNFSF8).104 

Genes and pathways identified through GWAS have contributed to the 

understanding of the biological processes underlying CD. Associations in IRGM and 

ATG16L1 first suggested a role for autophagy in disease pathogenesis.87,101,105 Genes 

involved in both innate immune system pathways, such as IL23R, NOD2, STAT3, TLR4, 

and acquired immune system pathways, such as HLA, PTPN22, TNFSF15, IRF5 genes, 

have also been better understood thanks to these studies.106 GWAS have also contributed 

to understanding the genetic overlap of Crohn’s Disease with other immune-related 

diseases. Approximately 30% of the associated variants in these studies are shared with 

Ulcerative Colitis, while close to 50% of the loci are shared with at least one other 

immune-mediated disease such as Type 1 Diabetes, Celiac Disease, or Rheumatoid 

Arthritis.107 Unlike most of these diseases, genes in the Human Leukocyte Antigen (HLA) 

region appear to provide a small effect on the risk of Crohn’s Disease (OR 1.1-1.2).90 In 

the results obtained from a study conducted by Jostins et al., the role of non-coding 

variations in disease risk was addressed. Many of these variants have been associated 

with affecting gene regulation. Only nine of the disease-associated loci (NOD2, IL23R, 

FUT2, ADAM30, MUC19, GPR35, CD6, GPR65, ZNF831) contain variants in the coding 

regions of the genes, and 13 have variants spanning both coding and non-coding regions 

(ATG16L1, CARD9, UBQLN4, ITLN1, FCGRA2A, SLC22A4, REV3L, LACC1, 

ZPBP2/GSDMB, TUBD1, CD226, MST1/BSN, YDJC).80 
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1.6 Evolution of Crohn’s Disease 
 

 

The global increase in Crohn’s Disease in recent decades suggests that epigenetic 

epidemiology and environmental health have an impact on this health problem. This 

indicates that environmental factors have the potential to increase disease incidence. 

Crohn’s Disease, which begins in childhood and is increasingly seen in the elderly, should 

be taken into consideration in terms of public health. Therefore, it is important to consider 

Crohn’s Disease from a broad perspective in terms of the effect of age, diagnosis and 

environmental factors.108,109 The interrelatedness and frequency of genes associated with 

the response to mycobacterial diseases and infection suggest that Crohn’s Disease may 

represent an evolutionary adaptation against environmental microbes.103 

Tuberculosis (TB) has a significant epidemiological impact on society and has 

shaped population genetics. Examination of TB-related susceptibility genes revealed 

overlap in genes associated with Crohn’s Disease and an associated risk of 

autoimmunity.110,111 The observed similarities between TB and CD play an important role 

in defining. CD as a multigenetic environmental enteropathy affected by overlapping 

susceptibility genes and enteric microbiome dysbiosis. On the other hand, although 

Mycobacterium paratuberculosis was isolated from patients with CD, clinical studies 

failed to demonstrate a causal role, highlighting the complexity of the relationship 

between the diseases and the need for more details to be understood.112,113 Although the 

absence of Tuberculosis symptoms in the pathology of the reported cases associated with 

CD has led researchers to investigate the etiology of CD other than Koch infection, its 

role in shaping multigenetic environmental sensitivity continues. Ongoing studies have 

helped to better understand the nature of the disease. In particular, nucleotide-binding 

oligomerization domain-containing protein 2 (NOD2) plays an important role in 

mycobacterial immunity.114 Frameshift mutation in the NOD2 gene has been determined 

to be an important susceptibility factor for Celiac Disease. Frameshift mutation in the 

gene encoding NOD2 has been identified as a strong susceptibility factor for CD.79 
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1.7 Ancient DNA Studies 
 

 

Ancient DNA (aDNA) studies began in 1984 with the isolation and sequencing of 

DNA samples from the South African Horseman (Equus quagga quagga), a zebra species 

that became extinct in the early 20th century, and an Egyptian child mummy.115,116 

Bacterial cloning technique was used to amplify aDNA sequences and the resulting 

material was found to be of fungal or microbial origin. Endogenous DNA was generally 

limited to very low concentrations of damaged and short fragments of multicopy loci, 

such as mitochondrial DNA (mtDNA).117,118 In the following years, thanks to the 

invention of the Polymerase Chain Reaction (PCR), this study enabled the rapid progress 

and development of the field by allowing the routine amplification and examination of 

extant aDNA molecules.117,119–122 

Along with these developments, PCR product amplifications have also revealed 

the problem of contamination that may arise from modern DNA, which can be a potential 

problem in terms of the reliability and accuracy of the studies carried out. Apart from the 

contamination factor, post-mortem DNA degradation (mutations) and insufficient amount 

of aDNA sequence are the difficulties that can be encountered in aDNA studies.117,118 

Despite these difficulties, ancient DNA studies are of great importance in 

elucidating the history of human evolution. In particular, GWAS are studied in ancient 

and modern populations; It can enable the identification of thousands of loci associated 

with complex traits and diseases and the detection of frequencies and changes in allele 

frequencies occurring at genetic loci after selection.123 

 

 

1.8 Hypothesis and Aims of the Study 
 

 

The genetic structure that increases susceptibility to Crohn’s Disease in modern 

populations has evolved as a derived selected trait, conferring selective advantages 

against certain environmental stresses such as infectious diseases and pathogens. As a 

result, it is expected that signs of selection will be observed in genes associated with 

Crohn’s Disease. 
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To test whether Crohn’s Disease susceptibility is a selected derived trait, to 

compare the distribution of disease risk status (susceptible vs. protective) of alleles 

between populations with high Crohn’s Disease prevalence from their respective 

ancestors and derived states. To compare population differentiation among Europeans, 

East Asians, South East Asians, and Africans by CD-associated alleles and genome-wide. 

In order to understand the change in the evolutionary history of Crohn’s Disease 

susceptibility, it was aimed to compare allele frequency differences between today's 

populations and ancient populations. Performing population genetic testing to identify 

possible selection in genes associated with Crohn’s Disease.  
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CHAPTER 2  
 

 

MATERIALS AND METHODS 

 

 

2.1 Data Collection 
 

 

In the thesis titled "Population Genomics of Susceptibility to Crohn Disease", 

firstly, a literature study was conducted. For the literature study, articles were scanned 

using various keywords such as "Crohn’s Disease”, “Genetics”, “GWAS”, “Selection”, 

“Susceptibility”, “Population Genomics” between 2000 and 2024. More than 500 articles 

related to candidate gene studies were scanned in the literature review. Using Ensembl 

and NCBI databases, data on SNPs associated with disease were collected by Type, 

Chromosome, Ancestral Allele, Derived Allele, Risk Allele, Effect, P Value, OR Value 

and disease-associated population for use in the analyses (Appendix A).124,125 

The frequencies of alleles associated with risk alleles of disease-associated SNPs 

in African, American, European, East Asian and South Asian populations including 2504 

modern-day individuals were collected from the Ensembl 1000 Genomes Project Phase 3 

data.124 Data on ancient populations were collected from the Allen Ancient DNA 

Resource on the David Reich Laboratory website.126 By grouping populations within the 

data set, periods from BCE and before BCE were selected for analysis. The data required 

for allele frequency analyzes of the modern Turkish population were taken from the 

Turkish Variome data, which includes 3362 Turkish individuals.127 

 

 

2.2 Population Genetics Test Based on Single Nucleotide 

Polymorphism Data 
 

 

Analyzes were performed to focus on Europeans (high CD occurrence), Asia (low 

CD occurrence), and Africans (very low CD occurrence). PLINK (whole genome 
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association analysis toolset) version 2.0 and 1.9 were used to observe distribution and 

differentiation between populations by Principal Component Analysis (PCA) and to 

compare SNP-based fixation indices (Fst) between 1000 Genome populations.128 

The 1000 Genome phase 3 data set (containing 2504 present-day individuals) 

from the PLINK website was downloaded for PCA and Fst analyzes to be performed 

using the PLINK tool set in the R environment.129 Allele frequencies of disease-

associated SNPs in modern African, American, European, East Asian and South Asian 

metapopulations and subpopulations of these populations were calculated with PLINK. 

Principal Component Analysis (PCA) was used to examine the distribution of allele 

frequencies of relevant SNPs among modern populations and data visualization was 

performed in R. Fst analysis of SNPs associated with Crohn’s Disease in modern African, 

American, European, East Asian and South Asian meta-populations and subpopulations 

of these populations was performed via PLINK and data visualization was performed in 

R. 

From the Allen ancient data set, subpopulations containing a sufficient number of 

samples for the accuracy and significance of the analyzes from the BCE and pre-BCE 

periods were selected. In addition, these ancient populations were grouped to correspond 

to subpopulations in the modern population so that allele frequency differences could be 

calculated. For the Ancient European subpopulation, data were collected from Italy (for 

TSI), Spain (for IBS), England and Scotland (for GBR) and Austria, Germany and France 

(for CEU). For the ancient East Asian subpopulation Japan (for JPT), Vietnam (for KHV), 

Han Chinese (for CHB), and Southern Han Chinese (for CHS) were collected from the 

Allen dataset. For the ancient South Asian subpopulation Pakistan (for PJL) collected 

from the Allen dataset. For the ancient African subpopulation, Kenya, Malawi and 

Tanzania (for LWK), and Morrocco and Cameron (for GWD, YRI and ESN) were 

collected from the Allen dataset. The ancient Turkish population data was included in the 

Allen data. 

Allele frequencies of CD-related SNPs in the modern-ancient Turkish population 

and Ancient populations were calculated in PLINK. Principal component analyzes of the 

allele frequencies obtained as a result of the analysis were performed in R and the data 

were visualized. The difference in allele frequencies obtained from modern and ancient 

populations was calculated. PCA analysis was performed using allele frequencies 

obtained from the differences between these populations, and the data was visualized. 
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2.3 Gene Sequence Based Selection Analyzes  
 

 

To examine selection in genes associated with Crohn’s Disease in different 

populations, positive selection within a single population was examined by integrated 

haplotype score (IHS) analysis using the rehh (Extended Haplotype Homozygosity 

(EHH)) package in R.130,131 With the analyses, genomic regions that have recently been 

under natural or artificial selection can be identified in the genetic data of different 

populations and various sign about the molecular mechanisms of adaptation can be 

obtained.131 

For IHS analysis, VCF files and DNA sequences containing 14 subpopulations 

belonging to European, East Asian and African metapopulations of 196 genes common 

to both modern and ancient populations associated with CD were downloaded using the 

Ensembl DataSlicer tool based on 1000 Genomes data. When creating VCF files, 50K 

bases were added to the beginning and end of the position of the relevant gene to prevent 

the selection signals from other SNPs in the gene from being compromised.124 Manhattan 

and other related plots of EHH and IHS values obtained as a result of gene-based selection 

analyzes were constructed. 

 

 

2.4 Biological Pathway and Molecular Function Analyses 
 

 

Gene Function (Protein Class, Biological Process, Molecular Function, Cellular 

Component and Pathway) information of disease-related genes was collected using the 

PANTHER (Protein ANalysis THrough Evolutionary Relationship) online tools 

(Appendix B).132 In this way, the functions and interactions of genes and variants 

associated with Crohn’s Disease were determined. Additionally, STRING (Search Tool 

for the Retrieval of Interacting Genes/Proteins) biological database was used to examine 

predicted and known protein-protein interactions of Crohn’s Disease-associated genes.133 
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CHAPTER 3  
 

 

RESULTS AND DISCUSSION 

 

 

3.1 Data Collection 
 

 

As a result of the literature review based on GWAS and candidate gene studies, 

240 genes and 352 variants associated with Crohn’s Disease were identified. These results 

are given in detail in Appendix A. Among the 240 genes associated with CD, the genes 

with the most variants are IRGM, NOD2, NKX2-3 genes, and after these genes, ATG16L1, 

IL23R, LOC124900967_LOC105374737, TNFSF15, OR2B11 and PTPN2 genes contain 

more than one variant associated with the disease. Of the variants linked to CD, about 

half of these SNPs were located in the intron region, while the other SNPs were frequently 

located in the missense region and less frequently in upstream and intergenic regions. In 

the data obtained, it was observed that the majority of CD-associated genes and variants 

were observed in European and subpopulations, followed by Asia, with a predominance 

of Japanese and very rare in African Americans. When the protective and susceptible 

effects of disease-associated SNPs were analyzed in these three populations, 87% of the 

325 variants reported for Europeans were susceptible, 91% of the 79 variants for Asians 

were susceptible, and 75% of 8 variants for African Americans were protective (Chi-

square P value < 0.001). Indicating excess of susceptible variants in Europeans and 

Asians. 

To determine whether susceptibility to CD is an ancestral or derived trait, the 

distribution of Crohn’s Disease-associated genes and variants, derived and ancestral allele 

status, and susceptible and protective effects on CD were analyzed. Susceptible effects 

were slightly higher in the derived alleles (57% vs. 43%), whereas protective effects had 

slightly more derived alleles than ancestral alleles (67% vs. 33%). However, the 

distribution of susceptible and protective effects among ancestral and derived allele status 

was not statistically significant (Chi-square P value = 0.18). 
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3.2 Population Genetics Test Based on Single Nucleotide 

Polymorphism Data 
 

 

3.2.1 Principal Component Analyses with Crohn’s Disease Associated 

SNPs 
 

 

Principal Component Analysis (PCA) of 348 CD-associated variants in PLINK 

was performed using allele frequencies of Africa (AFR), America (AMR), Europe (EUR), 

East Asia (EAS), South Asia (SAS) and 26 subpopulations of these meta-populations of 

2504 modern individuals from the 1000 Genomes phase 3 dataset. Out of a total of 352 

disease-associated SNPs, 348 SNPs were studied because the relevant allele frequencies 

of 4 variants were not available through Ensembl. The first two principal components, 

which provide important information about population differentiation, were observed as 

35.61% (PC1) and 15.61% (PC2) (Figure 3.1). America overlaps with 4 metapopulations, 

overlaps with Europe and South Asia. East Asia and Europe are separated, and Africa is 

clearly separated from all continents (Figure 3.1).  

 

 

 

Figure 3.1 PCA analysis plot of 5 metapopulations comprising 2504 modern individuals 

with 348 SNPs associated with CD in PLINK. 
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In subsequent PCA studies, America was removed from these analyses. Thus, it 

was possible to clearly observe the distribution and separation of other populations among 

each other. In particular, it was clearly observed that Europe and parts of South Asia 

overlap and that East Asia is separated from these two populations (Figure 3.2). 

 

 

 

Figure 3.2 PCA analysis plot of 4 metapopulations comprising 2504 modern individuals 

with 348 SNPs associated with CD in PLINK. 

 

 

In a PCA analysis of 4 modern worldwide metapopulations based on the allele 

frequencies of 348 CD-associated SNPs, two principal components were observed at 

51.2% (Dim1) and 39.6% (Dim2), providing important information about population 

differentiation (Figure 3.3). The first PC clearly separated Africa from European, East 

and South Asian populations. In this distinction PUS10 (rs13003464) is one of the 

variants with a significantly higher loading coefficient. PUS10 also has a loading value 

that distinguishes Europeans from other populations. Variants of STAT3 (rs4796791), 

HERC2 (rs916977) and RIT1 (rs670523) are also included, which contribute to the high 

effect in this distinction.  

The second PC separates the East Asian population from the South Asian and 

European populations. AIMP1P2 (rs9286879, rs2157453, rs7517810) and CENPW 

(rs9388489) variants are located in the second PC, which distinguishes the East Asian 

population from other populations. PPBP_CXCL5 (rs2472649) has high loading in the 
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separation of East and South Asia. IRGM,ZNF300 (rs4958427) is one of the variants with 

a loading value that contributes to the separation of Europe and South Asia. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 PCA analysis of 4 worldwide modern metapopulations based on allel 

frequences of 348 SNPs associated with CD. Colors indicate the degree of 

separation between metapopulations and loading of variants on the axes. 

 

 

Two principal components, which provide important information about the 

differentiation of subpopulations of the European population, were observed at 54.9% 

(Dim1) and 24% (Dim2) (Figure 3.4A). The first PC clearly distinguished Finland (FIN) 

from other remaining populations. One of the variants that has a loading effect in this 

distinction is HORMAD2 (rs713875). The second PC separated Italy (TSI) and Spain 

(IBS) in Southwest Europe from England and Scotland (GBR), and Caucasian (CEU) in 

Northwest Europe. In this distinction, HERC2 (rs916977) is one of the variants with a 

significantly higher loading coefficient. In this distinction, FUT2_MAMSTR (rs281379) 

and NKX2-3 (rs4919345) are some of the contributing variants. Additionally, HERC2 

(rs916977) effectively separated Finland from other Northwestern European populations.  
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Two principal components that provide important information about the 

differentiation of subpopulations of the East Asian population were observed at 48.2% 

(Dim1) and 27.8% (Dim2) (Figure 3.4B). The first PC separated Han Chinese (CHB) and 

Japan (JPT) from Xishuangbanna (CDX) and Vietnam (KHV). One of the variants with 

a loading effect in this distinction is TMEM258 (rs102275). The second PC clearly 

separated Han Chinese and Japanese from each other and from the remaining populations. 

ANKRD55 (rs10065637) is one of the variants that has a significantly high loading 

coefficient, particularly in distinguishing Han Chinese from other populations. IFNGR2 

(rs2284553) is also partially effective in this distinction. Southern Han Chinese (CHS) is 

less segregated than other populations. 

Two principal components were observed at 33% (Dim1) and 26.9% (Dim2), 

providing important information about the differentiation of subpopulations of the South 

Asian population (Figure 3.4C). The first PC separated Sri Lankan Tamil (STU) and 

Indian Telugu (ITU) from Gujarati Indian (GIH), Pakistan (PJL) and Bangladesh (BEB). 

One of the variants that distinguishes Sri Lankan Tamil and Indian Telugu from other 

populations is IFNGR2 (rs2284553). The second PC, in particular, has largely isolated 

Bangladesh from other populations. One of the variants with a high loading effect in this 

distinction is IL23R (rs76418789). IRGM,ZNF300 (rs4958427) is one of the variants with 

loading value that contributes to the distinction between Gujarati Indian and Pakistan.  

Two principal components were observed at 31.1% (Dim1) and 25.7% (Dim2), 

which provide important information about the differentiation of subpopulations of the 

African population (Figure 3.4D). The first PC separated African Caribbeans (ACB) and 

especially American Africans (ASW) from other remaining populations. One of the 

variants that has an impact on this distinction is IKZF3 (rs12946510). Additionally, HLA 

(rs3129871) is one of the variants with a significantly high loading coefficient. It was 

expected that especially American Africans would separate from this group. Because this 

population is based on African American origin living in the Southwest America. 

Similarly, this differentiation is meaningful since African Caribbeans are associated with 

a population living in Barbados. The second PC was observed to provide a partial 

distinction between the East African population of Kenya (LWK) and the West African 

populations of Esan (ESN), Yoruba in Ibadan (YRI), Mende in Sierra Leone (MSL) and 

Gambian (GWD). It was observed that the HLA (rs3129871) variant had a significant 

loading value, especially in distinguishing Kenya from other populations. The second PC 

also provided a distinction between the Esan and Yoruba in Ibadan from the Mende in 
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Sierra Leone and Gambian population. In this distinction, IRGM (rs11957134), IL12B 

(rs6887695), and STAT3 (rs4796791) are some of the contributing variants. 

 

 

 

 

 

Figure 3.4 PCA analysis of 22 worldwide modern subpopulations, five EUR 

subpopulation (A), five EAS subpopulation (B), five SAS subpopulation (C), 

and seven AFR subpopulation (D) based on allel frequences of 348 SNPs 

associated with CD. Colors indicate the degree. 
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In general, when the subpopulations of all metapopulations were examined, it was 

observed that all of them were separated/differentiated within themselves. In this case, it 

made sense to examine all populations individually. 

From a total of 348 SNPs associated with CD, 262 variants were found to be 

common in the Modern-Ancient Turkish population and 4 ancient metapopulations, and 

the allele frequencies of these common variants were calculated in PLINK. Principal 

component analysis of the allele frequencies obtained as a result of the analysis was 

performed. In the analysis for four ancient metapopulations and ancient Türkiye 

population, the first two principal components, which provide important information 

about population differentiation, were observed at 40.5% (Dim1) and 24.3% (Dim2) 

(Figure 3.5). The first PC clearly separated the East Asia population (Han Chinese and 

Southern Han Chinese) from the Europe (Italy, Spain, Austria-Germany-France and 

England-Scotland), Türkiye, South Asia (Pakistan) and Africa (Kenya-Malawi-Tanzania 

and Morocco-Cameroon) populations. In this distinction, HLA-DQB1_MTCO3P1 

(rs9469220) and LOC105378327_ALDH7A1P4 (rs10761659) are some of the variants 

with significantly high loading coefficients. The second PC specifically separated the 

African population from other populations. In this differentiation, especially the 

LOC107986537 (rs68191) variant is one of the variants with a significant loading value. 

PPP5C (rs4802307) had a significant impact on the separation of European and Turkish 

populations from South Asia. Overall, all three metapopulations were observed to be 

separated/grouped from each other (partially South Asia). 
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Figure 3.5 PCA analysis of subpopulations of 4 ancient metapopulations and ancient 

Türkiye based on allele frequencies of 262 SNPs associated with CD. Colors 

indicate the degree of separation between metapopulations and the loading of 

variables on the axes. 

 

 

In the analysis of four ancient and modern metapopulations and the population of 

Türkiye, the first two principal components, which provide important information about 

population differentiation, were observed as 34.8% (Dim1) and 29.4% (Dim2) (Figure 

3.6). The first PC separated the ancient-modern East population Asian (Han Chinese and 

Southern Han Chinese) from the entire remaining ancient-modern world population. In 

this distinction, AIMP1P2 (rs7517810) in particular is one of the variants with 

significantly higher loading coefficients. The second PC specifically distinguished the 

ancient-modern African population (Kenya-Malawi-Tanzania and Morocco-Cameroon) 

from other ancient-modern populations. KIF15 (rs3804583), PUS10 (rs13003464) and 

FAF1 (rs11205760) variants were especially effective in this differentiation. Especially 

PPP5C (rs4802307) and PPBP_CXCL5 (rs2472649) variants have an important loading 

value in differentiating the ancient-modern European and Turkish populations, and partly 

from South Asia (Pakistan), from other populations. PPBP_CXCL5 (rs2472649) also 

provided a significant effect on the differentiation of the African population. In general, 

all four metapopulations differed from each other, and ancient and modern 

subpopulations showed a certain separation/grouping within themselves. 
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Figure 3.6  PCA analysis of subpopulations of 4 ancient and modern metapopulations and 

Türkiye population based on allele frequencies of 262 SNPs associated with 

CD. Colors indicate the degree of separation between metapopulations and 

the loading of variables on the axes. 

 

 

In the analysis conducted for the ancient and modern European subpopulation and 

the Turkish population, the first two principal components, which provide information 

about population differentiation, were observed as 34.1% (Dim1) and 21.2% (Dim2) 

(Figure 3.7). The firstly PC distinguished ancient and modern European subpopulations. 

In this distinction, IRGM (rs7714584) and OR2B11 (rs10733113) variants are some of 

the variants with significantly high loading coefficients. TMEM258 (rs102275) and 

CARD9 (rs4077515) are some of the variants that are effective in distinguishing ancient 

Europe, and SLC22A4, MIR3936HG (rs1050152) and IRF-AS1 (rs12521868, rs2188962) 

are effective in distinguishing modern Europe. The second PC separated the ancient-

modern Turkish population from the European subpopulation. IL10 (rs3024505) was 

effective in this distinction. When the allele frequencies of ancient and modern Europe 

were examined, it was seen that ancient and modern populations separated over time. This 

difference is clearly seen in the population of ancient Türkiye and modern Türkiye. With 

the transition from hunter-gatherer to settled life and the advent of agriculture, our way 

of eating is also changing. Anatolia is one of the best examples of this. The transition 

from animal-based nutrition to grain-based nutrition had an impact on this differentiation. 
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Figure 3.7 PCA analysis of ancient and modern European subpopulations and Türkiye 

population based on allele frequencies of 262 SNPs associated with CD. 

Colors indicate the degree of separation between metapopulations and the 

loading of variables on the axes. 

 

 

SNP-based analyzes proved that both ancestral and derived alleles play a role in 

increasing or decreasing the risk of CD. Furthermore, while the distinction in the 

European population is clear, CD-associated alleles appear to be influential in 

differentiating subpopulations of other world populations. It shows that CD-associated 

alleles are not unique to Europeans but are also found at similar frequencies in other world 

populations. This situation reveals the effects of various genetic changes and 

environmental factors in today's and ancient populations over time. 

 

 

3.2.2 Populations Differentiation (Fst) Analyses 
 

 

The fixation index (Fst) was used to calculate the genetic distance between 

present-day African, European, East Asian and South Asian populations. Population 
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differentiation (Fst) analysis of SNPs associated with Crohn’s Disease was performed 

using PLINK and the data obtained were visualized in R. A high value obtained as a result 

of this analysis can be considered as positive selection. If the result of the analysis is low, 

these loci may be candidates for balancing selection. The higher the Fst value, the more 

divergence is expected. Fst values between populations are generally below 0.2. 

When examining genetic differentiation between African and European 

populations, the average Fst estimates of CD-associated SNPs (0.150) were higher than 

the genome-wide Fst estimates (0.122) (Figure 3.8).  

 

 

 

 

Figure 3.8 Calculation of population differentiation (Fst) for CD-linked SNPs among 

African (AFR) and European (EUR) populations. Solid vertical lines 

represent genome-wide SNP Fst, while dashed vertical lines indicate average 

Fst of CD-associated SNPs. 

 

 

When examining genetic differentiation between Africa and East Asia 

populations, the average Fst estimates of CD-associated SNPs (0.173) were higher than 

the genome-wide Fst estimates (0.149) (Figure 3.9).  
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Figure 3.9 Calculation of population differentiation (Fst) for CD-linked SNPs among 

Africa (AFR) and East Asia (EAS) populations. Solid vertical lines represent 

genome-wide SNP Fst, while dashed vertical lines indicate average Fst of 

CD-associated SNPs. 

 

 

When examining genetic differentiation between Africa and South Asia 

populations, the average Fst estimates of CD-associated SNPs (0.123) were higher than 

the genome-wide Fst estimates (0.112) (Figure 3.10).  

 

 

 

 

Figure 3.10 Calculation of population differentiation (Fst) for CD-linked SNPs among 

Africa (AFR) and South Asia (SAS) populations. Solid vertical lines 

represent genome-wide SNP Fst, while dashed vertical lines indicate average 

Fst of CD-associated SNPs. 
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When examining genetic differentiation between East Asia and Europe 

populations, the average Fst estimates of CD-associated SNPs (0.131) were higher than 

the genome-wide Fst estimates (0.099) (Figure 3.11).  

 

 

 

 

Figure 3.11 Calculation of population differentiation (Fst) for CD-linked SNPs among 

East Asia (EAS) and Europe (EUR) populations. Solid vertical lines represent 

genome-wide SNP Fst, while dashed vertical lines indicate average Fst of 

CD-associated SNPs. 

 

 

When examining genetic differentiation between East Asia and South Asia 

populations, the average Fst estimates of CD-associated SNPs (0.084) were higher than 

the genome-wide Fst estimates (0.063) (Figure 3.12).  
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Figure 3.12 Calculation of population differentiation (Fst) for CD-linked SNPs among 

East Asia (EAS) and South Asia (SAS) populations. Solid vertical lines 

represent genome-wide SNP Fst, while dashed vertical lines indicate average 

Fst of CD-associated SNPs. 

 

 

When examining genetic differentiation between European and South Asia 

populations, the average Fst estimates of CD-associated SNPs (0.044) were higher than 

the genome-wide Fst estimates (0.032) (Figure 3.13). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13 Calculation of population differentiation (Fst) for CD-linked SNPs among 

Europe (EUR) and South Asia (SAS) populations. Solid vertical lines 

represent genome-wide SNP Fst, while dashed vertical lines indicate average 

Fst of CD-associated SNPs. 
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The most variation in Fst estimates of CD-associated SNPs between populations 

was observed between Africa - East Asian population (0.173), Africa - Europe (0.150) 

population, East Asia - Europe population (0.131) and Africa - South Asia populations 

(0.123), respectively. The least variation between populations was observed between 

European - South Asian (0.044) and East - South Asian populations (0.084). When the 

data obtained as a result of the Fst analysis were evaluated, the genetic distance between 

the populations was similar to the PCA result. In these results, Africa is generally the 

population with the greatest genetic distance from other populations. Europe and South 

Asia are one of the populations with close genetic distance to each other, as shown in 

PCA analyses. 

 

 

3.3 Gene Sequence Based Selection Analyses  
 

 

To support the CD associated variant analysis, possible selection was investigated 

by gene-based analysis. Since it is not possible to distinguish various alternative selection 

scenarios by focusing solely on allele type and frequency-based analyses, the results 

obtained by population genetic analyzes on the genes of CD-associated alleles need to be 

supplemented. Population genetic analyses were performed on CD-associated genes to 

determine whether the increased risk of CD in specific populations was due to selection. 

The Integrated Haplotype Score (IHS) was analyzed in R using Extended Haplotype 

Homozygosity (EHH) to examine selection in 196 genes associated with Crohn’s Disease 

in European, East Asian and African populations. The VCF files used for IHS analysis 

consist of polarized data. Therefore, positive IHS values indicate ancestral and negative 

IHS values indicate derived alleles.  

IHS values and associated P values from IHS analysis for 196 genes in European 

populations were analyzed. In the CEU subpopulation, the ANKRD55 (rs556200781) 

gene located on chromosome 5 has the highest positive IHS value of 7.89. ITLN1 

(rs549214602) gene located on chromosome 1 has the highest negative IHS value with    

-4.19 (Figure 3.14). In the FIN subpopulation, TRIB1AL,LINC02964 (rs113848747) 

located on chromosome 8 and ELF1 (rs9562236) genes located on chromosome 13 had 

the highest positive IHS value with 5.79 and 5.78, respectively. LOC101927745 

(rs57201378) gene located on chromosome 21 has the highest negative IHS value with    
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-4.79 (Figure 3.15). In the GBR subpopulation, the SPATA48_IKZF1 (rs551382470) gene 

located on chromosome 7 has the highest positive IHS value of 5.94. TAGAP-AS1 

(rs548894351) gene located on chromosome 6 has the highest negative IHS value with    

-3.83 (Figure 3.16). In the IBS subpopulation, C17orf67 (rs111407155) located on 

chromosome 17 and LINC01014 (rs9822628) genes located on chromosome 13 had the 

highest positive IHS value with 6.78 and 6.78, respectively. FOXP2 (rs2694928) gene 

located on chromosome 7 has the highest negative IHS value with -4.16 (Figure 3.17). In 

the TSI subpopulation, the RBX1_RPS9P2 (rs576516444) gene located on chromosome 

22 has the highest positive IHS value of 6.89. SLC22A23 (rs143637581) located on 

chromosome 6 and MROH3P (rs7523503) genes located on chromosome 1 had highest 

negative IHS value with -4.62 and -4.62 respectively (Figure 3.18). The P values 

associated with IHS for these genes were significant (p<0.001) (Table 3.1). 

 

 

 

Figure 3.14 Plots of IHS values and associated P values obtained from IHS analysis 

results for 196 genes of the CEU subpopulation of the European population. 
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Figure 3.15 Plots of IHS values and associated P values obtained from IHS analysis 

results for 196 genes of the FIN subpopulation of the European population. 

 

 

 

 

Figure 3.16 Plots of IHS values and associated P values obtained from IHS analysis 

results for 196 genes of the GBR subpopulation of the European population. 
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Figure 3.17 Plots of IHS values and associated P values obtained from IHS analysis 

results for 196 genes of the IBS subpopulation of the European population. 

 

 

 

 

Figure 3.18 Plots of IHS values and associated P values obtained from IHS analysis 

results for 196 genes of the TSI subpopulation of the European population. 

 

 

IHS values and associated P values from IHS analysis for 196 genes in East Asia 

populations were analyzed. In the CDX subpopulation, LYRM4 (rs534404683) located on 

chromosome 6 and LOC101928354 (rs563956224) genes located on chromosome 6 had 

the highest positive IHS value with 7.58 and 7.54, respectively. PLSCR4 (rs79577099) 
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gene located on chromosome 3 has the highest negative IHS value with -5.37 (Figure 

3.19). In the CHB subpopulation, the LYRM4 (rs78351220) gene located on chromosome 

6 has the highest positive IHS value of 8.53. LOC107984997_RNFT1P2 (rs191740154) 

gene located on chromosome 1 has the highest negative IHS value with -5.21 (Figure 

3.20). In the CHS subpopulation, PHACTR2 (rs11155322) gene located on chromosome 

6 and TPPP2_NDRG2 (rs149304930) genes located on chromosome 14 had the highest 

positive IHS value with 7.71 and 7.67. SKAP2 (rs189716020) gene located on 

chromosome 7 has the highest negative IHS value with -6.05 (Figure 3.21). In the JPT 

subpopulation, TPPP2_NDRG2 (rs145618071) located on chromosome 14 and 

PHACTR2 (rs11155322) genes located on chromosome 6 had the highest positive IHS 

value with 7.85 and 7.7, respectively. IL23R (rs1358748) gene located on chromosome 1 

has the highest negative IHS value with -4.69 (Figure 3.22). In the KHV subpopulation, 

the MAMSTR (rs28746174) gene located on chromosome 19 has the highest positive IHS 

value of 6.92. HERC2 (rs2346097) gene located on chromosome 15 has the highest 

negative IHS value with -4.89 (Figure 3.23). 

 

 

 

Figure 3.19 Plots of IHS values and associated P values obtained from IHS analysis 

results for 196 genes of the CDX subpopulation of the East Asia population. 
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Figure 3.20 Plots of IHS values and associated P values obtained from IHS analysis 

results for 196 genes of the CHB subpopulation of the East Asia population. 

 

 

 

 

Figure 3.21 Plots of IHS values and associated P values obtained from IHS analysis 

results for 196 genes of the CHS subpopulation of the East Asia population. 
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Figure 3.22 Plots of IHS values and associated P values obtained from IHS analysis 

results for 196 genes of the JPT subpopulation of the East Asia population. 

 

 

 

 

Figure 3.23 Plots of IHS values and associated P values obtained from IHS analysis 

results for 196 genes of the KHV subpopulation of the East Asia population. 

 

 

IHS values and associated P values from IHS analysis for 196 genes in Africa 

populations were analyzed. In the GWD subpopulation, the SLC22A23 (rs112606997) 

gene located on chromosome 6 has the highest positive IHS value of 5.03. C17orf67 

(rs563908371) gene located on chromosome 17 has the highest negative IHS value with 
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-3.77 (Figure 3.24). In the YRI subpopulation, the MACROD2 (rs563938935) gene 

located on chromosome 20 has the highest positive IHS value of 5.94. ZGPAT 

(rs554831273) gene located on chromosome 20 has the highest negative IHS value with 

-5.97 (Figure 3.25). In the ESN subpopulation, the IKZF3 (rs545219922) gene located on 

chromosome 17 has the highest positive IHS value of 6.93. LOC107986537 

(rs532430659) located on chromosome 6 and LOC107986537 (rs191039753) genes 

located on chromosome 6 had the highest negative IHS value with -3.77 and -3.74, 

respectively (Figure 3.26). In the LWK subpopulation, the SLAIN2 (rs182647815) gene 

located on chromosome 4 has the highest positive IHS value of 7.65. RBFOX1 

(rs565198015) gene located on chromosome 16 has the highest negative IHS value with 

-3.33 (Figure 3.27). The P values associated with IHS for these genes were significant 

(p<0.001) (Table 3.1).  

 

 

 

Figure 3.24 Plots of IHS values and associated P values obtained from IHS analysis 

results for 196 genes of the GWD subpopulation of the Africa population. 
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Figure 3.25 Plots of IHS values and associated P values obtained from IHS analysis 

results for 196 genes of the YRI subpopulation of the Africa population. 

 

 

 

 

Figure 3.26 Plots of IHS values and associated P values obtained from IHS analysis 

results for 196 genes of the ESN subpopulation of the Africa population. 
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Figure 3.27 Plots of IHS values and associated P values obtained from IHS analysis 

results for 196 genes of the LWK subpopulation of the Africa population. 

 

 

Table 3.1 Top 5 highest and lowest values of IHS analysis results for 196 genes of 14  

populations. 

 

POP SNP GENE IHS P Variant Type 

C
E

U
 

rs556200781 ANKRD55 7.89 2.8e-15 ANKRD55 Upstream 

rs557147993 MACROD2 6.62 3.7e-11 Intron  

rs146230583 LOC105374761_LOC105374764 6.24 4.32e-10 LOC105374764, TMEM17 Intron  

rs76917062 LOC105378327_ALDH7A1P4 5.56 2.67e-08 Intergenic 

rs16930451 SVIL2P 5.5 3.79e-08 
SVIL2P  Upstream / LYZL2 2KB 

Upstream 

rs549214602 ITLN1 -4.19 2.78e-05 
ITLN1  Downstream / CD244 2KB 

Upstream  

rs114990400 ZBTB38 -3.8 0.0001 LOC124909441 Upstream 

rs78116042 ZNF365 -3.7 0.0002 Intron  

rs149518916 MYO10 -3.65 0.0002 Intron  

rs75315664 PDGFB -3.62 0.0002 PDGFB Upstream 

F
IN

 

rs113848747 TRIB1AL,LINC02964 5.79 7.1e-09 Intron  

rs9562236 ELF1 5.78 7.34e-09 
SUGT1P3, TPTE2P5 Intron / ELF1 

Downstream 

rs542915899 PRDM1_ LOC105377923 5.3 1.18e-07 PRDM1 2KB Upstream  

rs76706325 ZBTB38 5.1 3.47e-07 Intron  

rs547084761 SLAIN2 5.01 5.45e-07 Intron  

rs57201378 LOC101927745 -4.79 1.66e-06 Intron  

rs138464066 LINC01475 -3.83 0.0001 LINC01475 Downstream 

rs529797623 DOCK7 -3.71 0.0002 Intron  

rs189707864 MACROD2 -3.55 0.0003 Intron  

rs60699354 ELF1 -3.47 0.0005 
SUGT1P3, TPTE2P5 Intron / ELF1 

Downstream 

(cont. on next page) 



42 

 

Table 3.1 (cont.) 

 

G
B

R
 

rs551382470 SPATA48_IKZF1 5.94 2.91e-09 SPATA48 Intron  

rs78391465 LOC107984997_RNFT1P2 5.3 1.19e-07 Intergenic  

rs527524959 SATB1-AS1 5.04 4.71e-07 SATB1-AS1 Downstream 

rs527524959 SATB1-AS1_ LOC107986066 4.99 6.11e-07 SATB1-AS1 Downstream 

rs535249657 PHACTR2 4.98 6.44e-07 Intron  

rs548894351 TAGAP-AS1 -3.83 0.0001 LOC112267968 Intron  

rs573656789 NLRP13 -3.75 0.0001 NLRP4 Intron / NLRP13 Downstream 

rs62392933 SLC22A23 -3.73 0.0001 Intron  

rs188824258 SLC22A23 -3.68 0.0002 Intron  

rs143214265 PNKD_TMBIM1 -3.6 0.0003 CATIP-AS2 Intron  

IB
S

 

rs111407155 C17orf67 6.78 1.17e-11 LOC124904037 Intron  

rs9822628 LINC01014 6.78 1.24e-11 LINC01014 Upstream 

rs531002475 BANK1 6.37 1.83e-10 Intron  

rs151333414 HERC2 6.33 2.52e-10 Intron  

rs149770768 STAT4 6.23 4.57e-10 Intron  

rs2694928 FOXP2 -4.16 3.17e-05 Intron  

rs281362 AKAP10 -3.99 6.74e-05 AKAP10 Downstream 

rs538868878 ITLN1 -3.95 7.93e-05 ITLN1  Downstream / CD244 Upstream 

rs75695259 TPPP2_NDRG2 -3.93 8.43e-05 Intron 

rs112911768 SVIL2P -3.71 0.0002 SVIL2P  Upstream m 

T
S

I 

rs576516444 RBX1_RPS9P2 6.89 5.61e-12 Intergenic 

rs542144702 ZNF365 6.57 5.12e-11 Intron 

rs557147993 MACROD2 6.46 1.04e-10 Intron 

rs536913616 MACROD2 5.72 1.07e-08 Intron 

rs6975281 C7orf33 5.38 7.27e-08 Intron 

rs143637581 SLC22A23 -4.62 3.86e-06 Intron 

rs7523503 MROH3P -4.62 4.13e-06 Intron 

rs150777522 TAGAP-AS1 -3.94 8.13e-05 
LOC112267968 Intron / TAGAP-AS1 

Downstream 

rs111250403 TAGAP-AS1 -3.88 0.0001 
LOC112267968 Intron / TAGAP-AS1 

Downstream 

rs74005028 RBFOX1 -3.8 0.0001 Intron 

C
D

X
 

rs534404683 LYRM4 7.58 3.41e-14 Intron 

rs563956224 LOC101928354 7.54 4.58e-14 Intron 

rs6809353 SATB1-AS1_ LOC107986066 6.79 1.1e-11 Intergenic 

rs16829184 PLCL1 6.28 3.39e-10 PLCL1 Downstream 

rs111802303 PTPN2 5.65 1.57e-08 PTPN2 Upstream 

rs79577099 PLSCR4 -5.37 7.68e-08 Intron 

rs565484031 GP2_UMOD -4.37 1.25e-05 PDILT Intron / GP2_UMOD Upstream 

rs534393924 GP2_UMOD -4.37 1.25e-05 PDILT Intron / GP2_UMOD Upstream 

rs548949225 GP2_UMOD -4.35 1.39e-05 PDILT Intron / GP2_UMOD Upstream 

rs147451109 HERC2 -4.25 2.12e-05 Intron 

C
H

B
 

rs78351220 LYRM4 8.53 1.46e-17 Intron 

rs76414485 APBB2 7.05 1.73e-12 Intron 

rs191255390 MUC19 6.74 1.57e-11 Intron 

rs150060942 CD244 6.64 3.16e-11 LY9 Intron / CD244 Downstream 

rs576172846 CPEB4 6.37 1.92e-10 Intron 

rs191740154 LOC107984997_ RNFT1P2 -5.21 1.94e-07 Regulatory Region 

rs191998556 ITLN1 -4.77 1.85e-06 ITLN1 Upstream 

rs1157874 PLCL1 -4.5 6.73e-06 PLCL1 Downstream 

rs73256765 RNASET2 -4.49 6.96e-06 Intron 

rs139980316 PRDM1 -4.19 2.78e-05 PRDM1 Downstream 

(cont. on next page) 
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Table 3.1 (cont.) 

 

C
H

S
 

rs11155322 PHACTR2 7.71 1.26e-14 Intron 

rs149304930 TPPP2_NDRG2 7.67 1.7e-14 METTL17 Intron 

rs554349601 KSR1 6.66 2.74e-11 LGALS9 2KB Upstream  

rs16829184 PLCL1 6.4 1.51e-10 PLCL1 Downstream 

rs183358230 HERC2 6.25 4.15e-10 Intron 

rs189716020 SKAP2 -6.05 1.43e-09 SKAP2 Upstream 

rs184268581 LOC107984997_ RNFT1P2 -5.12 3.12e-07 Intergenic 

rs76410738 PRDM1 -4.93 8.22e-07 PRDM1 Downstream 

rs148216333 GPR35 -4.91 9.11e-07 Intron 

rs117964613 ITLN1 -4.86 1.16e-06 CD244 Intron / ITLN1 Downstream 

J
P

T
 

rs145618071 TPPP2_NDRG2 7.85 4.22e-15 METTL17 Intron 

rs11155322 PHACTR2 7.7 1.36e-14 Intron 

rs17780048 LINC02539_ WAKMAR2 7.01 2.36e-12 WAKMAR2 Intron 

rs183358230 HERC2 6.86 6.66e-12 Intron 

rs553936332 NFATC1 6.8 1.03e-11 Intron 

rs1358748 IL23R -4.69 2.72e-06 Intron 

rs6962370 IKZF1 -4.03 5.48e-05 Intron 

rs182990946 NFATC1 -3.85 0.0001 NFATC1 Downstream 

rs192346909 DOCK7 -3.75 0.0001 Intron 

rs6962370 SPATA48_IKZF1 -3.72 0.0001 IKZF1 Intron 

K
H

V
 

rs28746174 MAMSTR 6.92 4.58e-12 MAMSTR Downstream 

rs528208513 NCF4,NCF4-AS1 6.13 8.71e-10 Intergenic 

rs533037864 ZBTB38 5.8 6.5e-09 Intron 

rs6601767 LOC105376364_LINC02639 5.33 9.76e-08 Regulatory Region 

rs151166226 AIMP1P2_ TNFSF18 5.32 1.02e-07 TNFSF18 Downstream 

rs2346097 HERC2 -4.89 1.01e-06 Intron 

rs184243148 HLA -4.15 3.35e-05 Intron 

rs184243148 HLADQB1_ MTCO3P1 -4.08 4.6e-05 Intron 

rs73894841 LOC101927745 -4.06 4.9e-05 Intron 

rs17101414 LOC107984997_ RNFT1P2 -4.05 5.15e-05 Intergenic 

G
W

D
 

rs112606997 SLC22A23 5.03 4.86e-07 Intron 

rs2346096 HERC2 5.01 5.51e-07 Intron 

rs566241749 UBE2L3 4.98 6.4e-07 Intron 

rs532174800 RBFOX1 4.82 1.44e-06 Intron 

rs528219528 RBFOX1 4.82 1.44e-06 Intron 

rs563908371 C17orf67 -3.77 0.0001 
LOC124904037 Intron / C17orf67  

Upstream 

rs576242047 TRA_TRAV12-2 -3.2 0.0013 TRA Intron 

rs561094186 RBFOX1 -3.14 0.0016 Intron 

rs560287182 TRA_TRAV12-2 -3.03 0.0024 TRA Intron 

rs111880719 LOC105379031 -3.03 0.0024 Intron 

Y
R

I 

rs563938935 MACROD2 5.94 2.78e-09 Intron 

rs537831762 RBX1_RPS9P2 5.25 1.49e-07 Intergenic 

rs116348755 PRDM1_ LOC105377923 4.98 6.37e-07 Intergenic 

rs533048806 FAF1 4.94 7.98e0-7 Intron 

rs140176643 SBNO2 4.81 1.47e-06 Intron 

rs554831273 ZGPAT -5.97 2.34e-09 Intron 

rs576242047 TRA_TRAV12-2 -3.87 0.0001 TRA Intron 

rs142570222 LOC112267902 -3.67 0.0002 HLA-C Missense Variant 

rs148608512 TRA_TRAV12-2 -3.41 0.0006 TRA Intron 

rs568519785 TRA_TRAV12-2 -3.21 0.0013 TRA Intron 

(cont. on next page) 
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(The "_" character indicates that the relevant SNP is between two genes. The "," character indicates that 

the relevant SNP is present in both genes. Red highlight represents duplicate variants.) 

 

 

In the IHS analysis results of 196 genes from 14 subpopulations of European, East 

Asian and African populations, it was determined that there were common variants 

among populations within the highest and lowest 5 values (Table 3.1). No variants were 

identified in this data that mapped to SNPs (variants) associated with Crohn’s Disease. 

The rs557147993 (MACROD2) variant was observed to be common in the CEU and TSI 

subpopulations of the European population.  The rs527524959 (SATB1-AS1) variant was 

observed twice in the GBR subpopulation of the European population. The rs16829184 

(PLCL1) variant was observed to be common in the CDX and CHS subpopulations of the 

East Asian population. The rs11155322 (PHACTR2) variant was observed to be common 

in the CHS and JPT subpopulation of the East Asian population. The rs183358230 

(HERC2) variant was observed to be common in the CHS and JPT subpopulation of the 

East Asian population. The rs6962370 (IKZF1) variant was observed twice in the JPT 

subpopulation of the East Asian population. The rs184243148 (HLA) variant was 

observed twice in the KHV subpopulation belonging to the East Asian population. The 

rs576242047 (TRA_TRAV12-2) variant was observed to be common in the GWD and YRI 

subpopulation of the African population. 

Table 3.1 (cont.) 

 

E
S

N
 

rs545219922 IKZF3 6.93 4.1e-12 Intron 

rs546313551 CCNY 6.53 6.45e-11 Intron 

rs542744238 BSN 6.31 2.78e-10 Intron 

rs566701406 BTLN2 6.07 1.3e-09 Intron 

rs9610589 NCF4,NCF4-AS1 5.57 2.48e-08 Intergenic 

rs532430659 LOC107986537 -3.77 0.0001 LOC10798653 Downstream 

rs191039753 LOC107986537 -3.74 0.0001 Intron 

rs551613468 LOC105379031 -3.57 0.0003 Noncoding Transcript Exon 

rs190909134 SMIM3 -3.42 0.0006 SMIM3 Upstream 

rs187648606 IKZF3 -3.41 0.0006 IKZF3 Downstream 

L
W

K
 

rs182647815 SLAIN2 7.65 1.94e-14 SLAIN2 Upstream 

rs34452561 DNMT3A 7.23 4.76e-13 DNMT3A Downstream 

rs149551547 NOD2 5.43 5.5e-08 SNX20 Intron / NOD2 Upstream 

rs561636330 MACROD2 5.35 8.6e-08 Intron 

rs188113696 TRA_TRAV12-2 5.03 4.8e-07 TRA Intron 

rs565198015 RBFOX1 -3.33 0.0008 Intron 

rs186905057 SLC22A23 -3.29 0.001 PSMG4 Intron  

rs149228109 RBFOX1 -3.27 0.001 Intron 

rs190610994 SVIL2P -3.24 0.0011 SVIL2P Upstream /  

rs183271367 SLC7A10_CEBPA -3.23 0.0012 Intergenic 
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In the recent selection analysis of 14 subpopulations, genes with high (+/-) IHS 

values (Table 3.1) were frequently observed to be HERC2, MACROD2, RBFOX1, 

TRA_TRAV12-2, SLC22A23, ITLN1, LOC107984997_RNFT1P2 genes. Assuming that 

these genes were subject to potential selection, the corresponding EHH plots were 

evaluated. In particular, large ancestral and derived haplotype structures were observed 

in the EHH plots of HERC2, ITLN1 and LOC107984997_RNFT1P2 genes (Appendix C). 

Among the genes with high additive values in the IHS analyses given in Table 

3.1, especially ZBTB38 (rs76706325) (Figure C.2), SLAIN2 (rs547084761) (Figure C. 2), 

LOC107984997_RNFT1P2 (rs78391465) (Figure C.3), CPEB4 (rs576172846) (Figure 

C.7), MAMSTR (rs28746174) (Figure C.10), ZBTB38 (rs533037864) (Figure C.10) and 

NCF4,NCF4-AS1 (rs528208513) (Figure C.10) genes showed rather large ancestral 

haplotype structures. Genes with high additive values in IHS analyses include ITLN1 

(rs549214602) (Figure C.1), LOC101927745 (rs57201378) (Figure C.2), MROH3P 

(rs7523503) (Figure C.5), PLSCR4 (rs79577099) (Figure C.6), RNASET2 (rs73256765) 

(Figure C.7), IL23R (rs1358748) (Figure C. 9), LOC101927745 (rs73894841) (Figure 

C.10) and LOC107984997_RNFT1P2 (rs17101414) (Figure C.10) genes showed rather 

large derived haplotype structures. 

Common genes with high additive values in both PCA and IHS analyses were 

examined and the corresponding EHH plots were evaluated assuming that these genes 

were subject to potential selection. The rs151166226 variant located around the AIMP1P2 

gene was observed to form a large ancestral haplotype structure (Figure C.10). The 

rs556200781 variant located around the ANKRD55 gene was observed to form a large 

ancestral haplotype structure (Figure C.1). The rs533048806 variant in the FAF1 gene 

was observed to form large ancestral haplotype structure (Figure C.12). The rs183358230 

variant in the HERC2 gene was observed to form a large ancestral haplotype structure 

(Figure C.8 and Figure C.9). The rs184243148 variant in the HLA gene was observed to 

form large derived haplotype structure (Figure C.10). The rs545219922 variant in the 

IKZF3 gene was observed to form a large ancestral haplotype structure (Figure C.13). 

The rs1358748 variant in the IL23R gene was observed to form a large derived haplotype 

structure (Figure C.9). The rs76917062 variant around the LOC105378327_ALDH7A1P4 

gene was observed to form a large ancestral haplotype structure (Figure C.1). The 

rs191039753 variant in LOC107986537 gene was observed to form large derived 

haplotype structure (Figure C.13).  
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The IHS analyses showed that not only European but also other world populations 

had significant IHS and P values, indicating that possible selection could be seen in these 

populations along with various genes. Thanks to gene-based analyses, it was revealed that 

there may be different variants that may be associated with CD, and that the signals 

coming from the environment of these variants and the various functions of the genes 

they are associated with may need to be investigated. While the genes supporting the 

highest population differentiation were especially PUS10 and PPBP_CXCL5, PPP5C, 

AIMP1P2, IRGM, OR2B11 and IL10, these genes were not frequently encountered as a 

result of gene-based analyses. In both SNP-based and gene-based analyses, genes with 

more than one variant, especially those obtained from the literature review and highly 

associated with CD, were not encountered very frequently as a result of these analyses. 

Genes and variants showing allele frequency variation and possible selection were 

frequently observed in genes less associated with CD.  

 

 

3.4 Biological Pathway and Molecular Function Analyses 
 

 

Molecular functions, biological processes, associated pathways and protein 

classes of genes associated with Crohn’s Disease were examined using online tools such 

as GeneCard and PANTHER (Appendix B).132,134 In particular, the structure and function 

of genes with common, frequently observed and significant values obtained from PCA 

and IHS analyses were examined and their interactions with each other were evaluated. 

Limited gene ontology data was obtained for some relevant genes.  

AIMP1P2, ALDH7A1P4 and MROH3P genes are associated with CD and are 

Pseudogenes.134 Limited data about these genes could be found in various databases. 

ANKRD55, CPEB4, FAF1, HERC2, HLA-DQB1, IKZF1, IKZF3, IL23R, ITLN1, 

MACROD2, MAMSTR, NCF4, PHACTR2, PLCL1, PLSCR4, RBFOX1, RNASET2, 

SLAIN2, SLC22A23, TRA, TRAV12-2 and ZBTB38 genes are protein coding genes.134 

SATB1-AS1, NCF4-AS1, LOC101927745, LOC105378327, LOC107984997 and 

LOC107986537 genes are RNA genes and belong to the lncRNA class. Variants 

rs1736020 and rs2823286 in the LOC101927745 gene have been associated with CD. 

The rs7076156 variant in the LOC105378327 gene has been associated with CD.134 
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Diseases associated with ANKRD55 adaptor protein include Juvenile Idiopathic 

Arthritis variants.134 Diseases associated with CPEB4 mRNA polyadenylation factor 

include Portal Hypertension and Retinitis Pigmentosa. The pathways involved include 

the glucocorticoid receptor pathway and the nuclear receptors meta-pathway. GO and 

STRING annotations for this gene reveal its role as a sequence-specific RNA binding 

protein. Specifically, it binds to the cytoplasmic polyadenylation element, a uridine-rich 

sequence element located within the mRNA 3'-UTR. RNA binding causes a distinct 

conformational change similar to the mechanism observed in the Venus flytrap. This 

protein is involved in regulating the activation of the unfolded protein response during 

adaptation to endoplasmic reticulum (ER) stress in the liver. It achieves this by 

maintaining continuous translation of mRNAs regulated by the cytoplasmic 

polyadenylation element under conditions where global protein synthesis is suppressed 

(Appendix B).133,134 Diseases associated with the FAF1 adaptor protein include Uterine 

Corpus Sarcoma and Joubert Syndrome 31 (JBTS31). Related pathways include 

apoptosis, survival FAS signaling cascades and the retinoblastoma gene in cancer. GO 

and STRING annotations for this gene target the DNA replication licensing factor CDT1 

for degradation, allowing DNA replication forks to proceed. It potentiates but does not 

initiate FAS-induced apoptosis, protein kinase binding and protein domain-specific 

binding (Appendix B).133,134 Diseases associated with the HERC2 guanyl-nucleotide 

exchange factor include Intellectual Developmental Disorder Autosomal Recessive 38 

(MRT38) and Skin/Hair/Eye Pigmentation Variation 1 (SHEP1). Pathways include 

homology-directed repair and MHC I-mediated antigen processing and presentation. GO 

annotations for this gene include ligase activity and ubiquitin protein ligase binding.134 

STRING annotations of this gene regulate ubiquitin binding, recruit sites of DNA 

damage, and facilitate recruitment of UBE2N and RNF8, which promote the formation 

of DNA damage-associated ubiquitin chains. It is involved in the binding specificity 

among UBE2N and RNF8. Plays a role in maintaining RNF168 levels.133 Diseases 

associated with the HLA-DQB1 major histocompatibility complex protein include 

Multiple Sclerosis and Creutzfeldt-Jakob Disease (CJD). Pathways involved include TCR 

signaling and phosphorylation of CD3 and TCR zeta chains. The GO and STRING 

annotations for this gene bind peptides derived from antigens that enter the endocytic 

pathway of antigen-presenting cells. These peptides are then presented on the cell surface 

for recognition by CD4 T cells. The peptide binding cleft accommodates peptides ranging 

from 10 to 30 residues in length. Peptides presented by MHC class II molecules are 
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produced predominantly through the degradation of proteins that reach the endocytic 

pathway, where they are subjected to processing by lysosomal proteases and other 

hydrolases (Appendix B).133,134 The IKZF1 and IKZF3 genes are C2H2 zinc finger 

transcription factors and are important paralogs of each other. GO annotations associated 

with these two genes include DNA-binding transcription factor activity. IKZF1-related 

diseases include Common Variable Immunodeficiency-13 (CVID13) and Diamond-

Blackfan Anemia-Like (DBAL). Pathways involved include NOTCH3 and Pre-NOCH 

expression, processing and signaling (Appendix B).134 STRING annotations for this gene 

include binding gamma-satellite DNA. It helps the development of both B and T 

lymphocytes. It binds to the enhancer of the CD3-delta gene and triggers its activation. It 

also acts as a repressor of the TDT gene during thymocyte differentiation. Its role in 

transcriptional regulation involves interaction with both HDAC-dependent and HDAC-

independent complexes.133 Diseases associated with IKZF3 include Immunodeficiency 

84 (IMD84) and Chronic Lymphocytic Leukemia (CLL). Pathways involved include IL2 

signaling events mediated by STAT5 and NF-kappaB signaling (Appendix B).134 In 

STRING annotations for IKZF3 are involved in the regulation of lymphocyte 

differentiation, B cell differentiation, proliferation and maturation to the effector state. It 

is involved in modulating BCL2 expression and directing apoptosis in T cells in an IL2-

dependent manner (Appendix B).133 Diseases associated with the IL23R transmembrane 

signaling receptor include Inflammatory Bowel Disease 17 (IBD17) and Psoriasis 7. The 

pathways involved include Akt signaling and cytokine production by Th17 cells in cystic 

fibrosis using a mouse model. Among the GO and STRING annotations associated with 

this gene, it exhibits interleukin-12 receptor binding and interleukin-23 receptor activity. 

This gene aids in the activation of T cells, NK cells, and potentially specific 

macrophage/myeloid cells, potentially through activation of the Jak-Stat signaling 

cascade. IL23 plays important roles in both innate and adaptive immunity and may 

contribute to the immediate response to infections in peripheral tissues (Appendix 

B).133,134 Diseases associated with ITLN1 include Type 2 Diabetes Mellitus and 

Pleuropneumonia. Related pathways include the innate immune system and defensing. 

GO annotations related to this gene include carbohydrate binding.134 STRING 

annotations related to this gene specifically recognize microbial carbohydrate chains in a 

calcium-dependent manner. It binds to microbial glycans containing a terminal acyclic 

1,2-diol moiety, D-phosphoglycerol-modified glycans, including beta-linked D-

galactofuranose, 3-deoxy-D-manno-oct-2-ulosonic acid and D-glycero-D-thalo-oct-2-
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ulosonic acid. Binds to glycans of Gram-positive and Gram-negative bacteria, 

S.pneumonia, Y.pestis, P.mirabilis, including K.pneumoniae, and P.vulgaris. It does not 

bind human glycans.133 Diseases associated with MACROD2 include Hypogonadotropic 

Hypogonadism 21 (HH21) and Autism. GO annotations associated with this gene involve 

hydrolase activity targeting glucosyl bonds and deacetylase activity (Appendix B).134 

According to STRING annotations, this gene catalyzes the removal of ADP-ribose from 

aspartate and glutamate residues in proteins containing a single ADP-ribose moiety. 

However, it remains inactive against proteins carrying poly-ADP-ribose. Additionally, it 

deacetylates O-acetyl-ADP ribose, a signaling molecule generated through the 

deacetylation of acetylated lysine residues in histones and other proteins.133 Diseases 

associated with the MAMSTR transcriptional coactivator include Mediastinum and Adult 

Teratoma. GO annotations related to this gene include nucleic acid binding and obsolete 

transcription factor activity, RNA polymerase II transcription factor binding.134 

Stimulates the transcriptional activity of MEF2C. Stimulates MYOD1 activity partially 

through MEF2, leading to increased skeletal muscle differentiation.133 Diseases 

associated with NCF4 adaptor protein include Autosomal Recessive Chronic 

Granulomatous Disease-3 (CGD3) and Chronic Granulomatous Disease (CGD). Among 

its related pathways are signaling by Rho GTPases and cellular responses to stimuli. GO 

annotations related to this gene include protein dimerization 

activity and phosphatidylinositol-3-phosphate binding (Appendix B).134 It is a component 

of NADPH-oxidase, a complex enzyme system responsible for the oxidative burst, where 

electrons are transferred from NADPH to molecular oxygen, producing reactive oxidant 

intermediates. Its role for the assembly and/or activation of the NADPH-oxidase complex 

may be crucial.133 Diseases associated with PHACTR2 include Body Dysmorphic 

Disorder and Parkinson's Disease. One of its associated pathways involves the response 

to increased cytosolic calcium levels in platelets. GO annotations related to this gene 

include actin binding and protein phosphatase inhibitor activity.134 Diseases associated 

with PLCL1 include Glass Syndrome and Astigmatism. Included in its related pathways 

are Proton Pump Inhibitor and GPR40 Pathway. GO annotations related to this gene 

include calcium ion binding and phosphoric diester hydrolase activity.134 PLCL1 is 

involved in an intracellular signaling cascade that relies on inositol phospholipids. 

However, it does not show phospholipase C activity against phosphatidylinositol 4,5-

bisphosphate and phosphatidylinositol. It plays a role as a component in the phospho-

dependent endocytosis process of GABA A receptors. Additionally, it maintains GABA-
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mediated synaptic inhibition by regulating receptor turnover. Abnormal expression of 

PLCL1 may play a role in the development and progression of lung carcinoma. It also 

acts as an inhibitor of PPP1C.133 Diseases associated with PLSCR4 include Atypical 

Choroid Plexus Papilloma. Included in its related pathways is the complement cascade. 

GO annotations associated with this gene involve and binding to SH3 domains and 

calcium ion binding.134 PLSCR4 potentially facilitates ATP-independent bidirectional 

interlayer movement of phospholipids when calcium ions bind, leading to disruption of 

phospholipid asymmetry in the plasma membrane.133 Diseases associated with RBFOX1 

RNA-binding protein include Colorectal Cancer and Benign Epilepsy With 

Centrotemporal Spikes. Included in its related pathways are transcription and 

transcriptional regulation mediated by MECP2. GO annotations associated with this gene 

include nucleic acid and nucleotide binding.134 RBFOX1 controls alternative splicing 

events by interacting with 5'-UGCAUGU-3' elements. It modulates alternative splicing 

of tissue-specific exons and differentially spliced exons during 

erythropoiesis.133 Diseases associated with RNASET2 endoribonuclease include Cystic 

Leukoencephalopathy Without Megalencephaly (LCWM) and Combined Oxidative 

Phosphorylation Deficiency 13. Among its related pathways are innate immune 

system and pathways of nucleic acid metabolism and innate immune sensing. GO 

annotations related to this gene include RNA binding and RNA endonuclease activity.134 

RNASET2 displays ribonuclease activity, with increased activity under acidic pH 

conditions. It probably participates in the lysosomal degradation of ribosomal RNA and 

contributes to cellular RNA degradation processes.133 GO annotations of SLAIN2 include 

binding to the plus end of microtubules and regulating microtubule organization 

(Appendix B).134 SLAIN2 facilitates the initiation and extension of cytoplasmic 

microtubules. It is essential for maintaining the proper organization of the microtubule 

cytoskeleton throughout interphase.133 Diseases associated with SLC22A23 secondary 

carrier transporter include Wolf-Hirschhorn Syndrome (WHS) and Inflammatory Bowel 

Disease (IBD). GO annotations related to this gene include transmembrane transporter 

activity.134 Diseases associated with TRA immunoglobulin receptor 

include Immunodeficiency 7 (IMD7) and Adult T-Cell Lymphoma Leukemia (T-ALL). 

Its related pathways include immune response mechanisms such as antigen presentation 

by MHC class II and NFAT involvement in the immune response. GO annotations related 

to this gene include enables signaling receptor activity, immune response and response to 

bacterium (Appendix B).134 TRAV12-2 immunoglobulin receptor involved in adaptive 
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immune response and immune system process.134 Diseases associated with ZBTB38 

C2H2 zinc finger transcription factor include Kuru and Acromesomelic Dysplasia 2B. 

GO annotations related to this gene include protein homodimerization activity and 

nucleic acid binding (Appendix B).134 STRING annotations associated with this gene 

indicate its role as a transcriptional regulator with dual DNA-binding specificity. It 

exhibits a higher affinity for methylated CpG dinucleotides in the consensus sequence 5'-

CGCG-3', but it can also bind to E-box elements. Additionally, it can specifically bind to 

a single methyl-CpG pair and repress transcription in a methyl-CpG-dependent manner. 

This gene plays a critical role in regulating DNA replication and the stability of common 

fragile sites in a manner dependent on RBBP6 and MCM10. It represses the expression 

of MCM10, which is crucial for DNA replication.133 

STRING analysis was used to understand protein-protein interactions between 

genes of significant value and commonalities that may have shown possible positive 

selection associated with Crohn's Disease, and the inter-protein interaction network was 

analyzed (Figure 3.28).  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.28 Protein-protein interaction network of genes showing possible positive 

selection  associated with Crohn’s Disease based on STRING analysis. 
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In this view, colored nodes represent the first shell of interactions and query 

proteins. The structures within the nodes are known and predicted as a 3D structure. A 

network was observed between IKZF3 and IKZF1 proteins. Edges in this relationship 

included experimentally determined (known interactions) (score 0.258), textmining 

(score 0.434), co-expression (score 0.258) and protein homology. Combined confidence 

of the functional interaction was 0.918 (very high). A network was observed between the 

RBFOX1 and MACROD2 proteins. The edges in this relationship included textmining 

(score 0.527) and co-expression (score 0.048). Combined confidence of the functional 

interaction was 0.539 (medium).  Apart from these two interactions, no protein-protein 

interaction was observed between other genes. When the functional enrichments in the 

network were examined, they were associated with 3 diseases with significant rates of 

disease and genes. These are Arthritis, Autoimmune Disease and Primary 

Immunodeficiency Disease (false discovery rate was 0.0351).133 With this association, it 

was observed that genes studied indeed had a significant interaction with autoimmune 

diseases. 

The genetic diversity in Crohn's disease risk genes is influenced by a variety of 

evolutionary processes and it is undoubtedly difficult to understand the precise selection 

mechanisms underlying these processes. Future studies could improve the results 

obtained by using a larger set of sequence data with different intensities of CD prevalence, 

not only from groups with a high prevalence of Crohn's disease. Many of the genes 

analyzed in this study have been associated with other inflammatory diseases as risk 

factors. Thus, the findings not only apply to Crohn's disease but also to other 

inflammatory diseases. At the same time, in order to better understand and accurately 

assess the evolution of Crohn's disease from the past to the present, population sample 

size should be increased and more aDNA studies including genes and variants showing 

relevant selection should be conducted. 
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CHAPTER 4  
 

 

CONCLUSION 

 

 

Crohn’s Disease is a life-threatening health problem that is claimed to be related 

to modern diet, lifestyle and genetic predisposition. Crohn's-related genes can 

differentiate world populations and are frequently observed in Europe. CD associated 

alleles can also distinguish populations within Europe. CD-associated alleles, both 

derived and ancestral alleles (protective and susceptible), play a role in CD susceptibility.  

When the variants associated with CD were analyzed, clear divergence was 

observed between modern metapopulations and their subpopulations, as well as between 

ancient and modern world populations. A large allele frequency variation was observed 

between ancient and modern populations on the European continent. 

In the gene based recent selection analyses, it was observed that the genes with 

the highest IHS values in terms of 14 subpopulations were frequently HERC2, 

MACROD2, RBFOX1, TRA and TRAV12-2 genes. Especially HERC2, ITLN1 and 

RNFT1P2 genes showed large haplotype structures. Gene-based analyzes include specific 

RNA and/or DNA binding (CPEB4, MAMSTR, RBFOX1, RNASET2, ZBTB38, IKZF1 

and IKZF3), protein binding activity (FAF1, NCF4, SLC22A23, PHACTR2, IL23R, 

ZBTB38, ITLN1 and IKZF1), ubiquitin and ligase activity (HERC2), adaptive immune 

response (HLA-DQB1, IL23R and TRAV12-2), innate immune system activity  (IL23R, 

ITLN1 and RNASET2), immune response (TRA), DNA-binding transcription factor 

activity (ZBTB38, IKZF1 and IKZF3), hydrolase and/or deacetylase activity (PLCL1 and 

MACROD2), calcium ion binding  (PLSCR4, ITLN1 and PLCL1), microtubule activity 

(SLAIN2), and other molecular processes.  

Since these genes are related to the immune system and show a possible selection 

signature, they may be responsible for disease susceptibility and progression. Identifying 

specific genes and risk loci responsible for the disease and applying methods to compare 

the allele frequencies of these relevant variants in historical and current populations will 

provide insight into disease biology and potential treatment targets. 
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