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Abstract 

Diverticular disease (DD) is a multistage gastrointestinal disorder of the 

colon. DD begins with colonic outpouching, creating diverticula. This stage of 

disease is called diverticulosis and is asymptomatic. Approximately 32.6% of the 

population between 50-59 years of age have diverticulosis, and that number 

increases to 71.4% of individuals ≥ 80. When individual diverticula become 

inflamed, the disease has progressed to diverticulitis. Approximately 20% of 

individuals with diverticulosis will develop diverticulitis. Only 1-4% of those 

individuals will require surgical treatment.  

 Naturally occurring genetic variants can predispose a person to a 

particular disease. This concept has yet to be thoroughly investigated for DD. 

Familial and population-based studies suggest 40-53% of DD is a result of 

genetics, while the remainder is a result of environmental factors such as diet or 

smoking. The overarching goal of this research was to use next-generation 

sequencing (NGS) to identify possible causative variants in families with DD and 

further investigate the mechanistic role of those variants and genes in the 

pathogenesis of DD. 

 We recruited two families with DD at the Penn State Health Inflammatory 

Bowel Disease Center biorepository. We then performed exome sequencing on 

each family and assessed rare variants (<1% minor allele frequency (MAF)) 

matching the segregation pattern of disease for a possible biological role in the 

disorders. These data led to the identification of genes LAMB4 and COL1A1, 

which each contain variants in the two families with DD.  
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 LAMB4 and COL1A1 are critical for a functional extracellular matrix. 

LAMB4 is a member of the laminin family of genes, and COL1A1 is a member of 

the collagen family of genes. This led to the hypothesis where structurally or 

functionally damaging variants in these genes may decrease the integrity of the 

basement membrane in the colon, leading to greater susceptibility for 

outpouching to occur. 

We then performed targeted sequencing for LAMB4 or COL1A1 in 148 

non-familial cases. This sequencing allowed for a comparison of patients with 

DD, also having a variant in one of the genes, to patients with DD that have no 

variants in these genes. Immunohistochemistry was then performed on colon 

tissue samples from those individuals to look at protein localization and 

expression. 

 LAMB4 localizes to the myenteric plexus of the colon, and DD patients 

with LAMB4 variants have significantly decreased expression of LAMB4 

compared to healthy control patients without variants in LAMB4 or compared to 

patients with DD but no variants in LAMB4. The localization and reduced 

expression in patients with both DD and variants in LAMB4 provide additional 

supporting evidence for the role of the enteric nervous system in the 

pathogenesis of DD. COL1A1 showed no discernible change in the pattern of 

expression or localization between and within similar groups.   

 This research has identified potential causative variants for DD and 

assessed the functional role of the LAMB4 and COL1A1 proteins in DD. Although 

this data has helped to shed light on the pathogenesis of DD, further research is 
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needed to fully elucidate the exact mechanistic role of these genes in DD to 

provide new and novel pathways to be the focus of treatment or intervention. 
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Chapter 1: Introduction 

1.1.1 Epidemiology and financial burden of gastrointestinal disorders 

Gastrointestinal disorders create significant economic hardship within the 

United States and result in substantial morbidity and mortality. The cost of this 

burden in the United States is estimated to be approximately $97.8 billion per 

year, affecting about 60-70 million people annually (1). Abdominal pain is the 

most common gastrointestinal symptom during outpatient clinic visits, with 15.9 

million visits with it as the chief complaint (2). Gastroesophageal reflux is the 

principal diagnosis, with 8.9 million in 2009 (2). In 2009 there were 245,921 

deaths as a result of an underlying gastrointestinal cause (2).   

1.1.2 Epidemiology and financial burden of diverticular disease 

The incidence of diverticular disease is rising in the United States of 

America. In the USA, there were 2,682,168 estimated outpatient visits for DD in 

2009 (2). Around 70% of individuals over the age of 80 will have diverticulosis (3, 

4). Approximately 1-4% of individuals diagnosed with diverticulosis will develop 

diverticulitis (5). The incidence of perforated DD doubled between 1990 and 2005 

(6). These findings are corroborated by a separate study that found hospital 

admissions of acute diverticulitis increased by 26% from 1998 to 2005 (7). The 

same study also found the rate of hospital admissions due to diverticulitis during 

the same period was increased in patients aged 18-44 and 45—64 years old, 

stayed the same for those 65-74 years old, and decreased for patients 75+ years 

old during that time (7).  Patients with a perforated diverticulum have a 6-fold 

higher likelihood of mortality in the first year after perforation than the general 

population (6).  
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Diverticular disease is an extreme financial burden in the USA. The 

economic burden of DD direct costs are estimated to be between $2.6-$3.6 

billion annually (1, 2). The average price per hospitalization of a patient with DD 

is $6678.78 (8). Peery et al. found that there was a mortality rate of 0.4% for 

diverticulitis without hemorrhage and a mortality rate of 1.1% for diverticulitis with 

hemorrhage (2). The mortality risk of perforated diverticulitis requiring surgical 

intervention is 15.6% one year after surgery (9).  Furthermore, surgical 

diverticulitis patients <55 years of age have a standardized mortality ratio (SMR); 

which is a ratio of the increase or decrease in mortality of the study cohort 

compared to the general population, for all causes of 2.66, which increases to 

4.77 for patients >75 years of age (6). 

1.2.1 Gastrointestinal and colonic anatomy 

 The gastrointestinal (GI) system includes the mouth to the anus along with 

associated organs. It is classically divided into two parts: the upper and lower GI 

tracts along with the small and large intestines. The GI tract consists of the 

esophagus, stomach, small intestine, and large intestine. The small intestine is 

further divided into the duodenum, jejunum, and ileum, while the large intestine is 

divided into the ascending, transverse, descending, sigmoid, and anal canal 

sections (Fig. 1.1). The role of the GI system is to intake and digest food, absorb 

nutrients and water, and expel the waste.  
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Figure 1-1: Schematic representation of the human colon (Tortora and 

Derrickson, 11th Ed. 2006).  

 The process of digestion begins with physical and enzymatic digestion 

through mastication and salivary fluids. Once a small enough size, the bolus is 

then swallowed and transported to the stomach via peristalsis. In the stomach, 

the contents mix with gastric juices and undergo milling. These contents then get 

emptied into the duodenum of the small intestine, where it mixes with bile and 

pancreatic juices. It then passes through the rest of the small intestine and large 

intestine via peristalsis, where nutrients and water are absorbed, respectively. 

The descending colon and rectum then form and store feces for excretion.  

 Four concentric layers comprise the GI tract: the mucosa, submucosa, 

muscular layer, and serosa (Fig. 1.2). The mucosa is the center of the GI tract 

and is exposed to the lumen. It contains the epithelial layer that provides most of 

the secretory and absorptive processes, a layer of connective tissue called the 
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lamina propria, and a layer of smooth muscle that aids in support and movement. 

The mucosal layer changes in structure and function throughout the GI tract, 

ranging from the rugae of the stomach, microvilli and villi of the small intestines, 

and progressively becomes smoother until no villi or microvilli are present. This 

section has direct contact with the chyme. The submucosal layer consists of 

connective tissue, blood vessels, and nerves located within the submucosal plexi 

(Meissner’s).   

 

Figure 1-2: Diagram of the gastrointestinal layers and innervation of the colon. 

Figure from Rao and Gershon, 2016 (10).  

 The muscularis propria comprises an inner circular muscle layer and an 

outer longitudinal muscle layer. It is these two layers of muscle that provides the 

mechanical force that results in peristalsis. Nerves innervate the muscularis 

propria between the two layers in plexi called Auerbach’s plexi (myenteric plexi). 

The final outer layer is the serosa or adventitia. Both are a layer of connective 
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tissue that provides a clear separation of either intraperitoneal or retroperitoneal 

parts of the GI tract, respectively.  

 The colon is the final section of the GI tract. Its primary functions are water 

absorption and the formation and storage of feces of nondigestible material. It is 

subdivided into five sections: the ascending, transverse, descending, sigmoid, 

and rectal (Fig. 1-1). Three bands of smooth muscle called mesocolic, free and 

omental taeniae coli and are responsible for producing the recognizable 

segmentation of the colon called haustra. Two locations innervate the colon, the 

submucosal plexus, which is responsible for environmental sensing and the 

myenteric plexus, which is responsible for the colonic motility (Fig. 1-2). 

 The colon epithelium does not contain villi or microvilli. Instead, it consists 

of simple columnar epithelium cell types that invaginate to form colonic crypts 

(Fig. 1-3). At the bottom of the crypts, there are Leu-rich repeat-containing G 

protein-coupled receptor 5-expressing (LGR5+) cell types (11). These are stem 

cells that differentiate into the other cell types observed in the crypt, including 

transit-amplifying colonocytes that will differentiate further to result in secretory 

cells such as goblet cells and enteroendocrine cells along with absorptive 

enterocytes. There are also a limited number of chemosensing tuft cells (12). The 

lumen of the colon also contains a large abundance of bacteria, fungi, archaea, 

and viruses within the lumen. This microbiota is part of an individual’s 

microbiome.  
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Figure 1-3: Colonic crypts. A scanning electron micrograph of the colonic crypts 

on the left panel. The right panel diagrams the cellular localization of the cellular 

subtypes. Figure from Barker, 2014 (11). 

1.2.2 Enteric nervous system anatomy 

 The autonomic nervous system has three main subdivisions: the enteric 

nervous system (ENS), the parasympathetic nervous system, and the 

sympathetic nervous system (13). The enteric nervous system contains over 100 

million neurons in >15 functional classes (14). They are organized into many 

ganglia that are primarily formed into two networks: the submucosal plexus 

(Meissner’s) and the myenteric plexus (Auerbach’s) (Fig. 1-2) (10). The 

submucosal plexus innervates the mucosa and muscularis mucosa and is 

located between the two (15). The ganglions are smaller than those of the 

myenteric plexus and only parasympathetic in nature (16). The submucosal 

plexus serves as a sensory mechanism to help regulate blood flow and mucosal 

secretion (16). The myenteric plexus is located between the circular and 

longitudinal muscle layers of the muscularis externa and provides motor 



7 
 

innervation to both (17). It helps regulate the motility and peristalsis of the colon 

(17).  

 Three main types of cells lie within these plexi, neuronal, glial, and 

Interstitial cells of Cajal (ICCs) (16).  Efferent and afferent neurons respond to 

mechanical deformation of the mucosa, radial stretch, muscle tension, and 

luminal chemical stimuli (16). Enteric glial cells are support cells for the neurons 

and help maintain homeostasis in the plexi (18). Known as the electrical 

pacemaker cells, ICCs create the slow-wave potential that regulates the 

contraction of the smooth muscle (19).  

 The development of the ENS is a tightly controlled and regulated process 

(20). All enteric neuronal and glial cells derive from neuronal crest cells (NCC) 

(21). NCCs stem from the dorsal neural tube (22). They have to undergo a 

process of migration, proliferation, and differentiation to ultimately result in the 

ENS (22). This process is tightly regulated and controlled by a wide range of 

transcription factors and pathways, such as the Ret pathway or Sox10 

transcription factor (23).  Extracellular Matrix Proteins (EMP) such as laminins 

and collagens and also help regulate this process. There is a gradient of EMP 

during the development of the gut (24). Laminins are a potent signal for the 

differentiation of enteric neurons and have been considered a possible 

contributor to aganglionosis for decades (25-27). ENS in adult mice undergoes 

continuous renewal, suggesting that ENS is capable of rearrangement and 

plasticity (28).  

1.2.3 Colonic microbiome 
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 The human microbiome includes all microorganisms that live on or in the 

human body, including the bacteria that are present in the mouth, skin, and 

colon, among others (29). It was previously commonly accepted that there is 

approximately a 10:1 ratio of bacteria to human cells (30). However, this estimate 

has been recently revised to suggest that there are roughly only 1.3 bacteria for 

each human cell (31). The colon is estimated to contain 70% of the microbes in 

the human body (32, 33). The role of the gut microbiome in health and disease 

has become more prominent in the past few decades (29, 34). Dysregulation of 

the gut microbiome has previously been shown to contribute to conditions such 

as IBD (35). There is a complex bidirectional interplay of the host's immune 

system and gut microbiome (36). Germ-free mice that do not contain a gut 

microbiome have alterations in the development of their immune system (37). 

Additionally, knocking out genes known to be involved in the immune response 

alters the gut microbiome composition (38, 39). There is a similar interplay of the 

host ENS and gut microbiome supported by the fact that germ-free mice have 

functional and structural abnormalities of the ENS (40, 41).  

1.2.4 Extracellular matrix  

 The extracellular matrix (ECM) is the non-cellular component that provides 

structural, biochemical, and biomechanical roles to the surrounding cells and 

tissues (42). It made up of a variety of proteins, including collagens, laminins, 

tenascins, elastins, and fribronectins, among others, as well as proteoglycans 

(42). The ECM regulates the development of tissues during embryogenesis, and 

in particular, helps regulate the development of the ENS (43, 44). It also provides 
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complex interactions with the innate immune system and invading pathogens 

(45, 46). As a result, it has become a target of pharmacotherapy to help alleviate 

immune-mediated diseases (47). 

1.3.1 Pathogenesis of diverticular disease 

The pathogenesis of DD has yet to be fully elucidated (48). The 

development of the disease is a multistep process, and each step has multiple 

mechanisms that possibly contribute to the development of the disease (Fig. 1.3) 

(49). The initial asymptomatic stage is called diverticulosis. This stage is 

characterized by the herniation of the mucosal and submucosal layers through 

the muscular layers, or the mucosal, submucosal, and muscular layers herniating 

through the serosal layer. These are called psuedodiverticula and true 

diverticula, respectively (50). Typically, colonic diverticular disease is a result of 

psuedodiverticula that penetrate the muscular layers often at sites of 

vascularization, in-between areas of contraction that increase the pressure in 

particular sections (Fig. 1.4) (51, 52). Subsequently, these sites of herniation 

become infected and inflamed, resulting in the symptomatic stage called 

Diverticulitis. The inflammation results in abdominal pain, diarrhea, constipation, 

bloating, and cramps (53). If left untreated, complications may arise that include 

peritonitis, abscesses, fistulas, which can eventually lead to sepsis. Initial 

treatment is a round of antibiotics. If this is ineffective, the affected areas are 

removed surgically. Collectively, these two stages are called DD. 
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Figure 1-4: Schematic illustration of some of the possible mechanisms 

that may contribute to the development of diverticular disease. Additional arrows 

(red) suggest other contributions that genetics may play into the etiology of 

diverticular disease. Figure is modified from Spiller et al., 2015 (49). 
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Figure 1-5: Schematic illustration of the observation that a diverticulum 

often occurs near sites of vascularization. The colon becomes segmented during 

periods of contraction, resulting in little bladders of increased intraluminal 

pressure. This pressure then creates a diverticulum near the structurally weakest 

location, the site of penetration of the vascularization. Figure borrowed from 

Stollman and Raskin, 2004 (51).  

The occurrence of DD increases with age (1). By the age of 60, 

approximately 50% of the population will have diverticulosis, of which less than 

5% will develop into diverticulitis (1, 5). Less than 5% of the cases of 

diverticulosis occur under the age of 40 (1). Other factors also contribute to the 

development of the disease. Environmental factors have been extensively 

researched in particular. Another primary factor altering the development of 

diverticular disease besides aging is diet. Low fiber and high protein diet, such as 

the typical Western diet, has been strongly associated with developing sigmoid 

diverticulitis (54-56). Smoking is another associated factor with an increased 

likelihood of developing diverticular disease (57-59). The exact mechanism is 

unclear, but it has been proposed that, in a mechanism similar to the effect on 

the skin, that collagen and elastin fibers become less elastic, and contribute to 

the increased pressure needed for proper motility.  

1.3.2 Genetics of diverticular disease 

The concept of possible genetic predisposition to DD has only recently 

begun to be a significant research focus. However, two recent twin and 

population-based studies investigating the heritability of DD suggest that genetics 
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comprise approximately 40-53% of the susceptibility to DD (60, 61). In the first, 

Strate et al. (2013) used nationwide patient registries from 142,123 patients in 

Denmark to find 10,420 siblings and 923 twins with a diagnosis of diverticular 

disease. They found that having a sibling with DD increased the relative risk of 

DD to 2.92 compared to the general population (60).  An interesting note in the 

study was that the earlier the diagnosis of DD for the sibling, the higher the 

relative risk of developing DD was (Fig. 1.5). If the sibling was diagnosed with DD 

after the age of 50, the relative risk for an associated sibling was 1.76. However, 

if the sibling was diagnosed under the age of 39, the relative risk for an 

associated sibling increased to 7.02, suggesting that genetics plays a more 

significant role in developing a more aggressive form of the disease at a younger 

age. Overall, Strate et al. 2013 found genetics to be responsible for 53% of the 

susceptibility risk for developing diverticular disease. The second study 

performed by Granlund et al. (2012) focused on 2296 twins with a diagnosis of 

DD. They found an odds ratio of 7.15 for having DD given a monozygotic twin’s 

affliction status. Their data set indicated that genetics contribute to approximately 

40% of the susceptibility to develop DD. 
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Figure 1-6: Relative risk (standardized incidence ratio) in siblings according to 

the age at diagnosis of the index case (Strate et al. 2013) (60). 

Multiple case reports of siblings and twins developing DD have appeared 

in the literature for decades ranging from locations such as the Netherlands, 

Australia, Nigeria, and the United States (62-64). In 1946, there was a report of a 

family of nine people, seven with confirmed diverticulosis (65). Bӧrsch 

commented in 1986 that such reports suggest and support a genetic background 

for DD and implored other clinicians to report any such cases they may 

encounter (66). In a majority of these inheritable case reports, the disease is 

particularly aggressive and occurs at a young age, often under 30 years of age. 

Further support for an inherited mechanism of diverticulosis includes familial 

cases of jejunal and jejunal-ileal diverticulosis (67, 68). Cases of jejunal 

diverticulosis are extremely rare, only affecting 0.06-1.3% of the population (67, 

69, 70). The rarity and familial composition of jejunal and jejunal-ileal suggests 

that there is a genetic basis to development of diverticulosis.  

Research into the genetic and molecular mechanisms of DD is minimal. 

Connelly et al. (2014) wrote the first publication to look at the role of a particular 

gene and variants in DD (71) (Fig. 1-6). They assessed previously reported 

variants in TNF Superfamily member 15 (TNFSF15) in patients with surgical 

diverticulitis compared to control patients. They found the variant rs7848647 was 

associated with surgical diverticulitis. TNFSF15 is a T-cell receptor gene involved 

with T-cell maturation (72). This gene may be one of many that play a role in the 
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inflammation of diverticula that is ultimately needed to develop surgical 

diverticulitis.  

 

Figure 1-7: A model of genetic and environmental factors that may contribute to 

the development of diverticulosis, diverticulitis, and surgical diverticulitis. The size 

of the boxes for the contributing factors being indicative of their possible 

increasing or decreasing role, which genetic factors being more likely to 

contribute to the severe phenotypes of disease such as surgical diverticulitis. 

Figure adapted from Connelly et al. 2014 (71).   

1.4.1 Disorders with DD comorbidity 

While the pathogenesis of the DD remains unclear, some disorders 

frequently present with DD as common comorbidity (73). Broad et al. (2019) 

looked at 85,958 patients with diverticulosis and found associations with 

polycystic kidney disease, Marfan’s, and Ehler-Danlos syndromes, among other 

connective tissue related disorders (73). The next two sections explore the 

connections between diverticulitis and these disorders. They take a look as to 
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how the pathogenesis of these disorders can, in turn, help elucidate the 

pathogenesis of diverticular disease.  

1.4.2 Colonic wall changes in conditions with diverticular disease as 

comorbidity 

Ehlers-Danlos Syndrome (EDS) has been described for over a century by 

Edvard Ehlers initially in 1901 and further characterized by Henri-Alexandre 

Danlos in 1908 (74, 75). EDS is characterized by hypermobility of the joints, 

elastic skin that bruises and tears easily, and cardiovascular defects such as 

Raynaud’s phenomenon and aortic dissection (76). While the exact symptoms of 

each case vary by the subtype of EDS, these symptoms are common to most 

(76). Case reports of gastrointestinal complications began to arise decades after 

Ehlers’ and Danlos’ initial reports, highlighting diverticular disease as another 

common comorbidity with EDS (60, 77, 78). In a recent population-based cohort 

study of the association between EDS and diverticular disease, there was a 

significant correlation between patients that have EDS and having either 

diverticular disease or diverticulitis compared to control patients (79)  

Multiple connective tissue diseases make up EDS and are inherited with 

either an autosomal dominant pattern of inheritance (most common) or 

autosomal recessive (80). Some cases of sporadic EDS do occur. Cases are 

typically caused by alterations in genes that affect collagen structure, processing, 

or expression (81-83). Collagen is the most abundant ECM protein and the most 

abundant protein in the body, comprising approximately 30% of the total protein 

mass (84). There are 28 members of the collagen superfamily (85). In a study of 
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102 patients that fulfilled the requirements for classic EDS, over 90% contained a 

type V collagen defect (86).  

Diverticular disease is associated with changes in collagen expression, 

localization, and type. Studies have shown that there is no change in overall 

collagen abundance in complicated diverticulitis (87, 88). However, the ratios of 

the collagen subtypes are altered, with an increase in expression of collagen type 

III compared to collagen type I primarily driven by the increase in expression of 

type III collagen compared to controls (88, 89). Overall deposition of collagen is 

increased in patients undergoing surgery for sigmoid diverticulitis compared to 

patients without diverticulitis (90). Collagen processing involves the crosslinking 

of collagen fibrils. Increased intermolecular crosslinking leads to stability of 

collagen-containing tissue (87, 91). There are increased levels of collagen cross-

linking in patients with diverticulosis, increased age, or both (87). These 

alterations of collagen in patients with diverticular disease are similar to those 

that are associated with aging. EDS patients may develop diverticular disease at 

an increased rate as a result of comparable collagen changes.  

Polycystic Kidney Disease (PKD) is the most common inherited renal 

disorder and cause of hypertension (92, 93). PKD contains a broad range of 

cystic disorders, including but not limited to Autosomal Dominant Polycystic 

Disease (ADPKD), Autosomal Recessive Polycystic Kidney Disease (ARPKD), 

and Autosomal Dominant Liver Disease (ADPLD) (94). ADPKD is the most 

common monogenetic disorder in humans (94). The primary phenotype is the 

bilateral development of fluid-filled cysts in the kidneys (95). The cysts develop in 
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the kidney epithelial cells of the kidney tubules (95). The disorder is responsible 

for 10% of the patients in end-stage renal disease (96). Extrarenal manifestations 

include cysts in other organs such as the liver, spleen, and pancreas (95, 97). 

Improper cilia function appears to be a central component in the pathogenesis 

(98-100). 

PKD is inherited in either an autosomal dominant or autosomal recessive 

manner (93). The autosomal recessive disorder primarily occurs in children, while 

the autosomal dominant disorder often manifests during adulthood (101). The 

genetics of both diseases are well researched. ARPKD is a rare disorder with an 

estimated incidence of 1:20,000 (102). The causal gene of ARPKD is polycystic 

kidney and hepatic disease 1 (PKHD1) (103). PKHD1 is a large gene, with 67 

exons that undergo alternative splicing to produce two reported protein isoforms 

called polyductin (103). Due to the rarity and the lethality of ARPKD, there is no 

known association of ARPKD with diverticular disease. ADPKD is more common 

than ARPKD, with an incidence rate of 1:400-1:1000 (104). It is caused by 

variations in either PKD1 or PKD2, with each accounting for 85-90% and 10-15% 

of cases, respectively (105). Patients with variations in PKD1 have a decreased 

life expectancy of approximately 16 years earlier than patients with variations in 

PKD2 (106).  

Patients with ADPKD often have gastrointestinal manifestations, as 

reviewed by Mikolajczyk et al. 2017 (107). Scheff et al. studied the association of 

diverticular disease in patients with ADPKD and end-stage renal disease (ESRD) 

(108). They found that patients with ESRD as a result of ADPKD had 
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diverticulosis at a rate of 83%. This was significantly increased compared to both 

patients with ESRD without ADPKD (P <0.01) and control patients without ESRD 

or ADPKD (P <0.02). A similar study found the same effect by looking 

retrospectively at the rates of diverticulitis in patients with ESRD as a result of 

ADPKD to those with ESRD without ADPKD (P = 0.0003) (109). They also 

commented that the diverticulitis in patients with ADPKD appears to be more 

aggressive, with 50% requiring surgical intervention.  

Variants within two genes, PDK1 or PDK2, are the cause of ADPKD. 

These genes encode for the proteins polycystin 1 (PC1) and 2 (PC2 or TRPP2), 

respectively (110, 111). They are both ciliary transmembrane glycoproteins (99, 

100, 112). In Caenorhabditis elegans, the protein orthologues were shown to co-

localize together (100).  Subsequent research confirmed this co-localization in rat 

epithelial cilia (99). The same group also showed that mice lacking functional 

PC1 were unable to increase Ca2+ influx in response to extracellular fluid flow, 

and antibody blocking of TRPP2 resulted in a similar decrease in response. 

These results, along with other studies, suggest that PC1 is a mechanosensor 

that relays extracellular information to TRPP2, which is an intracellular calcium 

release channel (110, 113, 114). 

PC1 alters the ECM through activation of the phosphatidylinositol 3-kinase 

(PI3K)/ Protein Kinase B (AKT) pathway (115, 116). Both AKT and PC1 can 

increase matrix-metalloproteinase 2 (MMP2) expression through inhibition of its 

degradation (117, 118). Matrix-metalloproteins (MMPs) are proteases that are 

capable of degrading a variety of ECM proteins and cell surface molecules (119). 
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ADPKD may confer the comorbidity of DD through this alteration of the ECM and 

possible signaling pathways. 

Williams, or Williams-Beuren Syndrome (WBS, OMIM 194050) is a 

multisystemic developmental disorder that is caused by a 1.5 - 1.8 x 106 basepair 

heterozygous deletion at 7q11.23 which includes 26-28 genes (120, 121). Due to 

the heterozygous nature of the genetic deletions, the phenotypes that are 

observed with the syndrome are also heterozygous (120). Patients often present 

with neurodevelopmental abnormalities (120). A characteristic gregarious 

personality, along with decreased IQ scores, is well-documented in both juvenile 

and adult cases of WBS (122, 123). While a range of 40-90 exists, the average 

IQ score for individuals with WBS is 55-60 (124). Facial features are varied and 

can range from simple changes to features typically described as elfin in 

appearance. Vascular stenosis is another common clinical feature observed in 

WBS patients (125). Supravalvular aortic stenosis (SVAS) occurs in 

approximately 70% of WBS patients (125). Cardiovascular complications are the 

most common cause of mortality in WBS (125). 

WBS has a population prevalence of approximately 1 in 7500 (126). A 

retrospective study of 128 adults under the age of 40 found that 8% had 

diverticulitis, which is high compared to the average population percentage of 2% 

(127). Further support for this study comes from case reports of patients with 

surgical diverticulitis at a young age (128-130). Since the cases of diverticulitis in 

patients with WBS occurs at a young age relative to the general population, it is 
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likely that the genetic alterations in patients with WBS also confer a 

predisposition to diverticulitis.  

The heterozygous genetic deletion in WBS often includes a partial or 

complete loss of the Elastin gene (ELN) (131). Loss of ELN is the main 

contributing factor to SVAS, and this information helped identify the localization 

of the deletion in WBS (121, 132). The protein product of ELN is water-soluble 

tropoelastin (133). Tropoelastin monomers covalently bond to create the protein 

elastin (133).  Elastin is a central component of the extracellular matrix and 

provides elasticity and ability to maintain cellular and tissue shape (134). 

Tropoelastin monomers undergo alternative splicing, which produces a variety of 

tissue-specific splice variants (135). These splice variants make elastin 

microfibrils that provide different structural and functional properties for particular 

tissue types. In tissues with repetitive stretching and relaxing that need strong 

elastic properties, such as ligaments, lung, colon, and aorta, the percentage of 

elastin is increased (136). Alterations to elastin expression particularly affect 

these organs. SVAS is an example of such a disorder in response to altered 

elastin expression (137).   

Marfan Syndrome (MFS) is a clinically variable disorder that affects a 

variety of systems as a result of changes to the connective tissue. It was first 

described in 1896 by Dr. Antoine-Bernard Marfan when he described a five-year-

old child who was exceptionally tall with long and thin limbs (138). Patients 

typically present with above-average height, increased long bone length, and 

long fingers and toes (139). They are at an increased risk for cardiovascular 



21 
 

symptoms such as mitral valve prolapses and aortic aneurysms or dissections, 

which are the most commonly associated cause of death in patients with MFS 

(140). Ocular symptoms include lens dislocation, myopia, and retinal detachment 

(141). Duria ectasia, or widening of the dural sac around the spinal cord, is a 

common neurological symptom of MFS (142, 143). Other neurological symptoms 

include spondylolisthesis, perineural cysts, and intracranial hypotension (144).  

A recent study found an estimated MFS prevalence of 6.5/100,000 (145). 

The same study found 193 out of 196 tested patients contained a variation in 

Fibrillin 1 (FBN1). However, a similar analysis looking at 2500 proband 

individuals who presented with the MFS phenotypes identified only 1400 

probands with variations in FBN1 (146). It is important to note that the phenotypic 

criteria for inclusion in the study by Groth et al. were more stringent than that of 

Arnaud et al. (145, 146). This suggests that while FBN1 may indeed be the 

primary causative genetic determinant in the development of MFS, variations in 

other genes are likely to be able to result in a similar phenotype. Colonic 

diverticulitis is often reported in MFS patients, who are at an increased risk for 

developing diverticulitis (73, 147). FBN1, and the other causative genes for MFS, 

may potentially play a role in the pathogenesis of DD. 

1.4.3 Neuronal/motility changes in diseases with diverticular disease 

comorbidity     

Fabry disease, also known as Fabry-Anderson disease, is a rare X-linked 

lysosomal storage disorder affecting approximately 1 in 40,000 to 117,000 live 

births (148, 149). Dr. William Anderson and Dr. Johann Fabry independently 
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characterized the disease in 1898 (150, 151). It is a result of an alpha-

galactosidase A (GLA) deficiency (152). The clinical manifestations are 

heterogeneous and change as the patient ages. Beginning in childhood or 

adolescence, neuropathic pain in the hands and feet (acroparesthesia), episodic 

pain crises, and gastrointestinal problems occur (153). As the patient ages, 

further gastrointestinal distress, renal insufficiency, cardiac dysfunction, hearing 

loss, and new neurological complications develop (153). The severity and 

occurrence of these symptoms vary greatly in each person, and even people 

from the same family that have the same causative variant for the disease have 

been shown to develop different symptoms (154). 

Alpha-galactosidase A deficiency leads to the accumulation of glycolipid 

globotriaosylceramide (GL3) and its metabolites in a variety of cell types, 

including smooth muscle, cardiac, endothelial, and neuronal cells (155). This 

accumulation is believed to cause myopathy and neuropathy in a variety of organ 

systems (156, 157). The gastrointestinal symptoms observed in Fabry disease 

patients have been suggested to be a result of enteropathy and myopathy of the 

colon (158).  

Variants cause Fabry disease in GLA, which alters the structure and 

activity of GLA (159). Mice with this gene knocked out have symptoms similar to 

Fabry disease, including the observed enteropathy and neuropathy (160). This 

leads to the hypothesis that alterations in GLA may confer an altered ENS, which 

in turn can dysregulate motility and peristalsis of the colon, a known factor that 

can contribute to DD.  
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Coffin-Lowery Syndrome was independently reported in 1966 by Coffin, 

Siris, and Wegienka, and subsequently in 1971 by Lowry, Miller, and Fraser 

(161, 162). It is a rare X-linked dominant disorder that causes mental retardation 

(163). All males that inherit the causative allele will be affected, while females are 

carriers but have an increased risk for developmental delays and other clinical 

features (163). Facial features, including a prominent forehead, broad nose, large 

mouth, and general macrocephaly, begin early in childhood (164). 

Developmental delay and retardation of growth are associated with symptoms 

(165). The clinical manifestations are typically very variable in expression and 

penetrance in both males and females (164).  

Coffin-Lowery Syndrome occurs at an estimated disease incidence of 

1:50,000 to 1:100,000, with approximately 70-80% of those being sporadic cases 

(166). Heterogeneous loss of function variations in the gene RPS6KA3 was 

found to be the cause of Coffin-Lowery Syndrome (167). It is a member of the 

growth factor regulated ribosomal S6 kinase family of serine/threonine kinases 

(168). They control a variety of cellular processes, including cellular growth, 

survival, motility, and proliferation (168). An abundance of single point mutations 

in RPS6KA3 have identified and reported in the literature (169-174). The wide 

variety of variations in different regions of RPS6KA3 may account for the 

heterogeneity of the observed phenotypes in Coffin-Lowry Syndrome patients. 

In 1987 Machin, Walther, and Fraser performed an autopsy on two of the 

siblings reported initially by Lowry et al. (175). They found the altered 

morphology of the myenteric plexus in both siblings. One sibling had a reduced 
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number of ganglion cells in the myenteric plexus of the sigmoid colon and 

ballooned axons and cytoplasm. Postmortem findings of the two patients initially 

identified by Coffin were reported by Coffin in 2003 (176). He found chronic 

inflammation in the intestines of one of the patients, but the plexi were intact.  

The notable point is that there does not seem to be a disease that is a 

result of an immune system disorder that contains comorbidity of DD. This 

contests the hypothesis that a dysregulated immune response may contribute to 

DD. 

1.5 Next-generation sequencing 

 There have been dramatic advances in the techniques and tools available 

for DNA sequencing. Since the first human genome was finished only in 2001 

and took an entire consortium to finish, the field is still relatively new (177). 

Arrays and Genome-wide screening arrays (GWAS)es were the primary means 

of looking into the expression of genes and haplotypes in a scalable manner. 

New sequencing platforms such as the Hi-Seq, Nova-Seq, and Ion Proton allow 

for entire genomes to be sequenced in a few days. However, this does come with 

a relatively steep fiscal cost. An alternative option was introduced in 2009 that 

conserves on the price that sequences only the protein-coding region of the 

genome, the exome (178, 179). While this does save on cost, it only covers 

approximately 2-3% of the genome. So consideration must be taken during study 

design.     

1.6 Summary 
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Diverticular disease is a significant burden on society. DD has a 

complicated and heterogeneous etiology but is influenced by genetics. To date, 

no gene has been shown to be causative for DD, and only a relative few have 

even been associated with DD. Thus, there is a need for research to identify and 

assess possible causative genetic contributions to the development of DD. In this 

dissertation, we use familial based sequencing and analysis to address this 

need.      
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Identification of a rare LAMB4 variant associated with familial diverticulitis 

through exome sequencing 
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2.1 Abstract 

Diverticulitis is a chronic disease of the colon in which diverticuli, or 

outpouching through the colonic wall, becomes inflamed. Although recent 

observations suggest that genetic factors may play a significant role in 

diverticulitis, few genes have yet been implicated in disease pathogenesis, and 

familial cases are uncommon. Here, we report the results of whole-exome 

sequencing performed on members from a single multi-generational family with 

early-onset diverticulitis to identify a genetic component of the disease. We 

identified a rare single nucleotide variant in the laminin β four gene (LAMB4) that 

segregated with disease in a dominant pattern and caused a damaging missense 

substitution (D435N). Targeted sequencing of LAMB4 in 148 non-familial and 

unrelated sporadic diverticulitis patients identified two additional rare variants in 

the gene. Immunohistochemistry indicated that LAMB4 localizes to the myenteric 

plexi of colonic tissue, and patients harboring LAMB4 variants exhibited reduced 

LAMB4 protein levels relative to controls. Laminins are constituents of the 

extracellular matrix and play a significant role in regulating the development and 

function of the enteric nervous system. Reduced LAMB4 levels may, therefore, 

alter the innervation and morphology of the enteric nervous system, which may 

contribute to colonic dysmotility associated with diverticulitis. 
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2.2 Introduction 

Diverticulosis is characterized by diverticuli, which are herniations of the 

mucosal and submucosal layers of the colon through the muscular component of 

the bowel wall. Inflamed diverticuli result in diverticulitis (51, 180). Only a subset 

of those with diverticulosis (1–4%) develops diverticulitis as assessed over an 11 

year follow up study (5). These patients may need surgery if medical 

management fails (181). Diverticulosis is a common condition that increases in 

prevalence with age, affecting <5% of those under 40 but approximately 50% of 

people over 70 years of age (3, 182). Diverticulitis tends to have a more severe 

clinical course in younger patients (183).  

Both genetic and environmental factors appear to play a role in the 

susceptibility to diverticulitis. Family and twin studies suggest that genetic 

predisposition may account for 40–53% of disease incidence (60, 61, 63, 66). 

However, TNFSF15 is the only gene that has been associated with the 

pathogenesis of diverticulitis to date (71). Cases of familial diverticulitis with early 

age of onset also suggest the existence of rare, highly penetrant variants 

predisposing individuals to the disease (184). Thus, the identification of families 

with multiple affected members with early age of onset provides an opportunity to 

investigate the genetic basis of diverticulitis.  

The pathophysiology of diverticulitis offers several hypotheses for the 

underlying etiology of the disease (71). Diverticulosis is a prerequisite for 

diverticulitis. Alterations to the basement membrane and extracellular matrix can 

contribute to the development of diverticuli (185, 186). Individuals with 
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diverticulosis may be asymptomatic, but the diverticuli may develop a chronic 

low-grade inflammatory state (187). Subsequent inflammation of the diverticuli 

results in abdominal tenderness, alterations in bowel elimination, abdominal 

swelling, and often fever (188). Such inflamed diverticuli can progress to the 

point of abscess formation or perforation, which may require surgical 

intervention. Genetic factors could contribute to the disease pathogenesis at 

several steps, from the development of the diverticuli themselves to the 

subsequent complication of abscess formation, and/or increased susceptibility to 

the inflammatory process (71). 

The laminin family of heterotrimeric glycoproteins comprises significant 

constituents of the extracellular matrix. Each laminin molecule contains one a-, 

one b-, and one c-chain subunit, and each subunit is encoded by multiple distinct 

genes (189). Laminins perform a variety of functions, including mechanical 

scaffolding for tissues, cellular adhesion, differentiation, neuronal development, 

and regulation of gene expression (190, 191). In particular, laminins play a major 

role in regulating the enteric nervous system (44, 192). Abnormal functioning of 

the enteric nervous system has been previously associated with diverticulitis 

(193). 

In this study, we used exome sequencing to identify a rare single 

nucleotide variant (SNV) missense mutation in LAMB4 that caused a D435N 

substitution that encodes one of the b chains of laminin. This variant segregated 

with disease presentation in a pedigree with several members diagnosed with 

early-onset diverticulitis. Subsequent targeted sequencing of LAMB4 in 148 non-
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familial, sporadic diverticulitis patients identified additional variants. We found 

that individuals harboring some of these variants displayed decreased LAMB4 

protein levels within the myenteric plexus of their colonic tissue. These findings 

suggest that certain SNVs in LAMB4 contribute to altered intestinal innervation of 

the enteric nervous system affecting colonic motility and, therefore, possibly 

predisposing patients to diverticulosis and consequently diverticulitis. 

2.3 Results 

2.3.1 Exome sequencing identified a rare variant in the LAMB4 gene that 

segregated with diverticulitis. 

We identified and recruited members of a family who showed an 

autosomal dominant pattern of inheritance of early-onset diverticulitis (Fig. 2-1). 

Five DNA samples from the blood of three affected and two unaffected members 

of the family were collected and exome sequenced to identify SNVs that 

segregated with disease. The average read depth was 25X across the exons of 

all five patients. Variant calling identified approximately 366,000 SNVs per 

patient, which was reduced to approximately 60,000 variants per patient after 

filtering for a read depth of at least 10, a genotype quality score of at least 15, 

and read ratios for variant calls of 0.20 for reference/reference, 0.35 to 0.65 for 

variant/reference, and 0.80 for variant/variant, respectively. Retaining only SNVs 

that segregated with diverticulitis reduced the number to 1765 variants. Excluding 

non-coding and synonymous coding SNVs reduced the number to 213. Since 

cases of early-onset diverticulitis are relatively rare (3, 182), only SNVs present 

in less than 5% of a racially comparable population were considered, yielding six 
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variants at a population frequency of 1 - 5%, 20 at a frequency of <1%, and six 

that have no reported population frequency (Supplementary Material, Table 2-

S1). 

 

Figure 2-1: Pedigree of the recruited family. A total of five family members were analyzed, including three 

affected by disease (filled circles and squares, II:2, II:3, and III:4) and two unaffected (open circles and 

squares, II:4, III:3). Dotted outlines designate those members of the pedigree who were not recruited for the 

study. The index case (indicated by the arrow) was diagnosed with diverticulitis at age 36. Subjects II:2 and 

II:3 were diagnosed at the ages of 52 and 50 years, respectively. All three had surgical interventions. 

To focus on those variants likely to have phenotypic consequences, we 

examined the scaled CADD scores for each of the 32 variants with population 

frequencies under 5%. We focused on the ten variants that were predicted to be 

the most damaging (Table 2-1). In particular, we concentrated on LAMB4 since it 

is selectively expressed in the colon and is known to be altered in other diseases 

affecting the gastrointestinal tract (194). LAMB4 encodes one of the b-subunits of 
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laminin, which are trimeric proteins containing one each of the a-, b-, and c-chain 

subunits. 

Chr. Location Gene Gene Function Phred Score ExAC Frequency 

12 50727870 FAM186A Unknown function 35 0.008088 

4 113359702 ALPK1 Regulation of motor coordination 34 0.01036 

14 45403699 KLHL28 
Transcriptional regulation 

via control of chromatin structure and function 
32 0.01219 

21 15561623 LIPI Lysophosphatidic acid production 28.1 0.004918 

7 72985148 TBL2 Stress Signaling and Cell Survival  25.8 0.04004 

9 91994026 SEMA4D Receptor binding and transmembrane signaling receptor activity 25.5 0.00208 

12 55725974 OR6C3 Olfactory GPCR 25.3 0.001689 

7 107738905 LAMB4 Extracellular matrix protein 23.9 N/A 

17 76694990 CYTH1 Regulates protein sorting and membrane trafficking 22.5 0.00001651 

15 42565572 TMEM87A Transmembrane protein of unknown function 22.5 0.000008266 

 

 

Table 2-1: Genetic variants co-segregating with early-onset diverticulitis in the recruited family. 

Listed are those genetic variants with population-wide allele frequencies less than 5%, based on Exome 

Aggregation Consortium data, which segregated with disease in the proband’s family. Variants are ordered 

by their predictive damaging CADD score. 

Laminins play a significant role in the proper functioning of the enteric 

nervous system, further suggesting its potential involvement in diverticulitis (195, 

196). The LAMB4 variant at position 107738905 on chromosome 7 is predicted 

to cause an aspartate (D) to asparagine (N) transition at amino acid 435 with a 

scaled CADD score of 23.9 (Table 2-1). DNA isolated from the proband (patient 

III:4) and the four other family members in the study were subjected to Sanger 

sequencing to confirm the results of exome sequencing (Supplementary Material, 

Fig. 2-S1). 
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Figure 2-S1: Confirmation by Sanger sequencing of the variant call in members of the proband 

family.  Chromatograph traces encompassing nucleotide position chr7: 107738905 in DNA from affected 

and unaffected members of the proband family.  Patient identifiers refer to the pedigree in Figure 1. 

2.3.2 LAMB4 variants are associated with decreased LAMB4 protein 

expression in colonic myenteric plexus. 

To address the role of LAMB4 in the colon and to assess the 

consequence of the D435N variant on LAMB4 function, we examined LAMB4 

expression in the colon by immunohistochemistry. Before conducting 

immunohistochemical analysis, we confirmed the specificity of our antibodies and 

found that staining using only primary or secondary antibodies produced no 

signal (Supplementary Material, Fig. 2-S2). Moreover, the antiLAMB4 antibody 
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detected LAMB4 protein in immunoblot analysis of HEK293 cells that were 

transiently transfected with a plasmid expressing LAMB4 cDNA but not in cells 

transfected with the vector alone (Supplementary Material, Fig. 2-S3). We 

determined the distribution and abundance of LAMB4 by conducting an 

immunohistochemical analysis of four controls, non-diseased colonic tissues. We 

noted a strong staining pattern of LAMB4 protein that was consistent with 

location to the myenteric plexus (Fig. 2-2A–C). This localization was confirmed in 

a higher magnification image and by staining of a subsequent tissue section with 

the glial cell marker S100 (Fig. 2-2C). We found that LAMB4 staining within the 

myenteric plexus localized to the endoneurium rather than the epineurium, which 

was defined by staining for Collagen IV (Supplementary Material, Fig. 2-S4) 

(197). This localization pattern for LAMB4 is consistent with a previous report that 

localized laminin in the myenteric plexus (198). No staining of LAMB4 was 

observed in the submucosal plexus or epithelial layers of the colon. 

Immunohistochemical analysis of colon tissue from the index patient in the 

recruited family also found that LAMB4 localized to the myenteric plexus (Fig. 2-

2D–F). However, the intensity of the staining was noticeably decreased in the 

index patient tissue compared to the control tissues. 
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Figure 2-S2: Antibody controls for immunohistochemistry. Sections from surgically resected colonic 

tissue were prepared from immunohistochemistry as described in Materials and Methods and stained with 

primary antibody alone (anti-S100 or anti-LAMB4) or secondary antibody alone. Images are 40X 

magnification of regions over the myenteric plexi, illuminated as described in Materials and Methods and the 

legend to Figure 4. 
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Figure 2-S3: LAMB4 antibody is specific for LAMB4. Human LAMB4 cDNA (Mammalian Genome 

Collection Accession #BC140804, Clone ID: 9021672) was expressed from vector pcDNA 3.1+ in a HEK293 

cell line. Total protein was extracted from cultures, fractionated by polyacrylamide gel electrophoresis, and 

transferred to a nylon membrane, which was probed with the LAMB4 antibody used in this study. Lane 1, 

LAMB4 cDNA. Lane 2, truncated LAMB4 cDNA lacking the epitope region recognized by the antibody used 

in this study. Lane 3, untransfected HEK293 cells. Beta-Actin (GeneTex Clone: GT5512) was used as a 

loading control. 

 

Figure 2-2. LAMB4 localization and expression in colonic tissue from control and the index 

diverticulitis patient. Full-thickness cross-sections of human colon were immunohistologically stained for 

LAMB4 protein and imaged at 2X magnification for both control (A) and the index patient (D). 40X images of 

regions from A and D showing LAMB4 staining in individual myenteric plexus in control (B) and index patient 

(E). Staining of glial marker S100 as a marker of myenteric plexus on the subsequent cut of tissue for both 

control (C) and index patient (F). 
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Figure 2-S4: Collagen IV localization in colonic tissue. 40X images of representative myenteric plexi in 

normal colonic tissue stained for DAPI, Collagen IV, or S100. As evident, the basement membrane protein 

Collagen IV surrounds S100 staining, consistent with its localization to the epineurium. 

2.3.3 Additional rare LAMB4 variants are present in sporadic diverticulitis 

patients. 

To determine whether patients with sporadic diverticulitis also harbored 

variants in LAMB4, we performed targeted sequencing of the LAMB4 gene on 

DNA isolated from blood or saliva of 148 patients who had confirmed diverticulitis 

with no reported family history of the disease as well as the five members of the 

family examined in this study. We found that 52 of the 153 individuals (34%) 

carried one of nine different nonsynonymous coding variants in LAMB4 (Table 2-

2 and Fig. 2-3). Six of the variants: rs2074749, rs2240445, rs147992634, 

rs149874137, rs9690688, and rs1627354 have been previously identified and 

were present at a frequency consistent with the minor allele frequency of those 

variants in the general population (Exome Aggregation Consortium (ExAC), 

Cambridge, MA (http://exac.broadinstitute.org; date last accessed May 30, 
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2017)) (Table 2-2) (199). However, the ExAC database consists of 60,706 

unrelated individuals sequenced as part of various disease-specific and 

population genetic studies who were not phenotyped for diverticulitis; thus, it is 

not known whether the individuals with these variants in ExAC have or will 

develop diverticulitis. Three variants had not been previously reported in dbSNP 

and were therefore over-represented in the 153 diverticulitis patients that 

underwent targeted sequencing. 

 

Figure 2-3: Human LAMB4 protein structure and positions of variants identified. LAMB4 consists of 

1761 amino acids in three separate domain types: LAMB4 N-Terminal (LAMB4 NT), EGF-Like (E), and 

coiled-coil (CC). Shown are missense variants identified from diverticulitis patients through targeted 

sequencing of LAMB4. Red: variant in the index patient. 

 Chr. Position 
Reference 
Nucleotide 

Alternate 
Nucleotide 

Reference 
Amino 
Acid 

Alternate 
Amino 
Acid 

Residue 
Number 

Scaled 
CADD 

RS Number 
ExAC 
Freq. 

Our 
Data 
Set 

Freq. 

Our 
data 
set 

1 7 107746432 G A H Y 234 25.8 rs2074749 0.029 0.026 4 

2 7 107706895 T C N S 866 25.1 rs2240445 0.028 0.0128 2 

3 7 107696101 A C V G 1244 24.8 rs147992634 0.005 0.00641 1 

4 7 107738905 C T D N 435 23.9   0.0192 3 

5 7 107746309 G A R C 275 23.4  0.0004 0.00641 1 

6 7 107749668 C G R T 117 17.75 rs149874137 0.015 0.0128 2 

7 7 107720162 C A V F 591 15.13 rs9690688 0.095 0.128 20 

8 7 107720090 G T P T 615 13.76  0.0003 0.00641 1 

9 7 107677984 G A H Y 1510 8.412 rs1627354 0.097 0.115 18 

 

Table 2-2: Nonsynonymous variants identified through targeted sequencing of the LAMB4 gene. 

LAMB4 was sequenced from genomic DNA isolated from 148 patients with sporadic diverticulitis and the five 

members of the proband family. Not including the variant identified in the proband family, seven variants with 
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scaled CADD scores above ten were identified in 52 of the samples. All the variants were confirmed by 

Sanger sequencing. The red text indicates a variant in the proband family. 

2.3.4 Patients with diverticulitis and variants in LAMB4 showed decreased 

expression of LAMB4 in the myenteric plexus. 

We next determined whether the potentially damaging variants we 

identified in LAMB4 affected either the localization or levels of LAMB4 using 

indirect immunofluorescence of resected sigmoid colon tissue sections. We 

assessed tissues from eleven sporadic cases of diverticulitis lacking LAMB4 

variants and tissues from five sporadic cases with a missense variant in LAMB4. 

Tissue from index patient with the damaging variant in LAMB4 was also 

examined. Colonic tissue samples from the other four family members were not 

available. Finally, we examined LAMB4 levels in tissue from four control patients 

without diverticulitis or variants in LAMB4. These patients did not have colorectal 

cancer (CRC), as LAMB4 levels are decreased in CRC (194), a finding we 

confirmed in CRC tissues in our bank (data not shown). 

In comparison to controls, the intensity and staining pattern of LAMB4 

staining was unaffected in the sporadic patients lacking LAMB4 variants 

(compare Fig. 2-4A1 and 2-4A2). However, the intensity of LAMB4 staining was 

significantly decreased in tissue from a sporadic case that contained the 

rs2074749 variant in LAMB4 and was essentially absent in tissue from the 

proband (Fig. 2-4A3 and 2-A4). When the staining levels were combined and 

averaged, individuals carrying LAMB4 variants were significantly lower than 

controls (P < 0.0001, as determined by posthoc Tukey-Kramer HSD pairwise 

comparisons, Fig. 2-4B). Interestingly, when we performed the same analysis on 
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tissue from patients with sporadic diverticulitis but no variants in LAMB4, we 

noted a similar decrease in the intensity of LAMB4 staining (Sporadic vs. Control 

P ¼ 0.0028, Fig. 2-4B). We observed that patients with diverticulitis and no 

variants in LAMB4 displayed higher levels of LAMB4 than patients with 

diverticulitis and variants in LAMB4; however, this trend did not reach statistical 

significance (P ¼ 0.0728) (Fig. 2-4B). Tissue from the index patient from our 

study family had the lowest level of LAMB4 expression observed (Fig. 2-4C, 

patient 1). 
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Figure 2-4: LAMB4 protein levels in myenteric plexus of patients with LAMB4 variants. (A) 40X 

images of representative myenteric plexus in colonic tissue stained for S100, LAMB4 or DAPI from a non-

diverticulitis control patient (1), a patient with sporadic diverticulitis but no damaging variants in LAMB4 (2), a 

patient with sporadic diverticulitis and heterozygous for the rs2074749 variant in LAMB4 (3) and the index 

patient (4). (B) Average LAMB4 expression in myenteric plexus in colonic tissue from Control, Sporadic, and 
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LAMB4 patients. LAMB4 expression was calculated for each patient sample as the average value of the 

total level of LAMB4 immunofluorescence in 13 separate myenteric plexus on average for each sample after 

subtracting the level of fluorescence in the surrounding tissue. Bars show the average of those values for 

four patients without diverticulitis (Control), eleven patients with diverticulitis, but without a variant within the 

LAMB4 coding region (Sporadic) and six patients with diverticulitis carrying a variant within LAMB4 

(LAMB4). Each bar represents the mean (6 the standard error of the mean) of the average values from 

multiple plexus from the sampled tissues. (C) LAMB4 expression levels in colonic sections from individual 

patients who carried variants in LAMB4. LAMB4 expression was calculated for each patient sample as the 

average value of the total level of LAMB4 immunofluorescence in at least 13 separate myenteric plexus for 

each sample after subtracting the level of fluorescence in the surrounding tissue. Any value below zero was 

set to zero. Patient 1, index patient; patient 2, rs149874137; patient 3, chr7:107746309; patient 4, 

rs147992634; patient 5, rs2074749; patient 6, chr7:107720090. 

We also noted a trend in the correlation of CADD score of the LAMB4 

variant with age of diverticulitis diagnosis in patients carrying a LAMB4 variant, 

with higher CADD scores trending toward an earlier age of diverticulitis diagnosis 

within our cohort (P <0.065) (Supplementary Material, Fig. 2-S5A). However, the 

abundance of LAMB4 protein expression as characterized by the intensity of 

LAMB4 staining did not significantly correlate with the CADD score of the variant 

(P ¼ 0.7127) (Supplementary Material, Fig. 2-S5B) or the ages of diagnosis for 

patients with variants in LAMB4 (P ¼ 0.7557) (Supplementary Material, Fig. 2-

S5C). Thus, not all variants in LAMB4 have a pathological effect, which is not 

surprising given the frequency of their occurrence in the population relative to the 

prevalence of diverticulitis. 
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Figure 2-S5: Correlation among LAMB4 expression. LAMB4 variant predicted damage and age of 

diagnosis of diverticulitis. Correlation plot between CADD score of the LAMB4 variant carried by a patient 

and the age of diagnosis of diverticulitis (A). Correlation plot between LAMB4 expression level and CADD 

score of the LAMB4 variant (B). Correlation plot between LAMB4 expression level and age of diagnosis of 

diverticulitis (C). Points in (B) and (C) are averages of LAMB4 expression levels from multiple plexi in one 

patient and the associated SEM. 

2.4 Discussion 

To identify variants associated with diverticulitis, we performed exome-

sequencing analysis of five members of a family in which the disease occurred 

with early ages of onset in multiple members over at least three generations. 

Given the apparent low frequency of diverticulitis pedigrees with a Mendelian 

pattern of inheritance, we hypothesized that a dominant acting highly penetrant 

rare variant would underlie the susceptibility to disease in this family. We 

identified rare and low minor allele frequency variants in several genes that 

segregated with disease, so we cannot unequivocally assign a causative 

mutation from these results alone. However, we focused on the LAMB4 SNV 

because prior studies have shown that LAMB4 protein is expressed 

predominantly in the colon and specifically in the myenteric plexus (200). This 

expression pattern supported LAMB4 as a diverticulitis candidate gene since the 
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myenteric plexus innervates the gut between the circular and longitudinal muscle 

layers and serves as a primary regulator of gut motility. Previous studies have 

suggested the myenteric plexus is significantly smaller and less organized in 

patients with diverticulitis (201-203). A second reason to suspect the LAMB4 as a 

potential causative allele was that somatic mutations of LAMB4 are present in 

several colon carcinomas, suggesting that LAMB4 plays a significant role in 

normal colonic function (194). This is the only prior reported association of 

LAMB4 with any disease. Finally, the LAMB4 SNV had the strongest prediction 

for a damaging effect on protein function based on the CADD score of the rarest 

(<0.1 MAF) SNVs. Our immunofluorescent analysis of LAMB4 confirmed that the 

protein localized to the myenteric plexus and the level of the protein was reduced 

in patients with diverticulitis and further reduced in patients carrying variants of 

LAMB4. The control and sporadic diverticulitis patients without variants in LAMB4 

showed considerably less variation in LAMB4 abundance compared to patients 

with variants in LAMB4.  

The pattern of early-onset diverticulitis in the index family was consistent 

with an autosomal dominant pattern of inheritance, suggesting that the affecting 

allele should be present in as heterozygote in the affected members of the 

pedigree, as was the case for LAMB4 D435N variant. This raises the question as 

to the mechanism that would yield a dominant phenotype for a heterozygous 

missense variant, for which our expression data suggests an explanation. Three 

of the LAMB4 SNVs identified were associated with normal levels of the protein 

in the myenteric plexus in colonic sections, while two yielded approximately half 
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as much protein as seen in healthy tissue, as might be expected from 

haploinsufficiency due to a loss of function allele (Supplementary Material, Fig. 

S5B). In contrast, the D435N variant was associated with substantially reduced 

LAMB4 levels, suggesting that the variant protein interfered with the expression 

of the wild type protein in a dominant-negative manner, leading to complete loss 

of gene function even though the variant was only present in one allele. Further 

mechanistic studies will be required to test that hypothesis.  

LAMB4 is a subunit of laminin, a major component of the extracellular 

matrix (ECM), which provides structural support for tissues, facilitates 

extracellular signaling between cells, and promotes cellular differentiation (43, 

204). In particular, the ECM potentiates signaling during the development of the 

enteric nervous system (ENS) (44) such that alterations within the ECM disrupt 

the development of the ENS (205, 206). The ENS initially develops from neural 

crest cells (NCCs) (20, 207), which differentiate and follow particular migration 

paths to innervate the developing gut (23, 208). The ECM helps to regulate the 

migration pattern of NCCs (209, 210). Dysfunctional differentiation of NCCs is 

associated with congenital disorders of the ENS, such as Hirschsprung’s disease 

(206, 211). The role of laminins in the development of the ENS is also supported 

by the temporal expression of the laminin receptor, which occurs in NCCs only 

when they reach the bowel (21, 212, 213). Thus, diminished or altered function of 

LAMB4 might be expected to result in the reduced elaboration of the ENS and a 

corresponding alteration in normal gut motility.  
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Altered motility and variations in luminal colonic pressure are known to 

contribute to the pathogenesis of diverticulosis (214, 215). Arfwidsson initially 

demonstrated altered activity of the sigmoid colon in diverticulosis in 1964 (52) 

and, more recently, confirmed by Bassotti et al. (216). Sigmoid diverticulosis is 

associated with increased intraluminal pressure (217). Moreover, the 

neuromuscular interactions between the colonic muscles and the ENS are often 

morphologically different in patients with diverticulitis (218, 219). In particular, the 

number of glial cells and interstitial cells of Cajal of the myenteric plexus, external 

submucosal plexus, and internal submucosal plexus are reduced in patients with 

diverticulosis and diverticulitis (203, 220, 221). These observations support the 

role of altered colonic pressure and motility in diverticulosis onset and 

progression and provide a mechanism by which LAMB4 dysfunction could 

increase the likelihood of diverticulitis by causing diverticulosis at an earlier age.  

LAMB4 variants may, therefore, contribute to the development and 

predisposition of diverticulosis through effects on the organization and 

morphology of the myenteric plexus during the development of the ENS with 

subsequent impact on the motility of the gut. Laminins are essential for proper 

glial cell function within the myenteric plexus. Therefore alterations in LAMB4 

function or expression could contribute to the observed loss of glial cells in 

diverticulitis and chronic dysmotility of the gut (222). However, LAMB4 is only 

one of a complex network of proteins that comprise the ECM and that contribute 

to the development and function of the ENS. Thus variants in other genes almost 
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certainly play a role and similarly may contribute to the pathogenesis of 

diverticulosis. 

We cannot exclude that variants in exonic or non-exonic regions not 

interrogated in our exome analysis were missed. The discovery of these potential 

variants would require whole-genome sequencing. However, LAMB4 has 

significant biological support as a diverticulitis candidate gene, the predicted 

damaging D435N variant segregated with disease and was not found in 148 

sporadic diverticulitis patients, suggesting that the D435N variant is a rare private 

mutation, perhaps specific to the family analyzed. In addition, we did find two 

other rare LAMB4 SNVs predicted to be damaging in sporadic diverticulitis 

patients. We believe our data support future studies on determining the precise 

role of LAMB4 and the D435N missense variant in diverticulitis. 

2.5 Materials and Methods 

2.5.1 Patients and Samples. 

Samples were obtained from The Penn State Health Inflammatory Bowel 

Disease Center biorepository, which contains a large collection of blood and 

surgical tissue samples acquired for research from patients with diverticulitis. The 

biorepository also contains samples from control patients confirmed clinically not 

to have diverticular disease. The index case for this study was a 36 yr old 

male who required surgery for early-onset diverticulitis. Two family members 

from different generations also had early-onset diverticulitis. Blood samples were 

collected from the proband and four family members, two diagnosed with 
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diverticulitis at 50 yr and 52 yr of age, respectively, and two with no clinical 

evidence of diverticulosis/diverticulitis. Genomic DNA was extracted from blood 

using the NucleoSpin Blood L Kit (Macherey-Nagel, Cat No. 740954.20) and 

quantified using the Quant-iT PicoGreen dsDNA Assay Kit (Life Technologies, 

Cat No. P7589). Blood samples were also available on 148 sporadic clinical 

diverticulitis cases with no known affected family members. The research was 

carried out according to The Code of Ethics of the World Medical Association 

(Declaration of Helsinki), with all participants providing written informed consent. 

The Institutional Review Board of the Penn State College of Medicine approved 

the research (HY98-057). 

2.5.2 Whole-exome sequencing 

Genomic DNA samples were sheared to an average length of 260 bp using an 

E220 focused-ultrasonicator (Covaris). End repair, ligation of adapters and index 

sequences and fragment amplification were performed on 0.5 – 1 mg of sheared 

DNA in an Apollo 324 NGS Library Prep System (Wafergen). Exonic sequences 

were enriched by hybridization capture of the amplified and indexed samples 

using a NimbleGen 64 Mb exon capture kit (Roche) with 2.1 million probes and 

then sequenced using a HiSeq 2500 (Illumina) in rapid mode with paired-end 100 

bp read lengths. 

2.5.3 Bioinformatics Pipeline 

Single nucleotide variants (SNVs) were identified using the Genome 

Analysis Tool Kit (GATK) (223) bioinformatics pipeline, which first assessed 

FASTQ files for quality by FastQC 
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(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/; date last accessed 

May 31, 2017) software and then aligned reads to the hg19 reference human 

genome with the Burrows-Wheeler Aligner (224). The aligned files were 

converted to SAM (Sequence Alignment/Map) and BAM (Binary Alignment/Map) 

formats and PCR duplicates removed with Picard (http://picard.sourceforge.net; 

date last accessed May 31, 2017). The pipeline then performed local realignment 

around indels using local realignment tools from the GATK and then recalibrated 

the base quality score with CountCovariates and TableRecalibration from GATK. 

SNVs were called with GATK UnifiedGenotyper and saved as an output VCF file. 

2.5.4 Variant filtering 

SNVs were filtered using SNP & Variation Suite v8.4 (Golden Helix, Inc., 

Bozeman, MT, www.goldenhelix.com). SNVs were filtered by excluding those 

whose minor allele frequency was greater than 5% in the admixed AMR super 

population from the 1000 Genomes Project Consortium (225). SNVs that did not 

segregate with diverticulitis were also excluded. A protein damaging likelihood 

score was assigned to each remaining SNVs based on CADD analysis, and 

those with a scaled CADD score over 10 (most highly damaging) were retained 

(226). 

2.5.5 Targeted and confirmation sequencing 

Sequencing of the LAMB4 gene in 148 sporadic cases of diverticulitis 

and the five recruited familial patients was performed using the Seq-Ready TE 

SmartChip Multisample nano dispenser (Wafergen) and SmartChip TE PCR 
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cycler (Wafergen). The sporadic cases ranged in age of surgery from 30 to 83 

years with an average age of 57 years and were 52% female and 48% male. The 

custom amplicon set was designed for the exons of ENSG00000091128 

(LAMB4). The resultant amplicons were sequenced on a MiSeq (Illumina) 

platform using 2 X 250 bp read lengths. The SNVs identified in LAMB4 from this 

group were confirmed using Sanger sequencing (Supplementary Material, 

Fig. S1). The primers used are listed in Supplementary Material, Table 2-S2. 

2.5.6 Immunohistochemistry of LAMB4 

Banked colonic tissue samples were collected after surgical resection 

with portions of the bowel sectioned by a pathologist and fixed in formalin 

solution within 60 min of resection. Fixed samples were then embedded in 

paraffin and sectioned on to glass slides by the Penn State Hershey Molecular 

and Histopathology Core. Sigmoid colon tissue samples from six diverticulitis 

patients with variants in LAMB4 and eleven diverticulitis patients who did not 

have variants in LAMB4 were assessed. Four sigmoid colon tissue samples were 

collected from patients with a traumatic injury or cancer not affecting the colon 

and without a history of diverticulitis or colon cancer and who did not carry any of 

the identified LAMB4 variants. Slides with colon tissue sections from patients and 

controls were incubated for one h at 50 ºC and deparaffinized and hydrated by 

two washes of 100% xylene, two washes of 100% EtOH, two washes of 95% 

EtOH, two washes of 75% EtOH, and three washes of deionized H2O for 2 min 

per wash. Antigen retrieval was performed in a rice cooker using a ten mM 

sodium citrate buffer (Sigma-Aldrich, Cat #C9999), pH 6.0, at 95 ºC for 20 min.  
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The slides were removed and allowed to cool for 20 min. To minimize 

background staining, slides were washed in deionized water, followed by a wash 

buffer (0.3% Tween 20 in 1X PBS), and incubated in a humidity chamber with 

Ultravision Protein Block (Thermofisher scientific Cat #PBQ 150602) for 5 min. 

Slides were then washed twice in wash buffer and incubated with the primary 

antibody diluted in 2% bovine serum albumin (BSA) (Supplementary Material, 

Table 2-S3) for one h at room temperature. After another three washes with 

wash buffer, samples were incubated for two h either with fluorescent-labeled or 

HRP conjugated secondary antibodies diluted in 2% BSA (Supplementary 

Material, Table 2-S3). Following the incubation, fluorescent-labeled slides were 

washed twice with a wash buffer followed by three washes with deionized water. 

Slides used for immunohistochemistry were developed using DAB (Vector Cat 

#Sk-4100) and counterstained using hematoxylin (Thermofisher, scientific Cat 

#TA-125-MH). Slides were then washed three times with water, twice in 75% 

EtOH, twice in 95% EtOH, twice in 100% EtOH, and twice in 100% Xylene. 

Coverslips were mounted using hard-set mounting medium with DAPI (Vector, 

Burlingame, CA). S100 immunohistological staining was done using a DAKO 

autostainer. 

2.5.7 Quantification of images 

Images were captured using Deltavision (Applied Biosystems; Olympus 

IX71) as 20 z sections with 0.4 mm spacing using a 20X objective lens. Cy-5, 

FITC, and DAPI excitation and emission filters were used with exposure times 

and percent transmission of 1 s and 32%, 0.5 s and 10%, and 0.08 and 10%, 



52 
 

respectively. Images were deconvolved and projected using softWoRx 5.5 

imaging analysis system and exported as tiff files. The tiff files were then 

analyzed using Image J software (227). Myenteric plexus were identified using 

the S100 marker in the red channel, and the average intensity was measured 

within and outside the plexus of each image. The values for the plexus were 

obtained by subtracting the background value from the intensity value over each 

plexus. For each patient, we calculated the protein level in all available (average 

of 13) plexus within a tissue section and determined an average expression level 

for that tissue section. We determined the level of LAMB4 protein within the 

myenteric plexus of sigmoid colon tissue from control patients and patients 

carrying LAMB4 variants by quantification of immunofluorescent staining, 

normalized to the level of S100 staining within the same region. The levels of 

expression within myenteric plexus were consistent within a single tissue sample. 

2.6 Accession number  

Exome sequence data used in this study are available in the Short Read 

Archive, Accession Number SRP072190. 

2.7 Funding 

Carlino fund for Inflammatory Bowel Disease research at Pennsylvania 

State University, Pennsylvania Department of Health using Tobacco CURE 

funds. The Department specifically disclaims responsibility for any analyses, 

interpretations or conclusions. 
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3.1 Abstract: 

Diverticulosis is an outpouching of the colon. Upon infection and 

inflammation of a colonic outpouch, it is called diverticulitis. The genetic 

component of diverticulitis has been understudied up until the last decade. 

Recently, it has been shown that the risk of developing diverticulitis is 

approximately 40-53% a result of genetic factors. Based on this new information, 

we recruited a familial trio of patients who had a severe case of diverticulitis that 

appeared to be present in two generations. Whole exome sequencing was 

performed on the trio. Collagen 1A1 (COL1A1) contained two variants that were 

predicted to be damaging to both protein structure and function. A further 148 

patients with sporadic diverticulitis (non-familial) were recruited, and the COL1A1 

exons were sequenced, identifying another five rare variants in these sporadic 

patients with diverticulitis.   
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3.2 Introduction: 

Diverticulosis is the colonic herniation of the mucosal and muscular layers 

through the serosa (48). These diverticula are asymptomatic unless they become 

infected. This infection leads to complications such as abdominal pain, bloating, 

constipation, diarrhea, and cramps (50). Initial treatment includes antibiotics (53). 

If the infections continue to persist, they can rupture and lead to sepsis or, 

ultimately, death. Surgery is performed to prevent this, yet results in either 

colonic resectioning or having to have a colostomy bag (53).  

Diverticular disease is a disease of aging (3). As a person gets older, their 

likelihood of developing the disease drastically increases (2). By the age of 60, 

an individual is at 50% odds of developing diverticulosis, rising to 75% by the age 

of 80 (2). The increase in the prevalence of diverticulosis is also associated with 

an increase in diverticulitis with aging. Approximately 4% of individuals who 

develop diverticulosis will develop diverticulitis (5).    

The pathogenesis of diverticular disease has yet to be fully understood 

and is likely to be a result of a multitude of factors. Environmental factors such as 

diet and smoking have long been associated with an increased likelihood to 

develop diverticular disease (58, 59, 228, 229). However, in recent years, 

investigations into the role that genetics may play in creating a predisposition to 

developing diverticular disease have begun to surface. A large population-based 

study and another large twin study initially have suggested that genetics account 

for about 40-53 percent of the development of diverticular disease (60, 61). 

Furthermore, while rare, cases of diverticular disease occurring in families have 
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been reported for decades (62, 65, 230). Finally, several inherited disorders such 

as Ehlers-Danlos Syndrome (EDS), Marfan’s Syndrome, Williams-Beuren 

Syndrome (WBS), Autosomal Dominant Polycystic Kidney Disease (ADPKD), 

and Coffin-Lowery Syndrome (CFS) have diverticular disease as comorbidity, 

suggesting a genetic susceptibility to developing the disease (73). The 

connective tissue in each one of these disorders is commonly altered, providing a 

possible mechanism by which diverticulosis develops through a weakening of the 

colonic wall (73). Both in diverticulitis that occurs in families or cases of inherited 

disorders, the onset of the disease is often under the age of 40, supporting the 

idea that there is a predisposition to developing diverticular disease in these 

patients based on their genetics.  

The extracellular matrix (ECM) that makes up most of the connective 

tissue contains a variety of proteins, including collagens, fibrinogens, laminins, 

elastins, and integrins (42). The ECM provides multiple functions such as 

extracellular signaling, cellular adhesion, and structural support. It undergoes 

constant rearrangement controlled at many levels, such as transcriptionally, 

translationally, and protein degradation (43). Patients with DD have an altered 

ECM (231). Collagen expression, and proteins that regulate collagen expression, 

such as the tripartite motif and matrix metalloproteinase protein families, are 

altered in patients with diverticular disease (88, 231, 232). In particular, the ratio 

of collagen I to collagen III fibers switches (89). The collagen fibrils also become 

smaller and more densely packed in patients with diverticular disease (233). 

Increased crosslinking of collagen fibers decreases the elasticity and structural 
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strength of the colonic wall. Crosslinking of collagen fibers is increased in 

diverticular disease patients and is supported by an animal model of diverticulitis 

(234). All of these changes in a diverticular disease patient’s colonic collagen 

fibers mirror changes that are observed during aging (87, 186).  

Our research team has recently published the seminal paper identifying 

the first possible genetic mechanism that may predispose particular individuals to 

develop diverticular disease (235). Herein, we use a similar approach to identify 

another novel potential contributor to the disease. We have found a family with 

what appeared to be an autosomal dominant pattern of inheritance for DD at a 

young age. Exome sequencing located a novel variant in the COL1A1 gene that 

matched the segregation pattern of disease within the family. Targeted 

sequencing of the COL1A1 gene in additional non-familial diverticulitis patients 

was performed to search for other variants in the COL1A1 gene that may confer 

susceptibility to DD. Subsequent immunohistological and immunofluorescent 

analysis of the COL1A1 protein revealed that COL1A1 expression was not 

altered significantly between patients with DD compared to those that did not.  

Furthermore, there was no difference in COL1A1 expression of diverticulitis 

patients with variants in COL1A1 compared to those that did not have variants in 

COL1A1. Based on these findings, we suggest that the variants in COL1A1 can 

lead to a predisposition of DD by mechanisms that do not alter protein 

abundance. The variants may adjust collagen crosslinking, feedback regulation 

of mRNA levels, or even the ability of tropocollagen to form, among other 

possibilities worth exploring in the future. All of these possible hypotheses have 
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the potential to change the properties of the colonic wall and potentially 

weakening it, making it physically susceptible to herniation. 

3.3 Results: 

3.3.1 Exome sequencing of the recruited family identified two variants in 

COL1A1. 

 A family was identified and recruited that presented with severe surgical 

diverticulitis in multiple members (Fig. 3-1). Blood samples from three members 

of the family were collected, and a surgical section was also obtained from the 

proband. Surgical intervention for the two affected individuals occurred at the 

relatively young age of 36 for the proband and 41 for mother of the proband. 

DNA was extracted from the blood samples and exome sequenced on an 

Illumina HiSeq 2500. All variants were called using a genotype quality score >15, 

read depth >10, must have a passing Variant Quality Score Recalibration 

(VQSR), and read ratios of <0.20 or >0.80 for homozygous calls and between 

0.35-0.65 for heterozygous calls. 14799 variants were present after assuming an 

autosomal dominant pattern of inheritance. After removing any variant not 

located within an exonic region, 1544 variants were left.  
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Figure 3-1: Pedigree of the recruited family. A total of three family members were analyzed, including two 

affected by diverticulitis and requiring surgical intervention at ages 36 (II:2) and 41 (I:2) along with one 

unaffected individual (I:1). Dotted outlines designate those members of the pedigree who were not recruited 

for the study. The index case is labeled with an arrow. 

Since the rate of surgical diverticulitis that occurs in patients under the age 

of 40 is rare, all variants represented in the population at a rate higher than 1% 

were removed. The variants were annotated using SNPeff, and variants 

determined to have either a low or medium predicted impact were excluded 

(236). 75 variants were left that matched the pedigree were rare and predicted to 

be damaging.  

One gene was contained two variants after the triaging, Collagen 1A1, or 

COL1A1. COL1A1 is a member of the collagen family of proteins. Variants in 

COL1A1 are known to cause Ehlers-Danlos Syndrome, which is has known 

comorbidity of DD (237).  Additionally, a variant found near one of the familial 

variants observed has been shown to disturb collagen fibrillogenesis as a result 

of delayed removal of the type I procollagen N-propeptide providing a possible 

mechanism for which these variants may contribute to the DD observed in this 

family (238). Other Collagen variants are also associated with DD (239). 

3.3.2 Non-familial sporadic diverticulitis patients  

To assess if variations in COL1A1 may contribute to the pathogenesis of 

DD in patients without a familial history of diverticulitis, targeted sequencing of 

the COL1A1 gene was performed on 148 patients with diverticulitis but no familial 

history. To validate the COL1A1 variants from the recruited family, they were also 

included in the targeted sequencing, totaling 151 patients. 
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We found 15 out of 151 sequenced individuals contained one of seven 

variants that were present in under 1% of populations minor allele frequency as 

determined in Exome Aggregation Consortium (ExAC) and Genome Aggregation 

Database (gnomAD) in COL1A1: rs377327542, rs764549740, rs1800214, 

rs72667032, rs149561221, rs72648327, (Cambridge, MA 

(https://exac.broadinstitute.org, date last accessed (May 30th, 2017)) 

(https://gnomad.broadinstitute.org, v2.1.1, date last accessed (April 4th 2020) 

(Table 3-2) (240). One variant did not have a registered rsid number, indicating 

that it has not been previously reported. This same variant was also predicted to 

have the most damaging effect on protein structure and was the site with the 

highest positive selection as determined by PhyloP, a package that allows the 

detection of sites under negative or positive selection, while accounting for 

theoretical changes in evolutionary rate (241). Another variant, rs1800215, was 

found disproportionally less often in our dataset compared to the general 

population. It was found in 36.42% of our dataset, while the general population is 

reported to be 98.29-98.58%. The ExAC browser consists of an aggregation of 

60,706 unrelated individual’s exonic sequences and the gnomAD browser 

consists of 125,748 exome sequences and 15,708 whole-genome sequences. 

This results in the caveat that an individual may have been sequenced who did 

not have DD at the time of recruitment, but may develop it later in life. 

Furthermore, the determination of which allele is considered reference and which 

allele is considered alternate was done using a relatively limited number of 

individuals, and therefore sometimes the rare allele is called the reference allele.  

https://exac.broadinstitute.org/
https://gnomad.broadinstitute.org/
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The variants localized throughout the length of the COL1A1 transcript (Fig. 

3-2). The two familial variants were localized around the N-terminus of COL1A1. 

Patients that had diverticulitis, but no familial history had variants in the coiled-

coiled region of COL1A1. One variant was found in the C-terminus, the one 

predicted to be most damaging.   

 

Table 3-1: Nonsynonymous variants identified through targeted sequencing of the COL1A1 gene. 

COL1A1 was sequenced from genomic DNA isolated from the blood of 148 patients with sporadic 

diverticulitis and the three members of the proband family. Not including the variants identified in the 

proband family, six variants with scaled CADD scores above 10 were identified in 70 of the samples. All the 

variants were confirmed by Sanger sequencing. Variants in the proband family are indicated by the red text. 

 

Figure 3-2: Human COL1A1 protein structure and positions of variants identified. COL1A1 consists of 

1465 amino acids in two separate regions: A COL1A1 N-Terminus (COL1A1 NT), a coiled-coil region (CC), 

and a COL1A1 C-Terminus (COL1A1 CT). Shown are missense variants identified from diverticulitis patients 

through targeted sequencing of COL1A1. Red: variant in the index patient. 

3.3.3 COL1A1 localization and abundance did not correlate with disease 

status or the presence of a variant 

 To assess the possible role of the identified COL1A1 variants in the 

pathogenesis of diverticular disease, immunohistochemistry was performed on 

patient resected colon tissue sections with and without variants (Fig. 3-3). Tissue 

was collected from nine individuals, three who contained no variants in COL1A1 
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and no history of diverticulitis (Control), three who had a history of diverticulitis 

but no variants in COL1A1 (Diverticulitis), and three who had variants in COL1A1 

with a history of diverticulitis (COL1A1). One of the sections was from the index 

patient in the recruited family.  

 

Figure 3-3. Immunohistochemistry of COL1A1 in the resected patient colon. 40X images of COL1A1 

localization and expression in colonic tissue of three individuals with no history of diverticulitis (control), three 

with diverticulitis but no variant identified in COL1A1 (Sporadic), and three with both diverticulitis and 

variants in COL1A1 (COL1A1).  No discernable variation was detected between the three categories and 

within each category. The familial patient is outlined in a red box. 

 Similar to the findings in Fig 3-3, the indirect immunofluorescence pattern 

of staining for COL1A1 was localized primarily to the mucosa and submucosa of 

the colonic tissue (Fig 3-4). The fluorescence intensity and localization varied 

greatly, and no discernable pattern was identified, regardless of their phenotypic 
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or genotypic status. It was also further noted that the variant predictive damage 

CADD score did not correlate with the intensity of COL1A1 fluorescence 

intensity. The tissue section from the proband did not show a significant change 

amount of COL1A1 immunofluorescence relative to either control patients or 

patients with sporadic diverticulitis.  

 

Figure 3-4: COL1A1 protein levels in myenteric plexus of patients with COL1A1 variants. 40X images 

of representative colonic tissue stained for COL1A1 from three non-diverticulitis control patients (Control), 

three patients with sporadic diverticulitis, but no damaging variants in COL1A1 (Sporadic), and three 

patients with sporadic diverticulitis and a variant in COL1A1. No discernable variation was detected between 

the three categories and within each category. The familial patient is outlined in a red box. 

3.4 Discussion 
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 The pathogenesis of diverticulitis has been poorly studied in comparison 

to other gastrointestinal diseases such as Crohn’s, Ulcerative Colitis, and 

colorectal cancer. In an attempt to identify critical genetic contributors in the 

process of developing diverticulitis, we used a familial based approach. A family 

was recruited who had a severe presentation of diverticulitis at a relatively young 

age. Due to the rare nature of surgical diverticulitis and the strong inheritance 

pattern of disease in this family, three members of the family were exome 

sequenced. A rare variant in COL1A1 was identified, which segregated with 

disease in an autosomal dominant pattern of inheritance. We further assessed its 

role in the contribution to the pathogenesis of diverticulitis in this family. 

 Collagen 1A1 was focused on for multiple reasons. Collagens, in general, 

have been shown to have altered expression in patients with DD (90). However, 

this expression is increased in some studies and decreased in others (90, 186). 

To complicate the matter more, another study indicated there was no change in 

collagen expression with disease status (87). The same study instead showed 

that the cross-linking of the colonic collagen increases with age, suggesting 

decreased elasticity and thereby contributing to an increased prevalence for 

developing DD. An animal model of colonic diverticulosis that used a low fiber 

diet to increase the incidence of colonic diverticula in rats found that 42.1% 

develop diverticular compared to 0% with a normal diet (234). They showed a 

significant decrease in collagen solubility in the rats fed the low fiber diet, 

suggesting there is an increase in collagen crosslinking and, therefore, an 

increased incidence of diverticula. Thomson et al. (1987) also found no change in 
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overall collagen levels, but they found the collagen fibrils to be smaller and more 

tightly packed in patients with DD (233). Another study supported the finding that 

there is no change in overall collagen levels, but instead, they suggest that there 

is a change in type of collagens present, specifically a decreased expression in 

type I collagens and increase in type III collagens (88) The same study also 

showed that the proteins involved in collagen expression and regulation, matrix 

metalloproteinases (MMPs), were decreased in patients with diverticular disease. 

Mimura et al. (2004) provided supporting evidence for the role of MMPs in DD 

(186). They found that collagen levels in their samples were increased along with 

tissue inhibitors of MMPs (TIMPs).   

 A collagen related disorder called Ehlers-Danlos syndrome (EDS) also 

provides supporting evidence that there is a correlation with collagen alteration 

diverticulitis. EDS, an inheritable group of connective disorders named after the 

French and Danish dermatologists Henri-Alexandre Danlos and Edvard Ehlers, 

affects approximate 1:5000-10,000 individuals (74-76). Affected individuals 

present with hypermobility of the skin, the fragility of the skin, and joint 

hypermobility (76). The phenotypic representations have been attributed with a 

few extracellular matrix related proteins, including COL1A1 (81-83). Population-

based studies found that EDS patients are at an increased risk of developing 

diverticular disease (79). Familial case studies have also reported diverticular 

disease segregating with EDS for decades (77). This correlation between 

COL1A1 and EDS, along with the correlation between DD and EDS, is therefore 

suggestive of a possible correlation between COL1A1 and DD. It is worth noting 
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that the recruited family expressed no apparent symptoms of EDS at the time of 

collection. 

 We found two variants in the COL1A1 gene that segregated with an 

extreme case of surgical diverticulitis in a family. To further explore the possibility 

of a correlation between COL1A1 and diverticulitis, we sequenced COL1A1 in 

patients with sporadic diverticulitis. Including the common variant, we found 45% 

of patients in our sporadic diverticulitis cohort of patients had a variant in 

COL1A1.  

 Collagen is a major structural protein in the extracellular matrix of various 

connective tissues (84). Collagen synthesis begins by producing individual 

procollagen chains that form either heterotrimeric or homotrimeric tropocollagen 

via nucleation at the C-propeptide region (85). These trimers undergo proteinase 

processing to remove both the N and C terminus of the tropocollagen trimer 

(242). This forms a collagen molecule, which, when covalently cross-linked with 

other collagen molecules make a collagen fibril (85). Collagen fibrils form the 

basis for structural support of a multitude of tissues, assist in determining cellular 

differentiation patterns, and participate in cellular signaling pathways (243). 

Tropocollagen monomers contain a repeating G-X-Y triplet motif, where X and Y 

can be any residue but are most often Proline and Hydroxyproline, respectively 

(244). This motif provides a regular rotation and increased structural integrity to 

the tropocollagen (244). This develops further to provide the distinctive 67 nm 

banding pattern in fibrils (242). The N and C globular terminuses that get cleaved 

off during collagen processing have been suggested to play a regulatory and 



67 
 

signaling, possibly through either a negative or positive feedback mechanism 

(245).  

 The recruited family contained two variants in COL1A1 that segregated 

with disease. One was located in the N-terminus globular domain, rs764549740. 

This variant could play a role in an N-terminus feedback mechanism (246, 247). 

The other familial variant, rs72667032, along with three other variants found in 

sporadic diverticulitis patients; rs377327542, rs1800214, rs72648327, were 

prolines located in the coiled-coil region. This region relies on the characteristic 

G-X-Y repeat to maintain structural integrity and function (244). Each of those 

prolines were found in such regions. Two other variants were also located in the 

coiled-coil region of COL1A1:  rs149561221 and rs1800215. The final variant, 

which had never been reported before, chr17:48263277, was found in the C-

terminal globular domain and may play a role in an altered feedback loop in a 

similar fashion to rs764549740 located in the N-terminus. The variant may also 

potentially affect the ability of the COL1A1 oligomerization to form tropocollagen. 

 These findings prompted us to look into COL1A1 location and abundance. 

However, we found no discernable difference between control patients, patients 

with diverticulitis and no variant in COL1A1, and patients with a variant in 

COL1A1 and diverticulitis. This is corroborated by previous research in our lab 

which found no discernable difference in COL1A1 mRNA expression in patients 

with surgical diverticulitis at a young age (SD mean age 39 ±0.9) compared to 

controls or patients with diverticulitis at an old age (SD mean age 52.9 ± 10.5 

years) (248). These findings suggest that the effect of the variants we have 
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identified in this study likely do not affect the expression of COL1A1 levels. The 

variants may act by altering signaling such as the feedback mechanisms with the 

N and C terminuses. This feedback may cause the adjusted ratio of Col I and Col 

III fibrils observed in patients with diverticular disease. The variants in the coiled-

coil region may decrease the ability to cross-link fibrils, thereby altering the 

structural properties of the colonic wall.  

 In this study, we have identified two COL1A1 variants in a family that 

segregated with diverticular disease. Subsequent analysis found an additional six 

COL1A1 variants in sporadic patients with DD. There was no effect of either 

variant or disease status on the expression or localization of COL1A1. Future 

research is needed to explore the possible contribution of these variants to COL 

I: COL III ratio and collagen crosslinking. Furthermore, research is necessary to 

look into the correlation of EDS cause specifically by only collagen or COL1A1 

genes compared to EDS explicitly caused by not a collagen gene and the risk of 

developing diverticular disease. 

3.5 Materials and Methods 

3.5.1 Patients and Samples 

 Patients and samples were collected, as described previously in section 

2.5.1. In brief, patients were identified and recruited on behalf of The Penn State 

Health Inflammatory Bowel Disease Center biorepository. The proband for this 

family was a 36 yr old patient who underwent surgical treatment for diverticulitis. 

Two other family members were subsequently recruited, one unaffected 

individual and another who was diagnosed with diverticulosis at age 44.  
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3.5.2 Whole-exome sequencing 

 Samples were whole-exome sequenced using the same parameters and 

capture kits as described in section 2.5.2. 

3.5.3 Bioinformatics pipeline 

 The same bioinformatics pipeline was used as described in section 2.5.3. 

3.5.4 Variant filtering 

 Variants were filtered in the same way as described in section 2.5.4. 

3.5.5 Targeted and confirmation sequencing 

 The same patient sample set was used as described in section 2.5.5. The 

amplicon set was designed for the 51 exons of ENST00000225964 (COL1A1).  

3.5.6 Immunohistochemistry of COL1A1 

 The same protocol for immunohistochemistry that was described in 

section 2.5.6 was performed but using the antibody HPA011795 (Sigma Aldrich).  
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Chapter 4: Conclusion 

Summary of this dissertation, discussion, and future directions 
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4.1.1 Genomics of colorectal disorders 

 Genetics influence the onset and progression of DD. This is supported by 

multiple studies and repeated reports of severe phenotypes of DD occurring in 

families. However, even with all of the supporting evidence for the genetic 

contribution to DD, very few genes have been functionally assessed for their role 

in the pathogenesis of DD. Our recently published manuscript was the first 

familial based next-generation sequencing approach done for DD to our 

knowledge. 

 We further explored the possible role of genetics in DD by looking into the 

genetics and pathogenesis of diseases where DD appears as a common 

comorbidity. These diseases primarily fell into two categories: those that affect 

the structural integrity of the colonic wall, and those that affect the ENS. While 

the specific genes may be different, these two broad categories encompass 

almost all of the diseases with DD as comorbidity. There is a notable lack of 

illnesses that are a result of immune defects that have DD as a comorbidity in 

comparison to those that have defects in structural integrity or the ENS system. 

 This information supports the idea that a familial based approach may be 

needed to identify variants that are causative for DD. Therefore, we recruited two 

families with surgical diverticulitis at a young age, which was suggestive of a 

genetic predisposition. Their exomes were subsequently sequenced and 

evaluated to identify possible causative variants.  

4.1.2 Identification of the LAMB4 variant  
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In chapter 2, a family with a severe phenotype of diverticulitis that 

occurred throughout multiple generations was recruited and exome sequenced. 

After analysis, six variants that were private to the family were identified. One 

variant in the gene LAMB4 made distinct biological sense, due to its involvement 

in the extracellular matrix. We, therefore, hypothesized that variants in LAMB4 

alter the structural integrity of the mucosal and submucosal layers due to their 

extensive involvement in basement membrane networks. Further studies led us 

to reevaluate the role of the LAMB4 variant in disease. Immunohistochemical 

staining of the LAMB4 protein in the index case of the family and showed it not to 

be localized to the extracellular matrix in the mucosal or submucosal layer. 

Instead, staining was confined to clear and punctate sites restricted to one 

prominent feature within the colon: Auerbach's plexus, also known as the 

myenteric plexus. This localization brought upon a new hypothesis for the 

mechanism by which variants in LAMB4 could contribute to the development of 

DD.  

To find more individuals that may either share that specific variant or at 

least contain variants within LAMB4. We used targeted sequencing of 148 

patients who had diverticulitis but no familial pattern of DD. Forty-nine of these 

patients contained a variant within LAMB4. Tissues were available from a few of 

these patients on which to perform immunohistochemistry. Further investigation 

showed the levels of LAMB4 correlated with the presence or absence of DD in 

these samples.  
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Due to the localization of LAMB4 within the myenteric plexus and previous 

research that has shown the myenteric plexi to be decreased in size and the 

microglia decreased in number in the plexi, LAMB4 may contribute to the 

pathogenesis of DD by altering the myenteric plexus. Laminins are part of the 

extracellular matrix by which neurons grow (249-251). We, therefore, 

hypothesize that alterations to LAMB4 may affect the development of the 

myenteric plexus. Adjustments to the plexi may modify the pattern of peristalsis 

or alter the colonic pressure in particular regions.  

4.1.3 Identification of the COL1A1 variant 

 The following chapter described the analysis of another family that had a 

severe phenotypic expression of diverticulitis. The family was smaller than the 

first, with a total of three individuals. Two individuals had disease, and the third 

did not. They were recruited and exome sequenced. After an autosomal 

dominant analysis, 75 variants remained. Out of those, two variants in one gene 

stood out due to the predicted severity of their effect on protein structure and 

function and its biological role. They were located in the coding region of 

COL1A1.  

 COL1A1 is a collagen protein that trimerizes with other collagen 

monomers to ultimately form the basis for the extracellular matrix and basement 

membrane (252). The ratio of Col1 vs. Col3 is altered in colonic tissue with 

diverticulitis compared to tissue without diverticulitis (88). Furthermore, overall 

collagen expression levels, as well as collagen crosslinking, have also been 

shown to be changed with the presence of DD (186). Therefore, we decided to 
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investigate the expression level and localization of COL1A1 in colonic tissue from 

the index patient of the recruited family. We observed COL1A1 staining within the 

muscularis mucosa of the colon. Based on that, we decided to see if other 

patients with DD carried different variants in COL1A1. To test that, we performed 

targeted sequencing of COL1A1 on 148 individuals with DD. We identified 70 

patients with a variant in COL1A1. We then wanted to see if there was any 

difference in patients with DD and no variant in COL1A1, patients with DD and a 

variant in COL1A1, and patients without DD. No discernable pattern was 

observed in either protein expression or localization of COL1A1.  

While no discernable pattern of changes was observed for the COL1A1 

protein as a result of variants in COL1A1, the familial variants indeed may still be 

causative for the familial diverticulitis in the recruited family. Their particular 

variants could affect COL1A1 in multiple ways. Collagen has a tightly regulated 

processing pathway, of which the variants may alter (242). The variants could 

also affect alternative splicing of COL1A1, which is the case for other diseases 

such as EDS and osteogenesis imperfecta (253-255). Finally, during collagen 

processing, the N- and C- terminuses are cleaved off, and it has been suggested 

that they provide a possible negative feedback mechanism to maintain collagen 

expression homeostasis (246, 247). Due to the location of the variants around 

the N-terminus, they may affect that as well.  

4.2.1 Limitations of this research 

This research looked into the genetic basis DD. Candidate genes LAMB4 

and COL1A1 were identified, and the in-detail assessment of how these genes 
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may play a role in the pathogenesis of DD is discussed in their respective 

chapters. However, this research was not without its limitations.  

The first and most obvious limitation with the familial based approach used 

in this manuscript is that the family size and number of affected individuals is too 

small to narrow down the list of candidate SNPs effectively. Within this 

manuscript, two different family sizes were evaluated and clearly showed this. 

One family we sequenced only contained three people with two affected 

individuals. We were only able to narrow down the number of rare variants that 

matched the pedigree to 75. For the second family we sequenced five people 

with three affected, and the list of variants was able to be triaged down to 32. 

Ideally, a more extensive pedigree could be obtained for future studies to help 

narrow down the list of candidate genes to a nominal number. 

This then leads to the next limitation of this work, the difficulty in triaging 

the identified variants. The primary form of triaging and most reliable for this data 

set is the minor allele frequency. Thanks in large part to publically available data 

sets with thousands of individual’s exomes such as the Exome Aggregation 

Consortium (ExAC) and Genome Aggregation Database (gnomAD) (240, 256).  

The next layer of triaging rests on the ability of different predictive 

algorithms to determine which variant is likely to be damaging. This is likely to be 

the least reliable and but most needed form of triage. One algorithm may suggest 

that a variant is exceptionally damaging, while another algorithm may indicate 

that the same variant is entirely benign. This is a result of different algorithms 

weighing different attributes differently. Some may only focus on the particular 
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amino acid shift at that location. In contrast, another may focus on the effect of 

that shift and the other amino acids surrounding that one. Some take into 

consideration possible epigenetic effects that the variant may have, such as if 

they are within a known enhancer or silencer while others do not.  

The algorithm that was chosen for the work in this manuscript was 

combined annotation dependent depletion (CADD) (226). The rationale for using 

this algorithm was because it uses a variety of other algorithms to come up with a 

predictive score for every possible base-pair substitution. Therefore, theoretically, 

it should minimize the variability of prediction algorithms. 

There is a still need for a method that is better able to predict the effect 

that a variant will have on protein structure, expression, or function. One recent 

paper described a novel technique called Variant Abundance by Massively 

Parallel Sequencing (VAMP-seq) that can provide a part of the solution to this 

(Fig 4.1) (257). In brief, they create a mutagenesis library of the gene of interest 

tagged with the fluorescent molecule EGFP in an attempt to interrogate as many 

variants in the gene as possible. Then each cell expresses the gene of interest 

containing a single variant fused to EGFP, and the mixed populations of cells are 

sorted by fluorescence. Cells with low fluorescence suggest the variant creates 

an unstable molecule and therefore are degraded. Then sequencing of the 

different populations of cells indicates which variants in the gene result in a 

stable or unstable protein product. Similar approaches are reviewed in (258). 
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Figure 4-1: Overview of Variant Abundance by Massively Parallel Sequencing (VAMP-seq). A library of 

multiple protein products with each containing a variant and to an EGFP molecule is made. These are then 

put into a mixed population of cells to be expressed. These cells are then sorted base on their fluorescence 

levels and subsequently sequenced to quantify the effect of the variants on protein expression. Figure 

borrowed from Matreyek et al. 2018 (257). 
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The final and arguably most crucial layer of triaging is looking at the 

biological function and role of the genes that the variants are in. A variant in 

genes whose expression is limited to the testis is not very likely to play a role in a 

disorder of the gastrointestinal tract; therefore, there is no reason to investigate 

such a variant further. The opposite scenario is also just as useful. That is, if a 

variant is expressed in a tissue or cell types that are known to be affected by the 

disease, such as immune cells or colon for DD, UC, or CD, then that variant is a 

strong candidate and should be investigated. That being said, there are about 

25,000 genes in the human genome, and it has been suggested over 100,000 

different splice variants would be required to account for all the biological roles 

that need to be filled (259). As such, the network of interconnected genes and 

splice variant protein products of those genes may extend and connect in ways 

that have not been found yet. One gene that may appear not to have any relation 

to the disease of interest may affect another gene or splice variant that does.   

The sequencing in this dissertation was performed with the aid of exome 

capture kits. The exome constitutes approximately only 2-3% of the genome 

(260). While the exome is the part of the genome that plays a role in protein 

interactions, omitting about 97% of the data leaves room to miss the causative 

variant. Numerous regions do not code for part of the protein but instead regulate 

protein expression. The counter side to this is that while whole genome 

sequencing would provide all of the genomic information, at this time, it is costly 

to do so at a sequencing depth that would allow for reasonable trust in the 

validity of the identified variants. Additionally, the method used to sequence the 
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DNA itself is a limitation. Using Hi-Seq technology does not allow for large scale 

insertions or deletions to be identified since the read lengths are not long 

enough. Other sequencing techniques, such as a Bionano SAPHYR, could be 

used to look at insertions or deletions.  

4.2.2 Value and benefits of this research 

Even with all of those limitations, the research found in this dissertation 

still contributes to the medical and scientific community. While we have not 

proven any causality for either DD, here we have shed light on possible 

mechanisms that may indeed contribute to the pathogenesis of the disease, and 

therefore can help direct research for prevention and treatment. 

The variants found the genes LAMB4 and COL1A1 provide supporting 

evidence for different theories about the development of DD. The enteric nervous 

system has already been shown to be altered in patients with DD (203, 221, 

261). We observed localization of LAMB4, specifically in the myenteric plexus, 

the nerve ganglia that control the circular and longitudinal muscles of the colon. 

These plexi are the part of the ENS that regulates colonic motility. While these 

findings are correlative, they certainly provide a clear mechanism by which the 

severe case of familial diverticulitis occurred in the recruited family through an 

alteration in the myenteric plexus.  

Our investigation of the role of COL1A1 in DD found no discernable 

difference in protein expression in patients with DD or without or in comparison to 

patients with or without variants in COL1A1. While this is negative data, it is still 

useful. Since the variants do not adjust protein expression or response, it must 
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not be the way the variants would be contributing to the pathogenesis. The 

variants could alter a feedback mechanism of the N-terminus when it is cleaved 

off, and possibly be the mechanism by which the ratio of COL1 to COL3 is 

adjusted in patients with DD (88, 246, 247). The variants, including those found 

in the targeted sequencing, could also alter the cross-linking of the collagen 

fibers, which would affect the structural integrity of the colonic extracellular matrix 

that COL1A1 is expressed in (87, 133). 

4.3 Future Directions 

 While this research has shed some light on the pathogenesis of DD, it has 

also provided more information to focus the future research of DD better. This 

first step should be to recruit larger families. As observed in the comparison 

between the two recruited families, a more substantial pedigree to analyze 

drastically reduces the number of possible variants. Each recruited family will 

also likely contain a familial specific causative variant. Still, each familial specific 

variant will shed light onto a pathway that is likely to contribute to the respective 

disease in patients with sporadic DD.  

 Crohn’s disease genomics research has used GWAS studies to significant 

effect, producing over 240 regions that are associated with IBD, many of which 

have been reconfirmed in multiple studies (262, 263). Only one such study for 

DD exists (264). In that study, they were able to find three associated regions, 

containing the genes ARHGAP15, COLQ, and FAM155A. The study includes a 

few inherent problems which ideally could be resolved. The first is that they did 

not have an apparent phenotype of DD recruited. They recruited patients with 
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either diverticulosis or diverticulitis, regardless of age. This is detrimental for the 

study because some pathways may lead to a predisposition solely for 

diverticulosis, such as extracellular matrix changes. In contrast, other pathways 

may contribute more to the transition of diverticulosis to diverticulitis, such as 

immune defects. By having a heterogeneous patient population, it makes it 

difficult to isolate the SNPs potentially involved solely in either diverticulosis or 

diverticulitis. Additionally, In the ideal situation, the subjects would have an 

extremely aggressive phenotype of the disease, such as surgical diverticulitis at 

a relatively early age (<40 yrs). This would provide SNPs that play a more 

significant role in the development of DD.  

Furthermore, they used controls with no reported history of DD, but 

preferentially the control would be more advanced patients (>80) with confirmed 

absence of diverticula. By using a younger population, they may have included 

subjects who do not currently have DD but may develop it later on. These GWAS 

are a great way to begin to see the genomics trends of the disease and can 

provide a better ability to triage familial case studies by identifying critical 

pathways to disease pathogenesis.  

 Collectively, the work in this dissertation provides candidate genes to 

study in animal models. Using a familial based approach, particular genes and 

variants can be identified that are contributing to disease, as opposed to large 

genomic regions identified in GWAS studies that may contain multiple genes. A 

prime example is the variant in LAMB4 identified in chapter two. Other variants in 

the gene significantly decreased the expression of LAMB4. In contrast, the 
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heterozygous familial variant almost removed all expression of LAMB4, 

suggesting that particular familial variant was acting in a dominant-negative 

fashion. In this manner, an animal model will help separate and delineate the role 

of the LAMB4 gene and the familial variant. Using emerging techniques such as 

CRISPR, specific variants can be readily introduced into and animal model for 

later assessment. It must also be pointed out that the subsequent research will 

depend on the animal model. The LAMB4 gene, for example, does not have a 

reported homologous rodent gene (265). This may not be the case, however 

(Fig. 4-2). In the meantime, a zebrafish model may be a good alternative. That 

will alter the available techniques to assess the role of the gene. For example, if 

a rodent model was available, the number of diverticula they develop will be an 

appropriate method of evaluating the role of a gene in DD. However, in a 

zebrafish model, that would not suffice. A different readout such as enteric 

nervous ganglia numbers and gastric motility may be more appropriate. I have 

used the variant found in chapter two as a model candidate gene, but the same 

approach may be used for the other variants we have assessed in this 

dissertation and any future familial based studies of DD. 
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Figure 4-2. Support for an unannotated Laminin Beta 4 gene within the mouse genome. Syntenic 

regions for mouse chromosome 12 are shown (A1). Portions of human chromosome 7, which contains 

neighboring genes LAMB4 and LAMB1, are shown to be localized to the mouse 12qA2 region. Looking 

closer at these regions, using the analogous regions for human LAMB4 as determined by the UCSC 

genome browser LiftOver tool that converts genome coordinates between assemblies, it is clear there is no 

annotated gene on the mouse genome at that region (B1). Taking a broader view, it is evident that this 

location is near the annotated mouse LAMB1, similar to the human arrangement (B2). Comparing the 

human LAMB1 cDNA to the mouse genome using an aligning tool from the UCSC genome browser called 

Blat, there is an 88.4% identity match to the mouse genome at the location of the annotated mouse LAMB1 

(C1). Performing the same analysis using the human LAMB4 cDNA, there is an 85.2% identity match to an 

unannotated region on the mouse genome, near the mouse LAMB1 gene (C2). Finally, using that same tool 

to visualize on the UCSC genome browser the front portion (D1) and back portion (D2) of the LiftOver 

derived region for the potential mouse LAMB4 location and comparing those to the human LAMB4 gene and 

conserved regions among other vertebrates, it is clear that the proposed mouse LAMB4 has conserved 

regions that align with exonic regions of human LAMB4 along with conserved regions across other 

vertebrate species in the same locations. Data obtained and visualized from Ensembl and UCSC Genome 

Browser (266-268).   

4.4 Conclusion 

 In this dissertation, we have explored the genetics of two separate families 

with DD. The genetics of each family provided their unique hypothesis as to how 

those genetics may contribute to the pathogenesis of disease: 

 1: In the first family with DD, LAMB4 was identified and found to be 

localized to the myenteric plexus, suggesting alterations to the enteric nervous 

system of that family are contributing to DD. 

 2: In the second family with DD, COL1A1 was found not to have altered 

abundance or localization, suggesting that if there is involvement of COL1A1 in 

DD, it likely acts through a different mechanism, such as adjusting the COL1: 

COL3 ratio of collagen crosslinking. 
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 The data presented in this dissertation raise additional questions into the 

pathogenesis of DD that warrants further research. First, is the development of 

the myenteric plexus regulated in part by LAMB4? If it is, is it caused by a 

change in the developmental process and therefore contributing to the odds of 

developing DD? If it does, is there then a way to assess this diagnostically 

through methods such as magnetic resonance images to determine the likelihood 

of a patient developing DD at a young age? Do variants in the COL1A1 gene 

affect collagen ratios or crosslinking? Do changes to the other collagen genes 

contribute to the susceptibility to DD, as observed in patients with Ehlers-Danlos 

Syndrome?  

DD is an economical and clinical burden and is increasing worldwide. The 

pathogenesis and cause are still unsolved, and significantly more research is 

needed to elucidate those questions. This research will point to pathways that 

can be targeted to create more effective diagnostic tools and therapeutic 

treatments. These tools and treatments can then be used to decrease the 

emotional, clinical, and economic burden of DD.  
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Background 

5.1.1 Epidemiology and financial burden of Crohn’s Disease 

 Inflammatory Bowel Disease (IBD) is comprised of two main subtypes of 

disease, Ulcerative Colitis (UC) and Crohn’s Disease (CD). CD is a relatively new 

phenomenon that was first described in 1932 (269). There were 1,893,799 

estimated outpatient visits in 2009 for Inflammatory Bowel Disease (IBD) (2). The 

same study found a 0.2% mortality rate for patients with CD and a 0.8% mortality 

rate for those with UC (2). Patients with CD were found to have a standardized 

mortality ratio (SMR) of 1.45 for all causes of mortality between the years 1996-

2009, and a 1.21 SMR for patients with UC (270). CD has an earlier risk of 

mortality, with 27.87% of CD patients having an age of death <59 years of age, 

while UC has 18.04% (270). CD is most often diagnosed in 15-29 year old 

patients and primarily the 20-29 year old patients for UC (271). The economic 

burden for CD was estimated to be $10.9 and $15.5 billion per year in direct cost 

in the United States (272). The average cost for hospitalization of a patient for 

IBD was estimated to be $18,557.13 (8). 

5.1.2 The pathogenesis of Crohn’s Disease 

 Crohn’s Disease is one of the major types of IBD. It can affect any part of 

the GI tract and is exceptionally heterozygous (273). The areas affected typically 

present as patches and not a continuous region, as is seen in UC (274, 275). 

Patients present with abdominal pain, fever, weight loss, blood in the stool, and 

diarrhea (273). CD can go undiagnosed for a while since the initial symptoms are 

subtle, but they are reoccurring in nature, which aids in diagnoses (275).  
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 While the etiology of CD is still unsolved, the principal accepted 

hypothesis is that a combination of an immune-mediated condition in patients 

with a genetic susceptibility and altered gut microbiota (276). The extent to which 

each component plays a role in developing the disease varies from person to 

person, and the clinical manifestations of CD also suggest different modes of 

development. That is, while there may be some similarities in the development of 

Crohn’s disease in different patients, there are also unique contributing factors 

that affect the severity of their condition and the levels of stricturing or 

penetration (Figure 5-1) (276).  
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Figure 5-1: Overview of the current understanding of the pathogenesis of CD. The development of CD 

is a result of many intrinsic and extrinsic factors. Each individual has a unique predisposition or lack thereof 

for developing CD. This includes an individual’s genetics, which can also affect their epigenetics, immune 

system, and microbiome. These all interact further along with external factors to determine an individual’s 

risk for developing CD. Additionally, these also contribute to the phenotypic presentation of that individual's 

CD. Using all of this information together, more specialized models can be produced. These can then be 

used to test different treatments for more specific CD subtypes. Figure borrowed from Boyapati et al. (276). 

 The general development of the chronic inflammation observed in CD is a 

result of dysregulated communication between the host immune system and gut 

microbiome, resulting in a failure of mucosal homeostasis. The role of the gut 

microbiome has supporting evidence for a variety of hypotheses for its 

contribution to CD. A defective mucosal barrier function may result in an 

increased uptake of luminal antigens that can stimulate the immune system. It 

can also perpetuate damage that arises as a result of environmental triggers 

such as infections for medications. There are also reports that persistent 

pathogenic infection may contribute to the development of CD. In a similar vein, 

altered microbial species homeostasis, dysbiosis, where there is an increase of 

causative microbial species within the lumen, may contribute to chronic intestinal 

inflammation observed in CD. 

 Immune system dysfunction can contribute to CD in a variety of ways. 

Supporting evidence exists for the role of both the innate and adaptive immune 

systems in CD (277). The adaptive immune system is the cause for the TH1 

cytokine profile of IFN-γ and IL-12 often observed in patients with CD and models 

of CD (278). The innate immune system is activated in CD. Innate immune 

response pro-inflammatory cytokines, including the nuclear transcription factor 
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kappaB (NFκB) pathway products IL-1β and TNF-α, are increased in CD (279). 

The role of the innate immune response is also supported by the fact that some 

of the most effective treatments for CD focus on neutralizing TNF-α (280, 281).  

Additionally, environmental factors can cause a susceptible individual to 

develop CD. These include medications, diet, stress, infections, and smoking, 

among others (282).  

5.1.3 Genetics of Crohn’s Disease  

 The final contributing factor to CD pathogenesis is a genetic susceptibility 

for disease. Familial clustering of CD was first reported in the 1980s (283). A 

recent population-based study looking into the Danish population from 1977-

2011 found that up to 12% of patients with CD have a familial history, supporting 

the concept that genetic factors are a component of CD (284). They found an 

incidence rate ratio of 7.77 when a first-degree relative was diagnosed with CD, 

which increased to 51.4 if that relative was a twin (284). The first CD gene 

identified through fine mapping of a previously associated region (IBD1) was 

Caspase Activation Recruitment Domain 15 (CARD15), which encodes for the 

protein Nucleotide-binding oligomerization domain 2 (NOD2) (285). Since then, 

an analysis of the meta-data from previously reported GWASes, including 75,000 

patients and controls has brought the number of associated CD domains to 240 

(263).   

While many different genes have been associated and studied for their 

relation to CD, a few pathways are repeatedly found to be altered. The first and 

most well-characterized is that of the NOD2 pathway. Two separate groups 



91 
 

identified different frameshift mutations in NOD2 that were associated with 

susceptibility to Crohn’s disease and were reported in the same issue of Nature 

in 2001 (285, 286). The NOD and Nucleotide-binding and oligomerization domain 

(NOD)-like receptors (NLRs) are pattern recognition receptors (PRRs) (287). 

They are part of the innate immune system, which is responsible for determining 

self vs. non-self molecules (288). They recognize various ligands that include 

host proteins, microbial pathogens, and environmental sources such as asbestos 

(287, 289). Their functions include inflammasome formation, signaling 

transduction, transcription activation, and autophagy (290, 291). 

The adaptive immune system has also been implicated based on genetic 

studies. The IL-10 signaling pathway that is involved in the anti-inflammatory 

responses has been highlighted through GWAS studies, finding STAT3, IL-10, 

and JAK2 to be associated with IBD (292, 293). IL-10 variants are associated 

with early-onset IBD (292, 294). It is also important to note that quite a few genes 

play a role in multiple pathways. STAT3 is involved in the IL-10 pathway but also 

is involved in TH17 cell differentiation (295). In a similar vein, NFκB, which has 

increased expression in patients with IBD, is involved in both the innate immune 

signaling pathway and adaptive immunity (296, 297).  

The epithelial barrier is the first physical barrier to prevent bacterial 

invasion and maintain immune system homeostasis (298). It is covered in a 

mucosal surface that is produced by the polymerization of mucin that is produced 

by the goblet cells (299). This mucosal layer provides a habitat for commensal 

bacteria while creating a barrier to prevent harmful bacteria from being in direct 
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contact with the epithelium (300, 301). Mice with the mucin 2 (MUC2) gene 

knocked out MUC2-/- develop colitis (302). The Paneth cells which express the 

NOD2 protein also express bactericidal agents such as defensins which help 

protect against harmful bacterial pathogens (303).   

These genetic relationships with CD are not exhaustive but highlight a few 

key pathways that appear to play a critical role in the pathogenesis of CD. While 

it seems that a single SNP is unlikely to be sufficient to generate CD, it can likely 

place an individual at risk for developing CD when challenged by the right 

environmental factors.  

5.2 Introduction: 

Inflammatory Bowel Disease (IBD) is comprised primarily of two types of 

disorders: Crohn’s Disease (CD) and Ulcerative Colitis (UC) (304). UC localizes 

specifically to the colon and rectum (305). CD can affect any part of the 

gastrointestinal tract, from the mouth to the anus (273). UC presents as a 

continuous inflammation of the mucosa and submucosa, resulting in 

characteristic pseudopolyps (305). CD presents in a transmural fashion and 

multiple separate locations (273). CD results in a cobblestoning pattern in more 

severe cases (273).  

Both diseases infrequently occur under the age of 30 but can occur at any 

age (271). They can present with similar symptoms, including abdominal pain, 

diarrhea, vomiting, anemia, rectal bleeding, and weight loss (306). The 

pathogenesis of both CD and UC involves inflammation within the 

gastrointestinal tract (307). CD has patchy areas of inflamed tissue the entire 
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width of the intestinal wall (306). This inflammation suggests that the immune 

system and gut microbiota play a significant role in the pathogenesis of CD (308). 

However, the exact cause of both CD and UC is currently unknown. It is thought 

to be a combination of both environmental and genetic factors (309).  

The genetic basis of CD remains unresolved. Previous genetic research 

performed on CD utilized genome-wide association studies (GWAS) to find loci 

associated with CD (293). GWAS has the benefit of finding common variants that 

contribute to disease and can be performed on collections of unrelated 

individuals with CD. To date, over 200 loci have been implicated with IBD, UC, or 

CD (310). On the other hand, family-based linkage studies identify rare variants 

that are more penetrant than those found by GWAS (311). While a significant 

number of GWAS for CD have been performed, very few familial based linkage 

studies for CD have been, despite the multiple reported cases in which CD 

exhibited familial inheritance.  

A recent study of over 8 million Danes over 34 years reported an 

incidence rate for CD of 7.6/100,000, of which only 12.2% were familial (284). 

Their data also showed an odds ratio of 7.77 for developing CD for those 

individuals with an affected first-degree relative. These data suggest that 

causative genetic variants would be rare (0.000076*0.12*100=.00097%) and 

highly penetrant.  

We recruited a family for which members of multiple generations 

presented with CD. Exome sequencing was performed on nine members of the 
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family. Subsequent analysis identified eleven variants that segregated with 

disease in an autosomal dominant fashion.  

5.3 Results: 

The proband was a 28 year old female with surgical CD. Blood from her 

and twelve other family members (Fig. 5-2) was collected. Nine members who 

would provide useful genetic information for this study were exome sequenced. 

Four of the sequenced members were affected with CD, while five members 

were unaffected. The variants were filtered to only include ones that were 

present in the population at under a 1% MAF, a read depth of at least 10, a 

genotype quality score of 15, and read ratios of <0.20 for a reference/reference 

call, 0.035-0.65 for a reference/variant call, and >0.80 for a variant/variant call. 

No variants matched these criteria following an autosomal recessive analysis. On 

the other hand, eleven variants matched these criteria following an autosomal 

dominant analysis (Table 5-1).  
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Figure 5-2: Pedigree of the recruited family. A total of thirteen family members were recruited. Nine were 

exome sequenced (solid outline), including four affected by CD along with five unaffected individuals. The 

index case is labeled with an arrow. Unsequenced individuals have a dotted outline. 

 

chrom start end gene ref alt RS ids AA change cadd scaled gnomAD freq 

chr16 461482 461483 DECR2 G C rs146760080 G/R 18.23 0.001891 

chr16 2028414 2028415 TBL3 G A rs150335097 E/K 17.01 0.0005908 

chr19 36365735 36365736 APLP1 G A rs35358477 V/M 16.15 0.003581 

chr16 2028415 2028416 TBL3 A T rs138475784 E/V 15.06 0.0005838 

chr19 38896203 38896204 FAM98C T G rs117354953 C/G 13.51 0.009032  

chr19 54947320 54947321 TTYH1 C T rs111340729 P/L 10.8 0.005714  

chr19 22836780 22836781 ZNF492 A T rs750016247 N/Y 10.35 4.27E-06 

chr19 48801277 48801278 CCDC114 G A rs148823991 P/L 5.24 0.001794 

chr3 44286630 44286631 TOPAZ1 A G rs192078606 N/S 1.62 0.002512  

chr19 56423924 56423925 NLRP13 G C rs533293706 H/D 0.74 4.07E-06 

chr19 50463828 50463829 SIGLEC11 G A rs748192530 A/V 0.65 4.77E-05  

Table 5-1: Genetic variants identified from the recruited family that segregated with Crohn’s Disease 

in an autosomal dominant fashion. Listed above are the variants that have allele frequencies less than 

1% of the population, based on Genome Aggregation Database (gnomAD) (256). The variants are ordered 

by their damaging predictive CADD score. 

5.4 Discussion 

Crohn’s disease is a relatively rare disease affecting approximately 

.0107% of the US population (312). A variety of epidemiological and population-

based studies of CD has documented that genetics contributes to the 

development of the disease (310, 313, 314). These studies identified genomic 

regions, and in some cases, genes associated with the disease but in 

themselves do not identify the causative variant.  Linkage analysis using familial 

cases offers the opportunity to identify likely causative variants. We have 

recruited and sequenced one such family here, and have identified 11 variants 

that segregated with CD occurrence in the family in an autosomal dominant 

manner.  
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 The variant that was predicted to be the most damaging was in the gene 

2,4-Dienoyl-CoA Reductase 2 (DECR2). DECR2 is part of the β-oxidation system 

within the mitochondria (315). DECR2 is involved with the degradation of 

unsaturated fatty enoyl-CoA esters that have double bonds in both even- and 

odd-numbered positions (315). The next variant that was predicted to be the 

most damaging was in Transducin Beta Like 3 (TBL3), with an additional variant 

adjacent to it, resulting in a glutamic acid to methionine shift at amino acid 746. 

TBL3 regulates the cell cycle length in a tissue-specific manner in zebrafish 

(316). The only other variant not found on chr19 was in the gene Testis and 

Ovary Specific PAZ Domain Containing 1 (TOPAZ1). TOPAZ1 is a germ cell-

specific factor and is essential for the progression of male meiosis (317). None of 

these variants provided an obvious biological connection to CD.  

 Seven of the variants found were on the long arm of chromosome 19, a 

region previously associated with IBD, UC, and CD (318, 319). The variant that 

was predicted to be the most damaging to protein structure on chromosome 19 

was Amyloid-beta precursor-like protein 1 (APLP1). APLP1 is a neuronal type 1 

transmembrane protein and acts in synaptic adhesion and synaptogenesis (320). 

However, since APLP1 expression is localized to the brain, this variant does 

likely not contributed to the development of CD (321). The next variant on 

chromosome 19 that was predicted to be damaging was within Family with 

Sequence Similarity 98 member C (FAM98C). A wide variety of tissue types 

ubiquitously express FAM98C, but little FAM98C specific research has been 

reported. It has been suggested as a candidate gene for ciliopathies (322). 
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Based on this, even if FAM98C were to play a role in IBD, it would not account 

for the whole tissue inflammation observed in CD, but instead would more 

resemble UC. The next variant, the Tweety gene, TTYH1, is another protein that 

is only expressed in the brain (323). The Zinc Finger Protein 492 (ZNF492) 

gene’s only known interaction is with retinoid isomerohydrolase (Rpe65), which is 

involved in the rod and cone visual cycle, making it unlikely to play a role in CD 

(324). The gene for coiled-coiled domain-containing protein 114 (ccdc114) 

encodes for a protein that is a part of the outer dynein arm docking complex in 

cilia cells (325-327). In a similar rationale to the variant in FAM98C, CD is likely 

not a result of alterations to a protein primarily responsible for ciliary action. This 

is further supported by showing that the only phenotype observed in a zebrafish 

ccdc114 knock-out model being reduced cilia beat frequencies (327). Since the 

pathophysiology of CD affects whole tissue thickness of the gastrointestinal tract, 

just affecting ciliary action phenotypically better matches UC.  

We found a variant in the gene for NLR family pyrin domain containing 13 

(NLRP13/NOD14). It is part of a family of proteins call Nod-Like Receptors 

(NLRs), which are cytosolic sensors (287). They are pattern recognition receptor 

(PRR) proteins. They contain an N-terminal protein interaction domain, 

nucleotide-binding and self-oligomerization domain (NOD/NACHT), and a C-

terminus leucine-rich repeat domain (Fig. 5-3A). The variant identified was within 

the NACHT domain. These NLRs interact with each other to form large 

complexes called inflammasomes (328). The current proposed model is that 

NLRs interact with pathogen-associated molecular patterns (pamps) via the 
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leucine-rich C-terminus regions, conformational rearrangements occur that cause 

the NLRs to oligomerize into inflammasomes (329). These inflammasomes then 

expose the N-terminal effector binding region that can activate the caspase, 

NFkB, or MAPK signaling pathways, among others (329).  

 

Figure 5-3: Protein structure view of NLRP13 and SIGLET11. The NLRP13 gene (A) contains a Pyrin 

(PYR) domain at the N-Terminus, a NATCH motif domain (NATCH), and Leucine Rich regions (LR). The 

identified variant H420D lies within the NATCH motif domain. The SIGLET11 gene (B) contains extracellular 

domains of one Ig-Like V-type and four Ig-like C2-type domains. The identified variant A147V lies in 

between the Ig-like V-type and the first Ig-like C2-type domains. 

 

The first Crohn’s susceptibility gene was identified as CARD15, also 

known as NOD2, and is part of the NLP family (285, 286). Since then, a multitude 

of studies examined the role of the NLP family of genes in IBD and CD. One 

study reported a higher risk of developing CD in men carrying combined 

polymorphisms in the genes encoding CARD8 and NALP3 (330). Interestingly, 

the two variants themselves were not significantly associated unless they were 

present together. GWAS done by Hampe et al. found a variant in NLRP13 to be 

significantly associated with CD (331). Another study performed GWAS using a 
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haplotype matching approach in 547 CD patients and 465 controls looking at 

NLR family genes (332). While no single variant within NLRP13 was significantly 

associated with CD, one was within reasonably strong linkage disequilibrium with 

another that was significant (r2 = 0.75) and had a P-value of 0.10. A different 

study found a variant near NLRP8 and NLRP13 that was associated with IFNα 

secretion in African American patients (333). NLRP13 mRNA levels increase in 

response to a parasitic antagonist Toxoplasma gondii in THP-1 macrophages 

(334). 

One primary role of the innate immune system is to detect pathogens and 

initiate a biological response to maintain homeostasis and control infections 

(277). In the prototypical pathway, CARD proteins, NLRs, and the inflammasome 

work together to regulate NFκB, TNFα, and IL-1β (Fig. 5-4). Macrophages 

phagocytosis a pathogen (e.g., bacteria, parasite, or virus), which is then 

degraded, producing molecules that the PRR recognizes (e.g., muramyl 

dipeptide (MDP), RNA, Toxins) (335). Specific molecules such as MDP activate 

CARD containing proteins (e.g., NOD2), which in turn activates NFκB (336). 

NFκB then upregulates the production of Pro-IL-1β (337).  These molecules also 

induce the formation of the NLRP inflammasome in the cytosol (338). The pyrin 

domains in the inflammasome then recruit apoptosis-associated speck-like 

protein (ASC) that holds two caspase-1 proteins in close proximity causing them 

to undergo cross-activation (339). Activated caspase-1 is then able to process 

Pro- IL-1β into mature IL-1β (329). Mature IL-1β and activated caspase-1 are 

then exocytosed.  
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Figure 5-4: The molecular pathways of SIGLET11 and NLRP13 that help regulate the innate immune 

response. An example activator of the NACHT pathway is when macrophages engulf and phagocytize 

bacteria, ultimately resulting in muramyl dipeptide (MDP). MDP then interacts with the Leucine repeats (L) 

on NLRP13, which in turn becomes part of the inflammasome and interacts with two Caspase-1 molecules, 

keeping them in close proximately and allowing them to cross activate. Among other pathways that activated 

Caspase-1 effects, it can process Pro-IL-1β to mature IL-1β. The MDP also activates the other members of 

the NACHT family (e.g., NOD2). These then up-regulate the nuclear factor kappa-light-chain-enhancer of 

activated B cells (NFκB) pathway, which results in additional Pro-IL-1β. The SIGLET11 signaling pathway 

ultimately affects this same pathway but through a different mechanism. SIGLET11 becomes activated in 

response to an unknown ligand. It undergoes a conformation change to allow it to be a substrate for an SRC 

kinase to phosphatize the immunoreceptor tyrosine-based inhibition motif (ITIM). This allows Src homology 

region 2 domain containing phosphatases ½ (SHP1/2) to inhibit the spleen tyrosine kinase (SyK), which is 

usually activated by various immunoreceptor tyrosine-based activation motifs (ITAM). Once activated, it is 

suspected to upregulate the inflammasome and activate the NFkB pathway and MAPK pathway. 

Abbreviations: ASC apoptosis-associated speck-like protein. (Cummings 2010, Linnartz-Gerlach 2014) (332, 

340).  

Another variant lies only six Mb away from the NLRP13 variant in the gene 

Sialic Acid Binding Ig Like Lectin 11 (SIGLEC11). Members of the SIGLEC family 
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of proteins are single-pass transmembrane proteins (Fig. 5-3B). They recognize 

and interact with sialic acids in the extracellular space and transmit that a signal 

in response to the cytoplasm or aid in cellular adhesion (341). Sialic acids are 

nine carbon backboned monosaccharides that are expressed on the cell surface 

of cells and soluble glycoproteins and glycolipids (342). SIGLEC11 is part of the 

CD33-related Siglecs (Siglec5-12) (343). Siglecs are often responsible for the 

Self vs. Non-Self recognition of proteins and adjust the innate immune system in 

response to recognizing foreign proteins (344). SIGLET11 appears to be a 

product of a gene duplication event resulting from SIGLET16 approximately 1-1.2 

Ma years ago (345). The expression of Siglecs is tightly controlled and often 

tissue specific. In particular, SIGLET11 is expressed in intestinal lamina propria 

macrophages, stromal fibroblasts of the ovary, microglia, and macrophages (343, 

345, 346).  

The expression of Siglecs in microglia, macrophages, and monocytes 

places them in a premier location to influence the immune system (340, 343). 

They act by recognizing extracellular sialic acids on cells or microorganisms, and 

a lack of these residues induces phagocytosis (e.g., cellular debris, pathogens) 

(347). CD-33 related Siglets signal through immunoreceptor tyrosine-based 

inhibitory motifs (ITIMs) (348). ITIMs are a conserved amino acid sequence that 

is expressed on the cytoplasmic tail of immune system receptors (349). When 

ligand activated, the ITIMs are phosphorylated by Src kinase, which then recruits 

phosphotyrosine phosphatases (PTP) such as SHP-1 and SHP-2 (348). These 

then inhibit the immunoreceptor tyrosine based activation motif (ITAM) pathway, 
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which activates the immune system through MAPK and NFkB signaling (Fig. 5-4) 

(350). The same group that found SIGLET11 expression in human microglia, 

including a novel splice variant, also showed that when expressed in murine 

microglia, SIGLET11 expression decreased expression of IL-1β, iNOS, and 

phagocytosis of antagonists such as apoptotic neurons (351).  

Based on the overlapping biological roles within the immune system, their 

expression patterns in similar cell types, and their cosegregation with CD in the 

family, we hypothesize that the two variants found within NLRP13 and SIGLET11 

contribute to the pathogenesis of the CD seen in the family by altering the 

expression or function of these proteins, affecting the expression of the NFκB, IL-

1β, and TNFα often observed with CD. To test this hypothesis, we propose the 

following series of experiments. Ideally, stable cell lines of macrophages 

previously shown to express both NLRP13 and SIGLET11, THP-1, would be 

made containing either just the NLRP13 variant, just the SIGLET11 variant, or 

both variants. These cell lines can then be exposed to the previous antagonist 

known to induce the expression of either gene. The expression of the mRNA and 

protein of both genes can then be tested in each line. Sub-sequentially, the 

mRNA and protein levels of a variety of genes such as NFκB, pro-IL-1β, IL-1β, 

SHP1, and SHP2 can be assessed to see if their response is adjusted in the 

presence of these antagonists as well. These proteins can also be evaluated in 

tissue from the proband of the recruited family. Furthermore, to identify other 

individuals with CD who may also contain a variant in either of these genes, 

NLRP13 and SIGLET11 genes can be targeted sequenced in patients with CD 
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who have undergone surgery for CD and have available tissue for analysis. Then 

the same proteins can be assayed in these tissues and compared to control 

patients who did not have variants in NLRP13 or SIGLET11 and have tissue 

available.  

 Here we have identified a family with a severe and presumed penetrant 

form of CD. We exome sequenced nine individuals, four of whom had disease, 

and identified eleven variants that matched an autosomal dominant pattern of 

inheritance. After consideration based on biological relevance, two variants 

appeared relevant to CD and were both extremely rare in the population. These 

were chr19:56423924 in NLRP13 and chr19:50463828 in SIGLET11. Further 

research needs to be done to confirm and elucidate the mechanisms through 

which these two genes may contribute to the pathogenesis of CD.  

5.5 Materials and Methods 

5.5.1 Recruitment of the affected family. The family for this study was recruited 

through The Penn State Health Inflammatory Bowel Disease Center 

biorepository. The index patient for this family was a 28 year old female who was 

recruited after undergoing surgery for her CD. The rest of the family was then 

subsequently recruited, including her two children (24 and 19) who were clinically 

diagnosed with CD, and her mother, who reported symptoms reminiscent of CD, 

although unofficially diagnosed. Blood was collected from the rest of the 

unaffected individuals as well. Genomic DNA was extracted using the 

NucleoSpin Blood L Kit (Macherey-Nagel, Cat. No. 740954.20). The patients 

were provided a written informed consent form, and the Institutional Review 
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Board of the Penn State College of Medicine approved the research (HY980057). 

The gDNA was sonicated to an average length of 260 bp, and a library was 

prepped at Hershey using the Apollo 324 NGS Library Prep System (Wafergen). 

5.5.2 Exome sequencing of the recruited family. The first round of exome 

sequencing included six individuals (I:2, II:4, II:5, II:6, III:4, III:5) and was 

performed at the University of Rochester using Nextera Exome Capture kit and 

sequenced on their HiSeq 2500 (Illumina). Subsequently, I:1 was sequenced at 

Hershey using the Nextera Rapid WES capture kit. Finally, individuals II:1 and 

II:2 were sequenced at Hershey using the XGen exome panel (IDT). The 

resulting data were processed using Genome Analysis Toolkit’s (GATK) best 

practices. 

5.6 Conclusion 

 Inflammatory Bowel Disease is often subdivided in two primary disorders, 

Ulcerative Colitis and Crohn’s disease. Both have genetic contributions, but the 

exact pathogenesis remains unclear (304). The genetics of Crohn’s disease 

came to light with the identification of associated genomic regions as early as 

1996. Since then, numerous studies have identified genes that may play a role in 

the pathogenesis of CD, such as NOD2 (285, 352, 353). However, due to the 

association of 240 genomic regions and yet only minimal reports of specific 

genes that are altered in CD suggests that another approach needs to be done to 

identify the causative variants that lead to CD (262, 263). One such method is to 

look for families in which disease recurs over multiple generations and identify 

the variants that segregate with disease.  
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A family in which a severe form of CD occurred over multiple generations 

was identified and recruited. To identify variants in the family that segregate with 

disease, we sequenced the exomes of nine members of the family through three 

generations, including four individuals with disease and five without. The analysis 

of the sequencing results found no variants using an autosomal recessive 

analysis. Using an autosomal dominant analysis, eleven variants matched the 

disease pattern.  

Out of the eleven variants identified, only two made biological sense, one 

in the gene SIGLET11, and another in the gene NLRP13. Both of these genes 

produce proteins that play a role in the innate immune system, which maintains 

very strict homeostasis throughout the body. Siglec’s are transmembrane 

proteins that recognize the presence of Self-proteins through their expression of 

sialic acids through interactions with Siglec’s extracellular portion (342). Once 

activated, Siglec’s undergo a conformation change in the intracellular part to 

either up or down-regulate the immune response, depending on the Siglec 

activated (347). NLRP’s are cytosolic proteins that recognize a variety of PAMPs 

after they have been detected by other proteins such as TLRs or Siglecs or 

phagocytosed, such as macrophages (291). Additionally, both of these proteins 

are expressed in macrophages (334, 343). These aspects give both variants 

ample mechanisms by which they can likely contribute to the pathogenesis of 

CD. 

The variants found in the family with CD that made biological sense, 

SIGLEC11 and NLRP13, are strong candidates for contributing to the CD of the 
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family. They both are involved in the NOD signaling pathway that has been 

strongly associated with CD and well researched with supporting evidence for the 

pathway with CD. These particular variants have not been further investigated 

yet, but doing so will help elucidate a possible novel pathway by which CD 

develops. Interestingly, it has been proposed that CD is a syndrome comprised 

of multiple subtypes, and the different genetic factors contributing to the disease 

result in these different subtypes (257). It is possible that familial based studies 

such as ours can elucidate these different pathways that lead to distinct subtypes 

of disease. To date, there have been very few if any similar studies and CD has 

yet to have a familial based sequencing study done to the best of our knowledge. 

The candidate genes SIGLEC11 and NLRP13 provide an exciting model 

to use to assess their functional role because the expression of both genes is 

present and high in the same tissue macrophage cell type. Therefore, the 

variants can be introduced to the cell line individually and together, and then 

assessed and challenged in a variety of ways. Downstream responses of both 

pathways involve NFκB and IL-1β signaling, among others, and can serve as a 

functional readout for the role of the genes and variants. This tool can be used to 

address some of the questions that these genes produce. Do the variants in the 

genes SIGLEC11 or NLRP13 adjust their protein expression or localization? Do 

these same variants alter downstream molecules in their pathways such as NFκB 

or IL-1β? Is the inflammasome a possible therapeutic target for both of these 

pathways and CD? 
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