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SUMMARY

This article reviews epidemiological evidence of heritability
and putative mechanisms in diverticular disease, with

greatest attention to 3 recent studies of genetic associations
with diverticular disease based on genome-wide or whole-
genome sequencing studies in large patient cohorts.

This article reviews epidemiological evidence of herita-
bility and putative mechanisms in diverticular disease,
with greatest attention to 3 recent studies of genetic as-
sociations with diverticular disease based on genome-wide
or whole-genome sequencing studies in large patient co-
horts. We provide an analysis of the biological plausibility
of the significant associations with gene variants reported
and highlight the relevance of ANO1, CPI-17 (aka
PPP1R14A), COLQ6, COL6A1, CALCB or CALCA, COL6A1, ARH-
GAP15, and S100A10 to colonic neuromuscular function and
tissue properties that may result in altered compliance and
predispose to the development of diverticular disease. Such
studies also identify candidate genes for future studies. (Cell
Mol Gastroenterol Hepatol 2020;9:15-32; https://doi.org/
10.1016/j.jcmgh.2019.07.007)
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C olonic diverticulosis is the most common finding on
screening colonoscopy in the United States,’ and the
prevalence of diverticulosis increases with age. Using na-
tional data from routine clinical colonoscopies, the preva-
lence of diverticulosis was 20% in individuals 40-49 years
of age. The prevalence increased with every age group,
reaching 75% in those 80 years of age and older." In a U.S.
colonoscopy-based study aimed at detecting diverticulosis,”
the density, size, depth and distribution of diverticula also
increased with age.

These false or pseudodiverticula are acquired with age
and form when the colonic mucosa and submucosa herniate
through vascular portals in the muscularis propria into the
subserosa.® In contrast with the United States, colonic
diverticulosis is less prevalent in African and Asian coun-
tries and, when present, is usually right-sided,”” although
left-sided diverticula are becoming more frequent as shown
in a recent report from Yokohama, Japan.® African Ameri-
cans in the United States are more likely to have right-sided
diverticulosis.”

While diverticulosis is usually an incidental finding, some
individuals with diverticulosis will go on to develop clinically
significant complications.” The complications are morbid,
sometimes fatal, and responsible for $5.5 billion dollars in
U.S. health care expenditures annually.® The 2 most common
complications of colonic diverticulosis are acute diverticulitis
and diverticular hemorrhage. Acute diverticulitis is charac-
terized by inflammation localized to a diverticulum and the
surrounding mucosa. Acute diverticulitis is usually a self-
limited event but relapses unpredictably in more than 20%
of cases.’ In some cases of acute diverticulitis, the inflam-
mation will lead to a phlegmon, abscess, bowel perforation,
or peritonitis. Rarely, acute diverticulitis will become chronic
or progress to a fistulizing or structuring disease. Chronic
gastrointestinal symptoms are common after an episode of
diverticulitis and attributed to postinflammatory visceral
hypersensitivity.''# In contrast, diverticular hemorrhage is
the result of rupture of an artery in the base or neck of a
diverticulum without associated inflammation. Diverticular
disease is a nonspecific term often used to describe diver-
ticulosis and all potential complications, but is sometimes
used to only describe the complications of diverticulosis.™
Most of the research to date has used the former. We used
the term similarly in this review. When possible, we use
more specific nomenclature (ie, diverticulosis and diverticu-
litis) because the mechanism by which colonic diverticula
form may be entirely different from the mechanism by which
diverticulitis or diverticular hemorrhage develops.'* This
review does not include discussion of symptomatic uncom-
plicated disease, a debated condition used to describe pa-
tients with diverticulosis without diverticulitis and chronic
gastrointestinal symptoms.1 L15-17

Epidemiological and Twin Studies
Support Genetic Contribution to

Diverticular Disease

Emerging evidence suggests that genes contribute to the
risk of developing colonic diverticular disease. Using data
from the Swedish Twin Registry, the odds of developing
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diverticular disease in siblings of index cases was 7-fold for
monozygotic twins and 3-fold for dizygotic twins.'® A
population-based study in Denmark found that the risk of
developing diverticular disease in siblings of index cases
was 14.5-fold for monozygotic twins, 5.5-fold for dizygotic
twins, and 3-fold for siblings.'” The risk was significantly
higher for siblings of cases with young-onset disease.
Among twins, but not siblings, there was a marked differ-
ence in risk by sex, with strong evidence for a genetic effect
in female twins, but not among male twins. Based on these 2
studies, the genetic contribution to diverticular disease is
estimated at 40%-53%.

Diverticulosis: Prevailing Hypothesis of

Fiber Deficiency Questioned

Historically, colonic diverticulosis was attributed to a
low fiber diet. In 1971, Painter and Burkitt*’ proposed that
a low fiber diet resulted in smaller volume stool while the
sigmoid colon would segment or functionally obstruct when
the diet was deficient in bulk forming fiber.2! Over time, the
colon wall was thought to “rupture” from excessive pulsion
forces with formation of diverticula.”’ The fiber hypothesis
was based on ecologic observations—diverticulosis was
rare in countries with high-fiber diets—and until recently,
had never been formally studied. The fiber hypothesis was
tested in 2 cross-sectional colonoscopy-based studies of
well-characterized individuals (demographics, diet, and
physical activity) presenting for a screening colonoscopy,
thereby avoiding selection bias. In both studies, neither di-
etary fiber intake nor constipation was associated with an
increased risk of colonic diverticulosis.”*** Measures of
association were calculated with appropriate control for
confounding variables. This work strongly challenged the
hypothesis that diverticulosis is the result of a low fiber diet
and created the space for alternative hypotheses.

Alternative Hypotheses for
Diverticulosis: Altered Tissue Integrity,
Sex Hormones, the Microbiome, and

Inflammation

Diverticula form when colonic mucosa and submucosa
herniate through the perivascular connective tissue enve-
lope that surrounds the intramural vasa recta (Figure 1).**
As such, there is potentially a role for dysfunctional con-
nective tissues, best illustrated by association of diverticu-
losis with both acquired** and inherited connective tissue
disorders including Marfan, Ehlers-Danlos, Coffin-Lowry,
and Williams syndromes, reviewed by Reichert and Lam-
mert,”® and aging (Figure 1). Dysfunctional connective tis-
sues may predispose colonic mucosa and submucosa to
herniate into the subserosa, and alter colonic compliance.
There is lower compliance of the sigmoid compared with the
transverse colon,’® which has similar compliance to the
ascending colon.”” These observations might explain the
higher prevalence of distal diverticulosis in Western pop-
ulations. Collagen accounts for mechanical stability of con-
nective tissues, and is altered in patients with a history of
recurrent diverticulitis, as a reaction to chronic
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inflammation.?®3° In diverticulosis without diverticulitis,
there is evidence for higher expression of matrix metal-
loproteinase-1 (ubiquitously expressed interstitial collage-
nase) and altered connectives tissues.*'*° While
dysfunctional connective tissues or compliance contribute
to the risk of distal diverticulosis, right-sided diverticulosis
in Asian individuals®® may suggest a genetic contribution.

Endogenous sex hormones may be associated with diver-
ticulosis risk. In a prospective study of patients undergoing
screening colonoscopy, diverticulosis was less prevalent in
premenopausal age women compared with similar aged
men.*® The prevalence of diverticulosis in men and women
was the same after 50 years of age. This finding suggests that
ovarian steroid hormones in premenopausal women may
reduce the risk of diverticulosis, potentially via favorable ef-
fects of steroid hormones on collagen or elastin.’”*® In the
same study, general obesity increased the risk of diverticulosis
in women, but not men.>® The increased risk was limited to
women before the age of 60. Premenopauseal obesity may
increase the risk of diverticulosis in women by decreasing
circulating estrogen and increasing free testosterone.*”

The development of colonic diverticulosis is unlikely to
be related to an aberrant microbiota, based on absence of
significant alterations in a careful study.*” Mucosal inflam-
mation is also unlikely to play a role; in a colonoscopy-based
study, there was no association between markers of chronic
mucosal inflammation and diverticulosis."®

Diverticulosis and Motility:
Neuromuscular Mechanisms and
Receptors

Studies utilizing full-thickness human sigmoid colons
with diverticulosis have found significant alterations in
enteric smooth muscle in noninflamed regions. Such studies
documented severely reduced spontaneous motility and
enhanced neutrally mediated sigmoid colon tissue re-
sponses,** multiple molecular alterations involved in smooth
muscle contractile functions,*” increased ratio of connective
tissue within the longitudinal muscle layer, or increased
thickness of the circular and longitudinal muscle layer,
structural alterations of smooth muscle cells, and decreased
expression of functionally relevant myofilament types.** One
study reported downregulation of 5-hydroxytryptamine re-
ceptor 4 receptors (which are involved in stimulation of
peristalsis) in colons with diverticulosis.*?

Descriptive motility studies suggested compartment
formation in sigmoid colons with diverticulosis,”"** leading
to elevated segmental pressures. These provocative studies
did not formally compare motility measurements in healthy
subjects, and may have involved selection, age or sex bias.
There are no contemporary studies of colonic motility in
patients with diverticulosis without such biases.**

Diverticulitis: Compelling Evidence that
Diet and Lifestyle Contribute to Risk

In addition to the genetic contribution described previ-
ously, there is strong evidence that age, female sex, diet, and
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Figure 1. Colonic diverticula form when mucosa and submucosa herniate through the envelope that surrounds the
intramural vasa recta; colonic dysmotility or structural weaknesses likely contribute to this pathology. Diverticular
hemorrhage is an arterial bleed in an uninflamed diverticulum, with vascular disease or structural weakness likely playing a role.
Acute diverticulitis is inflammation localized to a diverticulum and the surrounding mucosa triggered by microperforation or

bacterial translocation, or focal ischemia.

lifestyle contribute to the risk of diverticulitis.”® Similar to
diverticulosis, diverticulitis risk increases with age.*® Like-
wise, premenopausal age women are protected from
diverticulitis compared with similar-aged men.*® Unlike
diverticulosis risk, the risk of diverticulitis increases
significantly in women after the age of menopause and is
greater in women over 60 years of age compared with
similar-aged men.*® Menopausal hormone therapy increases
the risk.*” In well-characterized prospective cohort studies,
obesity, a Western diet (including low dietary fiber and high
red meat intake), physical inactivity, and smoking increase
the risk of diverticulitis.*>*®*®>? Regular use of nonste-
roidal anti-inflammatory drugs doubles the risk,>® and
chronic immunosuppression®® is also a risk factor for
diverticulitis and the more serious complications, such as
abscess and perforation.

Diverticulitis Pathophysiology:
Dysmotility, the Microbiome, and
Inflammation

Similar to diverticulosis, the etiopathogenesis of diver-
ticulitis is poorly understood. Some authors have hypothe-

sized that diverticulitis is the result of inspissated stool
eroding through the diverticular wall (Figure 1).>° It has

also been suggested that peridiverticular submucosal blood
vessels can become compromised causing local ischemia
and inflammation."* There is a theory that a narrow necked
diverticulum does not empty well and that increased
exposure time to stool facilitates translocation.'* Finally, the
fundus of the diverticulum (with only a serosal covering)
may become distended to the point of microperforation.*

There are a number of factors that may contribute to
diverticulitis pathogenesis. Dysmotility may play a role in
the pathogenesis of diverticulitis. In preliminary work, more
frequent bowel movements at baseline were associated with
diverticulitis risk.”® Studies utilizing full-thickness human
sigmoid colons electively resected for diverticular disease
(usually diverticulitis) found hypoganglionosis of the enteric
nervous system,”’ altered GDNF/Ret signaling in the
myenteric plexus,”® altered expression of the homeobox
transcription factor Phox2b>” and abnormalities in longi-
tudinal muscle relaxation.”® Recurrent diverticulitis may
induce changes in the enteric nervous system or these fac-
tors may be associated with diverticulosis pathogenesis but
not progression to diverticulitis. In a single multigenera-
tional family with early onset diverticulitis, whole exome
sequencing was performed and identified a variant in the
LAMB4 gene. This protein plays a role in the function of the
enteric nervous system.60
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If the fecalith or distended diverticulum hypotheses are
true, dysfunctional connective tissues may not only predis-
pose to diverticulosis pathogenesis, but may also contribute
to diverticulitis. In diverticulitis, there is evidence for diffuse
alterations in concentrations of matrix metalloproteinases
and tissue inhibitors of metalloproteinases®" and elastosis.®*
Because connective tissue is changed by chronic inflamma-
tion, it is difficult to determine whether these changes
occurred before the development of diverticulitis.

The gut microbiome may play a role in the pathogenesis
of diverticulitis."*®® Gut dysbiosis is associated with
mucosal barrier defects and local immune dysfunction and
these derangements may contribute to the mucosal
inflammation of diverticulitis. This hypothesis is based on
evidence that aging, smoking, obesity, a Western diet, and
physical inactivity are associated with dysbiosis and diver-
ticulitis risk. Antibiotics use also leads to an unbalanced
microbial community, and there are preliminary data that
chronic antibiotic use is associated with developing diver-
ticulitis.®* Previous studies of the microbiome in patients
with diverticulitis are based on small cohorts that assessed
the microbiome after diagnosis and antibiotic exposure,
which may cause dysbiosis.”” ®® Because the majority of
individuals with diverticulosis have multiple colonic diver-
ticula and diverticulitis is a focal disease, the contribution of
dysbiosis is likely in addition to other factors. The gut
microbiome is modifiable, which makes understanding how
the microbiota contributes to the inflammatory cascade of
diverticulitis an important next step in understanding
diverticulitis pathogenesis.

Chronic inflammation is suspected to contribute to
diverticulitis risk based on the evidence that obesity, a
Western diet, and physical inactivity are risk factors.'?
Likewise, statins reduce the risk, albeit this evidence is
limited.®® There is preliminary evidence that plasma levels
of inflammatory (C-reactive protein and interleukin-6) bio-
markers are elevated before a diagnosis of diverticulitis,
which more directly supports a role for chronic, systemic
inflammation.”’ There are multiple inflammatory pathways
that could plausibly increase the risk of diverticulitis.
Several trials of anti-inflammatory and immunosuppressive
drugs for inflammatory bowel disease did not reduce the
risk of recurrent disease, which suggests that these diseases
do not share a common inflammatory pathway.’ Addition-
ally, corticosteroids and nonsteroidal anti-inflammatory
drugs increase, not decrease, diverticulitis risk.

Chronic inflammation plays a role in cardiovascular
disease. Diverticulitis and cardiovascular disease share
several risk factors including obesity, physical inactivity, a
Western diet, smoking, and chronic corticosteroid use, and
among women, being postmenopausal. In a large
population-based study, incident diverticular disease was
associated with development of acute myocardial infarction,
stroke, venous thromboembolism, and subarachnoid hem-
orrhage. This risk remained even after excluding the first
year of follow-up.”* This study raises the question of
whether vascular disease contributes to diverticulitis risk
similar to heart disease. Given the shared risk, factors this is
a feasible hypothesis.
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Diverticular Hemorrhage:
Pathophysiology and Epidemiology

The second-most-common complication of colonic
diverticulosis is diverticular hemorrhage, an arterial bleed
from the base or neck of an uninflamed diverticulum.
Diverticular hemorrhage is the most common cause of lower
gastrointestinal bleeding, but is difficult to diagnosis and is
most commonly a presumed diagnosis, making research
difficult.”* Diverticula proximal to the splenic flexure are
more likely to bleed compared with diverticula in the
descending and sigmoid colon."* Some authors have hy-
pothesized that diverticular hemorrhage is the result of
inspissated stool causing trauma (Figure 1)."* Mechanical
vulnerability has also been proposed.'* Diverticular hem-
orrhage is most common in U.S. adults over 60 years of age
and African Americans.”® Obesity, physical inactivity, hy-
pertension, diabetes, and vascular disease increase the
risk.”">?7* Regular use of nonsteroidal anti-inflammatory
drugs is also a risk factor.”” Recurrent hemorrhage is
common with 15% risk recurrence in 5-year follow-up.”®

Multiple Genetic Association Studies
Identify Possible Loci

Genome-wide association studies (GWASs) aimed at
discovery of variants associated with diverticular disease
have implicated several novel genes. These studies are
summarized in Table 1, which provides information at the
discovery and replication stages. To date, at least 35 loci are
associated with diverticular disease. In contrast with other
works,”””® the tumor necrosis superfamily 15 gene was not
identified in GWASs.

Biological Plausibility of Suggested
Gene Variants in Diverticular Disease

Given the identification of these genetic loci (Table 2),
we have evaluated the biological plausibility of a role in
development of diverticular disease, based on the actions of
the genes themselves and the impact of the gene variants.
The reported variants can be classified into 5 groups
(Table 2) based on association with altered smooth muscle
or nerve functions, connective tissue function, possible as-
sociation with other bowel functions (eg, epithelial or im-
mune), biological or clinical relevance unrelated to bowel
function, and uncharacterized single nucleotide poly-
morphisms (SNPs) or unnamed single nucleotide variants
(SNVs) of unclear biological or clinical significance.

Among gene variants associated with altered smooth
muscle or nerve functions, the prime candidates of interest
appear to be ANO1, CPI-17 (aka PPP1R14A), COLQ6, COL6A1,
and CALCB or CALCA. Thus, ANO1 influences Ca®*-activated
Cl- channels in the pacemaker ICCs, downregulation of CPI-
17 causes sustained muscle contraction, and down-
regulation of COLQ reduces acetyl cholinesterase. PZRY12
and CALCB or CALCA affect afferent nerves, microglia, or
calcium balance, and may indirectly affect neuromuscular
function. Other genes, COL6A1, ARHGAP15, and S100A10,
potentially impact the structure, tensile strength, or



Table 1.Extensive Genome Studies of Association Diverticular Diseases

Discovery Stage Replication Stage Combined Analysis
Genome-Wide Genome-Wide Genome-Wide
Population Sample Size Significant Loci Population Sample Size Significant Loci Significant Loci Reference
Icelandic 5426 cases diverticular 3 Danish National 5970 cases diverticular 3 3 88
population disease’ Biobank disease”
2764 cases diverticulitis® 3020 controls
245,951 controls
UK Biobank 27,444 cases diverticular 40 Michigan Genomics 1854 cases diverticulosis” 8 NA 89
disease® Initiative 718 cases diverticulitis
382,284 controls 28,649 controls
UK Biobank 31,964 cases diverticular 48 Germany, Austria, 3893 cases diverticular 27 35 (meta-analysis 85
disease® Lithuania, and disease’ using Michigan
419,135 controls Sweden 2829 diverticula-free data from ref. 89)
controls

@Diverticular disease included individuals with diverticulosis and any potential complication. Cases of diverticular disease were defined as an individual with an International
Classification of Diseases-Ninth Revision (ICD-9) code 562.1-2 or International Classification of Diseases-Tenth Revision (ICD-10) code K57.2-9. Patients who came to the
hospital for diverticulitis complications or if the diagnosis was coupled to a resection of the left colon or sigmoid colon were classified as diverticulitis.

bDiverticular disease included individuals with diverticulosis and any potential complication. Cases were defined as an ICD-9 code 562.1-2 or ICD-10 code K57.2-9.
“Diverticular disease included individuals with diverticulosis and any potential complication. Cases were defined as an individual with any ICD-10 K57 code.
9Diverticulosis cases were defined by individuals with ICD-9 562.10 or 562.12 code. Diverticulitis cases were defined by individuals with an ICD-9 562.11 or 562.13 code.

“Diverticular disease included individuals with diverticulosis and any potential complication. Defined as an individual with an ICD-9 code 562 or ICD-10 K57 in the UK
Biobank dataset for primary, secondary, and self-reported diverticular disease diagnosis.

"Diverticular disease included individuals with diverticulosis and any potential complication. The German and Lithuanian samples were phenotyped by review of colo-
noscopy reports, hospital admissions, and ambulatory clinic records to identify cases with diverticulosis and diverticulitis, and diverticula-free controls. The Austrian
samples were phenotyped by review of colonoscopy and clinical data. The Swedish samples were phenotyped based on colonoscopy reports to identify cases with o
without diverticulosis.
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Table 2.Functions of Gene Variants Associated with Diverticulosis, Diverticular Disease, or Diverticulitis

Associations Mechanistic
With Colon Effects Discovery Mechanism
Nearest Gene Full Name Functions of Genes SNP/SNV Functions of Variants Reference(s)  Reference(s)
Gene variants associated with altered smooth muscle or nerve function
FADD or ANO1 FADD = Fas associated via  FADD associated with colon cancer rs875107 DD and D-osis (89); Intronic SNP of UNCS; 85,89 90-92
death domain; and Crohn’s disease; ANOT related rs72945112 DD (85) ANOT Influences Ca2*-
ANO1 = Anoctamin 1, aka to gastrointestinal pacemaker Hirschsprung disease activated CI” channel
trans-membrane protein activity and functional in epithelia and ICCs
16A (TMEM16A) constipation
ARHGAP15 Rho GTPase activating Negative regulator of neutrophil rs4662344 DD (85,88) Intronic SNP of UNCS; 85,88 93-95
protein 15 functions; affects the architecture Hirschsprung in Overexpression 96
and function of hippocampal Mowat-Wilson results in an increase 97
inhibitory neurons and causes syndrome in actin stress fibers
cognitive deficits and cell contraction
rs6734367 DD and D-osis (89) Intronic SNP of UNCS 89
COLQ or COOH-terminal collagen Q; Collagen-like tail subunit of asymmetric rs7609897 DD (88) COLQ affects 85,88,89 98
METTL6 Methyltransferase like 6 acetyl-cholinesterase; controls DD and D-itis both acetylcholinesterase; 99
postsynaptic differentiation at borderline Congenital 100
neuromuscular junction significant (89) myasthenic 101
DD (85) syndrome
PPP1R14A protein phosphatase 1 CPI-17 is a phosphorylation-dependent rs11667256 DD and D-osis SNP of UNCS; however, 85,89 102-104
(aka CPI-17)  regulatory inhibitor subunit inhibitory protein for smooth muscle borderline mutations in SPINT2
or SPINT2 14A or serine peptidase myosin phosphate (including colon); significant (89) result in congenital
inhibitor, Kunitz type 2 Downregulation of CPI-17 DD (85) sodium diarrhea
expression causes sustained
contraction in colonic muscle; CPI-
17 may cause reduced contraction in
aging rat colon
P2RY12 purinergic receptor P2Y12 Critical role in platelet function and rs3732760 DD (85) Intronic SNP of UNCS; 85 105
microglia neuronal function or
106
CALCB, or calcitonin related polypeptide Afferent nerve function and calcium rs575909118 D-itis > D-osis (85) SNVs of UNCS 85 107
CALCA beta balance, vasodilators with signaling or
mechanisms in vascular 12293535
endothelium and smooth muscle or 12293178
COL6A1 collagen type VI alpha 1 chain Association with muscular dystrophies/ rs7281388 DD (85) Intronic SNP of UNCS; a 85 108-112
myopathies and ossification of COL6A1 mechanism 113
ligaments; Collagen VI regulates associated with 114

peripheral nerve myelination and
function;

Lack of collagen VI promotes
neurodegeneration

Hirschsprung disease
by interfering with
colonization of the
bowel by enteric
neural crest cells
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Table 2.Continued

Associations Mechanistic
With Colon Effects Discovery Mechanism
Nearest Gene Full Name Functions of Genes SNP/SNV Functions of Variants Reference(s)  Reference(s)
Gene variants with conceivable associations with other bowel functions (eg, epithelial or immune)
PHGR1 or PHGR1 proline, histidine and  Epithelial dysfunction, high rs71472433 D-itis > D-osis (85) Intronic SNP of UNCS; 85 115
DISP2 glycine rich 1 or DISP2 expression in colon and
dispatched RND small intestine
transporter family member
2
ABO ABO, « 1-3-N- Gene encodes proteins related to rs582094 DD and D-itis (89) Intronic SNP of UNCS 85,89 116
acetylgalactosaminyl- blood group system, ABO; DD (85)
transferase Expression in colon, small bowel
and « 1-3 galactosyl-
transferase
Gene variants associated with altered connective tissue
S100A10 S100 calcium binding protein Regulates the remodeling of the rs61814883 D-itis > D-osis (85) Intronic SNP of UNCS; 85 117
A10 extracellular matrix
BMPR1B bone morphogenetic protein  Protects neurons against kainic acid-  rs1544387 DD and D-itis (89); Intronic SNP of UNCS; 85,89 118
receptor type1B induced neurodegeneration DD (85) 119
ELN or LIMK1 Elastin gene and LIMK1 Extracellular matrix protein responsible rs3823878 DD and D-osis (89) Intronic SNP of UNCS; 85,89 69
(ELASTIN) LIM domain for arterial resilience and skin DD (85); abnormalities
kinase 1 integrity; Associated with aneurysms in longitudinal
(eg, Marfan) and cutis laxa muscle relaxation
and content of
elastin in
uncomplicated DD
EFEMP1 Epidermal growth factor- extracellular matrix protein associated rs1802575 DD (89) Not found in gene, 85 120
containing fibulin-like inguinal hernias and varicose veins, genome, OMIM, or
extracellular matrix carpal tunnel syndrome, and biliary PubMed databases
protein 1 atresia; association with risk of
glioma in Chinese
Gene variants with biological or clinical relevance, but unrelated to bowel functions
SLC35F3 solute carrier family 35 Gene involved in hypertension and rs43333882 DD and D-osis (89) Intronic SNV of UNCS 85,89 121
member F3 thiamine transport DD (85)
GPR158 G protein—coupled receptor ~ Gene involved in cognition rs7086249 DD and D-itis (89) Intronic SNV of UNCS 85,89 122
158 DD (85) 123

associated with
obesity in Pima
Indians
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Table 2.Continued

Associations Mechanistic
With Colon Effects Discovery Mechanism
Nearest Gene Full Name Functions of Genes SNP/SNV Functions of Variants Reference(s)  Reference(s)
FAM155A family with sequence similarity Mainly expressed in hypothalamus rs67153654 DD (88) Intronic SNP of UNCS 85,88 124,125
155 member A and pituitary gland with low rs9555371 D-itis > D-osis (85)
expression in colon rs9520344
rs11619840 DD and D-osis (89) Intronic SNP of UNCS 89
rs9520339 DD (85) Intronic SNP of UNCS 85
SHFM1 or SHFM1 split hand/foot CLSTN2 with human memory, rs3113037 DD and D-osis (89) Upstream variant 85,89 126,127
CLSTN2 malformation (ectrodactyly) Alzheimer’s disease, neural 128
type 1; CLSTN2 calsyntenin  development
2
CTAGE1 cutaneous T-cell lymphoma-  Expression of CTAGE-1 restricted to  rs9960286 DD (85) Intergenic; SNP of UNCS 85 129
associated antigen 1 normal testis or most tumors
GTPBP1 GTP binding protein 1 Upregulated by interferon gamma and rs138699 DD and D-osis (89) Intronic SNP of UNCS 89 130
encodes a protein that is a member
of the AGP11/GTPBP1 family of
GTP-binding proteins
ISL2 or ETFA or ISL2 ISL LIM homeobox2; ISL2 transcription factor essential for  rs2056544 DD borderline Intronic SNP of UNCS; 85,89 131,132
SCAPER ETFA electron transfer motor neuron development; rs10519134 significant (85);
flavoprotein subunit «; SCAPER involved in cell cycle DD and D-osis (89)
SCAPER S-phase cyclin A progression ETFA variant:
associated protein in the susceptibility to
Endoplasmic Reticulum glioma; SCAPER
variant: Bardet-Bied|
syndrome, retinitis
pigmentosa,
Parkinson’s
TNRC6B trinucleotide repeat containing Involved in RNA interference machinery; rs5995842 DD (85) Intronic SNP of UNCS; 85 133
adaptor 6B Associated with prostate cancer,
leiomyoma
SNX24 sorting nexin 24 Involved in endocytosis and protein rs34126945 DD (85) Intronic SNP of UNCS; 85 134
trafficking;
Gene variant associated with coronary
aneurysm in Kawasaki disease
C1QTNF7 (aka C1qand tumor necrosis factor- Gene related to adiponectin gene and rs4515160 DD (85) Intronic SNP of UNCS; 85 135,136
CTRP?) a-related protein 7 induces AMP-activated protein variants in C1QTNF7
kinase phosphorylation, increased gene associated with
glycogen accumulation, and fatty conduct disorder in
acid oxidation childhood
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Table 2.Continued

Associations Mechanistic
With Colon Effects Discovery Mechanism
Nearest Gene Full Name Functions of Genes SNP/SNV Functions of Variants Reference(s)  Reference(s)
PIAS1 protein inhibitor of activated  Protein inhibitor of activated STAT rs387505 DD (85) Intergenic; SNP of UNCS 85 137
STAT 1 proteins are multifunctional nuclear
proteins operating in immune
system; Associated with
Huntington’s and other
neurodegenerative disorders
HLX H2.0 like homeobox Involved in hematopoiesis and fetal rs2784255 DD (85) Intergenic; SNP of UNCS 85 138-140
growth;
Candidate gene for anomalies
associated with congenital
diaphragmatic hernia, short bowel,
and asplenia or childhood asthma
FBXL13 or FAM FBXL13 F-box and leucine rich Possible association with success at  rs10257317 DD (85) Intronic SNP of UNCS; 85 141
185A repeat protein 13; FAM smoking cessation
185A family with sequence
similarity 185 member A
LINCO1082 long intergenic non-protein Associated with alveolar capillary rs2280028 DD (85) (borderline) Intergenic (downstream); 85 142
coding RNA 1082 dysplasia SNP of UNCS
DISP2 dispatched RND transporter ~ Described in drosophila, zebrafish and rs71472433 DD (85) (borderline) Intronic SNP of UNCS 85 143
family member 2 gastric cancer
CACNB2 calcium voltage-gated channel CACNB2 is 1 of 4 homologous genes rs1888693 DD (85) (borderline) Intronic SNP of UNCS 85 144
auxiliary subunit beta 2 coding for the auxiliary Cavg
subunits, which are important
modulators of the Ca®* channel
activity;
CACNB2 gene linked to 5 mental, 3
cardiovascular diseases
NOV Nephroblastoma NOV encodes a secreted cysteine- rs60869342 rs1381335 DD (89) rs60869342:SNV 85,89
overexpressed gene enriched multimodular protein that of UNCS
acts as a localized multivalent signal rs1381335 Not
integrator; highly expressed in the found in
nervous system, especially in the gene,
spinal cord and in the dorsal root genome,
ganglion during development OMIM, or
PubMed
databases
EDEM 1 ER-degradation-enhancing EDEM 1 associated with the rs7624168 DD (85) Intergenic SNV of UNCS 85,89 145
alpha-mannosidase-like development of hepatocellular
protein-1 carcinoma
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Table 2.Continued

Associations Mechanistic
With Colon Effects Discovery Mechanism
Nearest Gene Full Name Functions of Genes SNP/SNV Functions of Variants Reference(s)  Reference(s)
LYPLAL1-AS1 lysophospholipase like 1 Association with hypertension, obesity rs61823192 DD (89) Not found in gene, 85
antisense RNA 1 and nonalcoholic fatty liver disease genome, OMIM, or
PubMed databases
SLC25A28 solute carrier family 25 nuclear-encoded transporters rs7098322 DD (89) Not found in gene, 85 146
member 28 embedded in the inner mitochondrial genome, OMIM, or
membrane (specifically mitoferrin 2 PubMed databases
which is ubiquitous (heart, liver,
kidney
SLC4A1 solute carrier family 4 Associated with renal tubular acidosis rs8074740 DD (85) Intergenic SNV of UNCS 85 147
member 1 and RBC senescence
cweaz spliceosome associated Associated with retinal degeneration, rs10471645 DD (85,89) Intronic SNV of UNCS 85 148
cyclophilin brachydactyly, craniofacial
abnormalities, short stature, and
neurological defects
Uncharacterized SNPs or unnamed SNVs of unclear biological or clinical significance
LOC101927314 Uncharacterized rs4839715 DD (Euro) (borderline)  Intronic SNP of UNCS; 85
unnamed rs11619840 DD and D-osis Intronic SNV of UNCS 89
unnamed rs72945112 DD and D-osis SNV of UNCS 89
unnamed rs10519134 DD and D-osis Intronic SNV of UNCS 89

D-itis, diverticulitis; D-osis, diverticulosis; DD, diverticular disease; ICC, interstitial cells of Cajal; OMIM, Online Mendelian Inheritance in Man; RBC, red blood cell; SNP,

single nucleotide polymorphism; SNV, single nucleotide variant; UNCS, unknown clinical significance.
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biomechanical properties of the colon. Despite their bio-
logical plausibility, the SNPs or SNVs themselves are mostly
intronic and are of unclear clinical significance.

Because diverticular disease is a heterogeneous
grouping, the relative genetic effect of 27 replicating loci on
diverticulitis vs diverticulosis risk was assessed in the Eu-
ropean cohort of the Schafmayer et al study. Four loci
showed stronger effects for diverticulitis compared with
diverticulosis (PHGR1, FAM155A-2, CALCB, and S100A10).
Again, the gene CALCB is associated with afferent nerve
function and calcium balance, which supports a role for
dysmotility in diverticulitis pathogenesis. The gene S100410
regulates the remodeling of the extracellular matrix, which
also suggests dysmotility or potentially structural weakness
in the diverticulum leading to diverticulitis. The gene PHGR1
may conceivably increase risk of diverticulitis as it causes
epithelial dysfunction and could conceivably increase the
likelihood of bacterial penetration to induce inflammation.

Of note, with rare exception (FADD) there was little
overlap with genes associated with inflammatory bowel
disease. Specifically, the genetic studies in diverticulosis and
diverticulitis have not identified associations with HLA
genes, or genes involved in regulation of innate or adaptive
immune responses, defense responses, or responses to bi-
otic stimuli or organisms, which have been described as
factors determining susceptibility or outcome in patients
with Crohn’s disease.”” Similarly, there was no overlap with
38 susceptibility loci for inflammatory bowel disease iden-
tified across populations.®’

Diverticular hemorrhage is the result of an arterial
rupture in the base or neck of a diverticulum. While less
frequent than diverticulitis, cases of diverticular hemor-
rhage would have been captured under the umbrella of
diverticula disease in the GWASs described here. There are
several genes in the GWASs that could be implicated in the
pathogenesis of diverticular hemorrhage. The genes ELN,
BMPR1B, and EFEMP1 are associated with connective tis-
sue function, and laxity in a diverticulum may predispose
to shearing of the culprit artery. There are also several
genes associated with vascular disease. The ABO gene en-
codes proteins related to the ABO blood group system. In
addition to red blood cells, ABO carbohydrates are
expressed on the surface of many tissues and cells,
including epithelial cells, sensory neurons, platelets, and
vascular epithelium, and are associated with risk of
thrombosis and hemorrhage.”’ ABO antigens and blood
group type has been associated with risk of gastrointes-
tinal bleeding.®” While P2RY12 has a role in neural devel-
opment, this gene also has a role in platelet function, which
may impact hemorrhage risk. CALCB has a role in vascular
endothelium, SLC35F3 in hypertension, and CACNBZ in Ca
(24)-channel activity. If the hypothesis that vascular dis-
ease drives diverticulitis risk is true, these same genes may
play a role in diverticulitis. However, the mechanism
whereby a vascular mechanism results in diverticulosis is
still unclear.

While the approach used in our appraisal of the genetic
associations with diverticular disease have been based on
prior biological knowledge, there are algorithms and tools
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for inferring and scoring regulator networks upstream of
gene-expression data (eg, based on large-scale causal
network derived from the Ingenuity Knowledge Base) or to
predict downstream effects on biological functions and
diseases, within Ingenuity Pathway Analysis (http://www.
ingenuity.com). Thus, causal analytics tools are available
to appraise upstream regulator analysis, mechanistic net-
works, causal network analysis, and downstream effects
analysis.”” However, the pathway analysis is usually applied
to tissue gene expression or transcriptomics and may
identify tissue processes such as inflammation and immune
response, cytokine signaling, cellular growth, and movement
in addition to processes more directly related to specific
functions such as nerve regeneration following nerve
injury.84

Schafmayer et al®® used 2 gene set and pathway analysis
approaches (MsigDB)*° and VEGAS2Pathway®’ to deter-
mine if the polygenic signal measured in the diverticular
disease associated genes clustered in specific biological
pathways. VEGASZPathway analysis pointed to processes
involved in cell and organ differentiation and extracellular
matrix among the top 5 identified pathways: negative
regulation of cell differentiation, extracellular matrix, nega-
tive regulation of developmental process, muscle organ
development, and regulation of cell differentiation. These
relatively nonspecific pathways contrast with the identified
individual genes that affect neuromuscular mechanisms or
connective tissue in the study by Schafmayer et al®® such as
ANO1 (intestinal motility), COL6A1/A2 (connective tissue),
and GDNF and BDNF (neurotrophic factors). These are all
mechanisms that are plausibly related to the development of
diverticular disease.

Future Research

This analysis provides insights into the genes and
mechanisms that might be prioritized for further mecha-
nistic, phenotypic measurements (eg, colonic diameter,
transit, pressures, and compliance), as well as association
studies with gene variants that are more closely aligned to
colonic function. Such hypothesis-based research would
require smaller sample size and should ascertain the con-
tributions of abnormal motor physiology and genetics to the
development and natural history of diverticular disease.
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