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Abstract

A single layer of intestinal epithelial cells (IECs) protects underlying
tissues from contents of the intestinal lumen and is composed of differentiated
cells at the luminal surface, and non-differentiated, crypt structures embedded in
the submucosa. Due to the harsh environment of the intestinal lumen,
differentiated IECs are routinely lost through damage or controlled cell death. To
maintain barrier integrity, [IECs must be rapidly replaced by proliferating cells
within the crypts. The primary driver for this proliferation is the Wnt/p-catenin
signaling pathway. -catenin is a transcriptional co-activator that activates gene
expression through interaction with the TCF/LEF family of sequence specific
transcription factors. Crohn’s disease (CD) is one subtype of inflammatory bowel
disease (IBD), a recrudescent and chronic inflammatory disease of the
gastrointestinal (GI) tract. Through genome-wide association studies (GWANS),
over 200 single nucleotide polymorphisms (SNPs) have been linked with
predisposition for developing IBD. As the vast majority of these SNPs are
intergenic, how these variants are associated with disease predisposition, and the
relevant target genes impacted, represent significant gaps in knowledge in the IBD
research community. We investigated one such CD-associated SNP, rs6651252,
which maps to a gene desert on chromosome 8. Work presented within this
dissertation demonstrate that rs6651252 resides within a novel Wnt responsive
DNA enhancer element (WRE), and that the disease associated allele enhances
binding of the TCF7L2 transcription factor to this region of DNA. Using CRISPR-

mediated genomic editing and epigenetic modulation, we found that the
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rs6651252-enhancer regulates expression of the c-MYC proto-oncogene (MYC).
Furthermore, in patient-derived intestinal tissue, we saw a positive correlation
between MYC transcript levels and the presence of rs6651252 disease-associated
allele. These results suggest one mechanism by which Wnt/MYC signaling
contributes to CD pathogenesis. Furthermore, our findings suggest patients with
the disease-associated allele may benefit from therapies that target MYC, or its

downstream target genes.
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Chapter 1 Literature review



Gastrointestinal tract

Organ function and organization

The gastrointestinal (GI) tract is responsible for digesting food, extracting
nutrients, absorbing water and expelling solid waste matter (1). As the core of the
digestive system, the GI tract forms a continuous tube that encompasses all
connected organs between the mouth and the anus. The GI tract comprises the
mouth, esophagus, stomach, small and large intestines, the rectum and anus (Fig.
1). The esophagus transports ingested food material into the stomach. The stomach
contains a low pH environment due to the constant secretion of acid, and releases
several enzymes to facilitate food breakdown (1). At the pylorus, or the base of the
stomach, a pyloric sphincter controls flow of digested food and stomach juices
into the small intestines. The small intestine is divided into the duodenum, which
connects to the stomach, the jejunum and the ileum. Enzymes found in the
pancreas are secreted into the small intestine to facilitate digestion (1, 2). In
addition, bile secreted by the liver and stored in the gallbladder, further facilitates
food breakdown in the small intestines. The terminal ileum of the small intestine
connects to the large intestine, or colon, in the lower right quadrant of the
abdomen. The right colon, or ascending colon, extends upwards towards the
ribcage and across the abdomen in a section called the transverse colon. The
descending colon, or left colon, projects downwards to the sigmoid colon. Finally,
the sigmoid colon connects to the rectum and anus. Whereas the primary function
of the small intestine is food digestion and nutrient absorption, the colon serves

mainly to absorb water and to compact stool.
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Figure 1-1. Diagram of the human gastrointestinal tract. Food enters the mouth
and travels through the esophagus to the stomach. Following stomach emptying, it
passes through the small and large intestines. Compacted stool is expelled through
the anus. Also shown are organs of the digestive system including the liver
(brown), pancreas (yellow) and gallbladder (green), which provide enzymes to the
small intestines to facilitate food breakdown. Figure created with BioRender.com.



A single layer of epithelial cells line both the small intestine and colon (3).
In the small intestine, this layer is arranged into ~1.0 mm long finger-like
projections reaching into the lumen, known as villi. Millions of these villi increase
the surface area of the small intestines approximately 6.5-fold to better facilitate
nutrient absorption (4). In contrast, the colonic epithelium is smooth at the luminal
surface to support its primary function to compact stool and reabsorb water.
Additionally, in the small intestines and colon, the intestinal epithelium provides a
physical barrier separating the underlying tissue from the microbiome and noxious

contents of the lumen (2).

Organization and cellularity of the intestines

The intestinal epithelium is arranged into distinct zones of proliferative and
differentiated intestinal epithelial cells (IECs)(3)(Fig. 1-2). In the small intestines,
differentiated cells form the villi, while proliferative cells are found within
invaginations embedded in the submucosa, known as crypts of Lieberkiihn (3). In
the colon, villi are absent and differentiated cells are instead located in the top half
of the crypts, and across the top of the epithelium. The most abundant
differentiated IECs are the enterocytes, (referred to as colonocytes in the colon).
These cells are primarily responsible for absorbing water, metabolites and
nutrients, but also play a role in sensing and responding to the microbiota (5, 6).
To facilitate these roles, the apical side of each enterocyte is covered in smaller
tendril-like projections called microvilli that further enhance the surface area of

the intestines for absorption (4). In the large and small bowel, differentiated
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Figure 1-2. Organization of the intestinal epithelium. A single layer of IECs protects the submucosa from the contents of the intestinal
lumen, and is composed of differentiated cells nearest the lumen, and non-differentiated, proliferative crypts. The IECs are separated
from the microbiome through a thick mucus layer secreted by goblet cells. Goblet cells, other members of the secretory lineage, and
the absorptive lineage are derived from LGR5+ stem cells at the base of the crypts. Figure created with BioRender.com.



enteroendocrine cells sense nutrients and secrete hormones to facilitate the
digestive process. Paneth cells are found only in the small intestines and release
anti-microbial peptides (7). Goblet cells are abundant in the colon and secrete a
layer of mucus that protects the IECs and assists the passage of stool in the large
intestines (8). Of all IECs, the two rarest and most poorly understood are the tuft
and M cells. Derived from the secretory lineage, Tuft cells compose ~0.4% of
IECs, but lack specific molecular markers making determining their function a
challenge (9). However, it appears these cells play a role in immune signaling
through secretion of IL-25 (10). Like the rest of the IECs, tuft cells are derived
from the proliferative cells of the crypt, though express a more unique appearance,
as cylindrical epithelial cells with apical microvilli (9, 10). A final absorptive cell
type, M cells, fill an important role as an intermediary between the lumen and
submucosal immune cells by delivering foreign luminal material to lymphoid
tissues (11).

Due to the harsh environment of the GI lumen, differentiated IECs are
routinely lost due to either damage or controlled cell death. To maintain the
integrity of the IEC barrier, these cells must be rapidly replaced. In fact, the entire
IEC layer is replaced every 5-6 days, making the intestines one of the most
proliferative and regenerative organs in the body (3, 12). The replacement IECs
are derived from intestinal stem cells (ISC) residing at the base of the intestinal
crypts. Found in both the small and large intestines, the crypts provide protection
from chemical and mechanical stress, and house a diverse and complex

proliferative niche (13). Residing at the bottom of these crypts are crypt base



columnar cells (CBC) which serve as the main stem cell (SC) population (14, 15).
Also known as LGR5" SCs, CBC cells express the leucine-rich repeat-containing
G-protein-coupled receptor 5 (LGRS), an R-spondin receptor critical for their
function as SCs (15). In response to extracellular ligands, CBCs rapidly proliferate
and produce daughter cells. These cells renew the SC population, and push
daughter cells up the crypt axis towards the lumen where they will selectively
transition into transit-amplifying (TA) progenitor cells (3). As they migrate away
from the crypts, cell signaling dictates terminal differentiation into IECs of the
secretory and absorptive lineages (3). This process gives rise to another SC type in
the crypt, the quiescent +4 SC, named after its location in the crypt as
approximately four cells up from its base (16). Unlike other cells produced by the
TA cells, the quiescent SC, along with the Paneth cells, migrate down to reside
near the base of the crypt (3). At the base of the crypts, Paneth cells, CBCs and
LGRS5" cells play integral roles in maintaining homeostasis of the entire IEC
barrier. The Wnt signaling pathway plays a critical role in driving proliferation of

the SC niche.

Wnt signaling

Canonical Wnt signaling pathway

Wnt is a family of highly evolutionarily conserved ligands that function to
stimulate cell growth and proliferation (17). Their discovery in mammals stemmed
from work in the lab of Harold Varmus, who identified /n¢/ (for, integration site
1) while searching for breast cancer oncogenes caused by modeling disease

through integration of mouse mammary tumor virus (MMTYV) (18, 19). Genetic



mapping studies eventually identified /nt/ as an ortholog of the Drosophila
wingless (w/) gene discovered a decade earlier (20, 21). Through a mnemonic
portmanteau, /nt! was renamed Wntl, and wi-related genes were renamed as other
members of the Wnt family (22). Deletion experiments of mammalian Wnt genes
in mice revealed developmental defects (e.g., Wntl (23), Wnt3a (24) Wnt4 (25)),
much like the developmental phenotype of w/ deletion in Drosophila (26).
Together, the body of literature surrounding Wnts illustrates the importance of
Wnt signaling in development across the animal kingdom.

Specifically, Wnt ligands are secreted glycoproteins that act in a short-
range fashion, influencing cells neighboring those that are secreting the ligand (7).
The Wnt family is composed of 19 Wnt genes in mammals, each of which
produces a single Wnt protein (13, 27). The downstream outcome of each Wnt is
determined by a complex signal transduction cascade that influences one of three
pathways: the non-canonical Wnt/calcium signaling, cell-polarity, and the
canonical Wnt/B-catenin (13, 28). All three pathways begin with the binding of a
Whnt ligand to a heterodimeric receptor complex composed of a frizzled (FZD)
receptor and low-density lipoprotein (LDL) receptor related 5 or 6 (LRP5/6).
Downstream from FZD/LRP, the scaffold protein, Disheveled (Dvl), provides
signal specificity to each of the Wnt pathways. In the context of binding the FZD
receptor, there is limited functional selectivity between the various Wnt ligands
and receptors, allowing for activation from different upstream pathways (29).

However, the Wnt/B-catenin pathway differs from the noncanonical pathways



through its reliance on a primary regulator, B-catenin (B-cat), to transduce a
nuclear gene expression response (13, 28).

[B-cat is a transcriptional co-activator that drives gene expression through
interaction with the T-cell factor/lymphoid enhancer factor (TCF/LEF; hereafter
TCF) family of sequence specific transcription factors (30-32). In the absence of
Wnt ligand, -cat associates with a multi-protein “destruction complex” within the
cytoplasm (Fig. 1-3). Here, adenomatous polyposis coli (APC) and axis inhibition
protein 1 and 2 (AXIN1/2) serve as scaffolding proteins, and bind -cat (13, 33).
Also found associated within the destruction complex are the kinases, casein
kinase 1 (CK1) and glycogen synthase kinase 3 beta (GSK3f). APC and AXIN1/2
position these kinases in close proximity to 3-cat. CK1 phosphorylates [3-cat at its
Ser45 residue, followed by GSK3-mediated phosphorylation at Thr41, Ser37 and
Ser33 residues (34). Phosphorylated B-cat is then bound by and subjected to -
transducin-repeat-containing protein (B-TrCP)-mediated ubiquitination, and
subsequent proteasomal degradation (35, 36). This maintains a low level of
cytoplasmic -cat, and repression of downstream signaling. In the absence of Wnt,
TCF binds Wnt-responsive DNA regulatory elements (termed WREs) and recruits
Groucho/histone deacetylase complexes, to repress target gene expression (27, 37,
38).

Conversely, when Wnt is present, it binds the FZD receptor and its co-
receptor, LRP5/6 (13, 27). The cytoplasmic tail of LRP is phosphorylated by
several kinases, including GSK3, leading to the Dvl-mediated binding of AXIN1/2

(13). Recruitment of the destruction complex to the plasma membrane
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Figure 1-3. Illustration of the canonical Wnt signaling pathway. In the absence of
Whnt signaling (left), B-catenin is targeted for degradation by the destruction
complex (AXIN1/2, APC, GSK3p and CK1). Within the nucleus, Wnt responsive
DNA elements are bound by the TCF/LEF family of transcription factors, which
recruit corepressors such as Groucho to transcriptionally repress Wnt target genes.
In the presence of Wnt (right), Dvl-mediated binding of AXIN1/2 to the
cytoplasmic membrane stabilizes B-catenin. -catenin translocates to the nucleus,
binds TCFs and promotes expression of Wnt target genes. Figure created with
BioRender.com.
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inactivates it through mechanisms not fully understood. Nevertheless, B-cat is
stabilized in the cytoplasm and subsequently translocates to the nucleus where it is
recruited to DNA through interaction with TCFs (38). The TCF/B-cat complex
binds CREB binding protein (CBP), and additional histone acetyltransferases
(HATSs) and histone methyltransferases (HMTs), to promote the recruitment of

RNApol II and subsequent transcription of target genes (27).

TCF family

Whereas CTNNBI is the only gene coding for -cat, there are four
mammalian TCFs, which provide tissue specific and context-dependent response
to Wnt signals (27). All TCF family members recognize a 5’-SCTTTGATS-3’
motif with nanomolar affinity through a conserved high-mobility group (HMG)
DNA binding domain (27, 31, 39). To fill their diverse roles and expression
profiles, these family members, TCF7 (formerly TCF1), LEF1, TCF7L1 (formerly
TCF3) and TCF7L2 (formerly TCF4) express several isoforms that lack domains,
or domain fragments, broadening their specific roles in the nucleus (40-42) (Fig.
1-4). As such, simple expression of a family member is not a direct indication of
their influence on transcription, nor can it be assumed they are functionally
redundant.

Despite the first discoveries of TCFs in lymphocytes, earning their
namesakes, lymphoid enhancer factor (43), and T-cell factor (30), TCFs are
expressed in the gut and play an important role in intestinal development and
maintenance (44). TCF7L2 is the most well studied TCF family member in the

intestines. Homozygous deletion of 7¢f712 in mice results in neonatal lethality and
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Figure 1-4. Domains in mammalian TCF family members. Structure of each TCF
includes domains labeled across top. Alternative splicing to alter or remove
conserved domains within the C-terminal tail, and -cat binding domain account
for some functional differences. TCF7 and TCF7L2 use C-clamp domains (blue)
to bind an additional section of DNA during activation of target genes, while
TCF7L1 and TCF7L2 use CtBP binding domains (black) in the absence of B-cat to
recruit CtBP and repress target genes.
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a severe intestinal defect (45). Moreover, Tcf712 null mice develop an entire
epithelial layer of differentiated cells with no proliferative crypts (45). As such,
Tcf712 is not required for initial induction of the intestinal epithelium, yet
maintenance was fully dependent upon its expression. Further work illustrated that
the DNA binding domain of TCF7L2 is required for it to serve as an effector of
the Wnt/B-cat pathway (46). Using an intestinal specific deletion of Tcf712’s
HMG domain, Van Es et al., observed proliferative defects so severe that intestinal
crypts ceased to exist after 9 days (46). Additional data have shown maintenance
of intestinal crypts is further dependent on signaling upstream of B-cat bound
TCF7L2, as inhibition of Wnt signaling results in a loss of intestinal crypts (47,
48). Together these data demonstrate that proper crypt maintenance and

homeostasis is reliant upon activation of Wnt/p-cat target genes driven by the

binding of TCF7L2 to DNA, and recruitment of nuclear 3-cat.

Whnt in the IEC barrier

As mentioned previously, Paneth cells of the small intestines are capable
of producing a Wnt ligand that stimulates growth. Work by Hans Clevers’ group
illustrated ex vivo growth of CBCs can be maintained for an extended period of
time as organoids (49), owing to the fact that these cells can produce the Wnt3a
ligand, enabling self-renewal (50). Removal of Wnt3a production in these CBCs
in vivo has no effect on growth, while organoids cultured ex vivo rely on Wnt3a
for survival (51). It has since been confirmed that mesenchymal cells (or stromal
SC) produce their own set of Wnt ligands, capable of compensating for the loss of

CBC produced Wnt3a to maintain growth (51-53). Further redundancies exist
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through the capabilities of enterocyte dedifferentiation, or B Lymphoma Mo-MLV
Insertion Region 1 Homolog (Bmil)-expressing cells, which can repopulate lost
CBCs (54, 55).

Wnt ligands are only capable of moving cell-to-cell, and thus its impact is
constrained to neighboring cells. Therefore, within the intestinal epithelium, a
gradient of Wnt-driven proliferation is observed, where its expression is highest at
the base of crypts (7). This gradient maintains the proliferative niche for SC
renewal, while permitting TA cells to differentiate as they migrate further from the
crypt. Indeed, due to the critical nature of Wnt signaling in development and
maintenance of IECs, Wnt signaling is achieved and maintained by epithelial and

non-epithelial cells in multiple redundant and well-tuned mechanisms.

c-MYC as a target of Wnt signaling

The downstream impacts of a pro-proliferative signaling pathway lend
support to their involvement in a cell-type and developmental stage-dependent
manner. As such, Wnt signaling plays a role in neural, immune, intestinal, skin,
hair and early embryonic development (42, 44, 45, 56-59). The connection
between Wnt signaling and disease was drawn from the identification of APC
mutations as drivers in a hereditary form of colorectal cancer (CRC), familial
adenomatous polyposis (FAP) (60, 61). Indeed, mutations in APC were identified
in not only FAP, but also approximately 90% of sporadic CRC cases (62, 63).
These findings strongly implicated deregulation of Wnt signaling as a critical
underlying contributor to CRC, making it essential to identify gene targets of the

pathway to understand disease pathogenesis. Using a differential gene expression
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screen in CRC cell lines, an influential report by Bert Vogelstein’s group
identified the c-MYC proto-oncogene (hereafter referred to as “MYC”) as a direct
Wnt/B-cat target (64).

MY C is a member of the basic helix-loop-helix leucine zipper (bHLH-1z)
family of transcription factors (65). It is a 439 amino acid nuclear protein with the
bHLH DNA binding domain localized to the carboxy terminal third of the protein,
and an acid rich transcriptional activator domain (TAD) localizing to the amino
terminal third (66). Through MYC’s bHLH-1z domain it dimerizes with MAX,
which shares high homology with MYC in its bHLH-1z region, but lacks a
transcriptional activator domain (67). MYC:MAX heterodimerizes to bind E-box
motifs with the consensus of CAGGTG embedded within DNA enhancer elements
(68). Through its TAD, MYC recruits histone modifying complexes such as
transformation/transcription domain associated protein (TRAAP) / general control
non-derepressible 5 (GNCS5), HIV-1 tat interactive protein, 60kDa (TIP60) histone
acetyltransferases, and chromatin remodeling complexes including SWI/SNF, to
modify chromatin activity to facilitate RNA polymerase II (RNAP) binding and
subsequent activation of gene expression (69-71).

The downstream effects of MYC activation are widespread and genome-
wide expression profiles have shown approximately 15% of all known protein
coding genes are regulated by MYC (72). MYC regulation of target genes is cell
specific, and functions through direct binding to E-box domains, as well as
indirect means. Through binding to the transcription factor MIZ-1, for example,

MYC can be recruited to non-CACGTG sites where it represses MIZ-1 targets
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(73, 74). As a transcription factor, MYC influences cell cycle regulation,
apoptosis, protein synthesis, ribosome biogenesis, and cell adhesion (65, 72).
These effects are widespread and can be challenging to clarify. Indeed, mouse
fibroblasts lacking MY C have a near 3-fold reduction in protein synthesis and a
lengthened G1 and G2 phase of the cell cycle (75). Identifying the difference
between physiological targets and pathogenic targets remains a critical goal for
MY C-related research (72).

Beyond the critical influence in CRC development mentioned above,
elevated expression of MYC occurs in approximately 50% of all human cancers
(76). This deregulation of MYC can be achieved through two mechanisms:
modifications to MYC'’s locus through changes including gene amplification or
translocations, or, the deregulation of upstream signaling pathways. The less
common form of MYC deregulation occurs through translocations of the MYC
locus, which are present in only a specific subset of cancers. The strongest
example is Burkitt’s lymphoma, where MYC translocations occur at a frequency of
100%, and is actually a means to diagnose the cancer (77-79). MYC deregulation
through amplification of its locus is the most common form of sequence change to
the MYC locus in solid tumors (80). However, MYC is often deregulated through
manipulation of external signaling pathways that stabilize or overexpress MYC,
while the protein coding sequence of MYC is not mutated. As alluded to earlier,
mutations of APC, or other Wnt signaling pathway components, result in elevated
expression of MYC and release its oncogenic potential in CRC (62, 63). Due to the

frequency by which it is mutated, the accepted model of sporadic CRC
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development posits a key set of mutations in the Wnt/B-cat signaling pathway
drive disease pathogenesis (81). This model is supported by a comprehensive
analysis of CRC mutations published by the cancer genome atlas (TCGA)
outlining 80-90% of all sporadic cases contain mutations in the Wnt signaling
pathway (82).

Several WREs have been identified that control MYC expression in CRC
(Fig. 1-5). Initial discoveries by He et al. identified the 5’WRE located within the
MYC proximal promoter (64). Using luciferase reporter assays and EMSA, three
distinct TCF binding elements (TBEs) were identified as critical determinants of
enhancer activity (64, 83). Through a -cat ChIP-Seq screen in CRC cells many
years later, a second WRE was identified (84, 85). Interestingly, this site
overlapped a CRC-specific DNAse I hypersensitivity site identified in 1995 (86).
Using chromatin confirmation capture (3C), Yochum et al. found that 3-cat/TCF
coordinated a 5’-3° chromatin loop that integrates WRESs to control MYC
expression (87). A third WRE, -335WRE, is located 335kb upstream of MYC and
is also juxtaposed to the MYC promoter to influence its expression (88, 89).
Importantly, an additional study showed that overexpression of 3-cat and TCF7L2
increased the frequency of interaction, illustrating direct effects of upstream
pathway overactivation (90). Lastly, research by Bottomly et al., not only
confirmed binding of B-cat to all three of these WREs, but also identified a novel
region, later identified as a cluster of WREs known as a “super enhancer,”
mapping approximately 500 kb upstream from the MYC transcription start site

(91-93). This collection of WREs are found in regions of open chromatin, overlap
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Figure 1-5. Regulation of c-MYC by Wnt/B-cat signaling.Top, diagram of WREs
that control MYC expression. WRESs are represented by purple boxes. Bottom,
model of looping chromatin interactions that allow juxtaposition of distal WREs
to MYC. Figure created with BioRender.com.
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with TCF7L2 binding peaks, and function as enhancers (92). Critically, these data
show how distal enhancers can affect MYC expression through binding of 3-cat
and TCFs, the effect of which can change depending on the amount of 3-cat
available. Thus, MYC expression is governed by multiple WREs to allow for “just
right” levels of MY C expression to promote colorectal carcinogenesis (94). In
addition, examination of patient samples, animal models and intestinal epithelial

cell lines have shown the Wnt/Myc axis plays a role in inflammatory bowel

disease (95-99).

Inflammatory bowel disease

Definition and types of IBD

Crohn’s disease (CD) and ulcerative colitis (UC) are the two main classes
of inflammatory bowel disease (IBD), and arise from chronic, recrudescent
inflammation in the GI tract (100). CD and UC have a distinct yet overlapping
presentation in patients, and can range in severity from virtually asymptomatic to
intense pain and severe inflammation. UC presents as mucosal inflammation
beginning at the rectum and proximally extends to include, at maximum, the entire
large intestines (101). Inflammation can be mild, or present as characteristic
mucosal ulcerations and may result in an inflamed lamina propria, but is typically
restricted to the mucosa. In contrast to UC, which is restricted to the colon (102),
CD presents as a non-contiguous inflammation and can occur anywhere along the
GI tract (100, 103, 104). Illustrating the macroscopic changes undergone in a

patient with CD, figure 1-6 shows a surgically resected colon from a CD patient,

20



Figure 1-6. Photograph of total abdominal colectomy from patient with CD. Colon
tissue is cut longitudinally to expose intestinal epithelium, and shown is the
ascending, transverse and descending colon (clockwise starting on the left). Note
the presence of normal colonic tissue on left which gradually transitions to severe
inflammation marked by red tissue and coalesced ulcerations presenting in a “bear
claw”-like appearance. Figure courtesy of the IBD and intestinal diseases biobank.
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with clear distinction between the diseased segment on the right and the normal
bowel on the left. Specifically, CD involves transmural inflammation, thickening
of the bowel wall and presents as a “cobblestone” pattern of coalesced ulcerations
(101). CD patients suffer from frequent macroscopic complications, that rarely
present in UC, including strictures and fistulae which often require surgical

intervention (101).

IBD treatments

There is no cure for IBD, however, several treatment regimens are
available to help patients manage the symptoms of their disease. Unfortunately,
IBD is a complicated disease to manage and patients often require several
different mediations to induce and maintain remission over their lifetime. The
method of treatment is determined through standardized protocols such as the
Montreal classification of IBD, which is a scoring classification based on disease
extent and severity (102, 104, 105). Medical management for UC and CD are
similar, however due to differences in pathobiology, not all treatments are
effective in both subsets of IBD (104). Mild disease can often be treated with
aminosalicylates (5-ASA), which typically result in marked improvement in 60-
80% of patients (106). However, 5-ASA therapies require supplemental steroids to
control flare-ups, followed by progression to immunomodulatory agents in 5-ASA
non-responders (102). Patients with moderate to severe disease frequently require
hospitalization, but even in these cases, up to 40% of these patients will not
respond to corticosteroids, and require more aggressive treatments (102). One of

the most common immunomodulatory agents for severe disease is infliximab, an
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anti-TNF (tumor necrosis factor) therapy with a 50-70% response rate in UC (107,
108), and ~86% response rate in CD (109).

Importantly, despite all the available treatments, up to two thirds of
patients will not respond to medical management (102, 104). Moreover, disease
remission is problematic in both CD and UC, which requires additional
medications or interventions. If medications fail, patients may require prophylactic
surgery to treat their disease. Indeed, within the first 10 years of diagnosis, the
cumulative likelihood of undergoing surgery for UC is 15-25%, and ~47% for CD
(110, 111). While surgery is curative for UC patients, and highly beneficial for CD
patients, IBD patients receiving such treatments are prone to complications and
suffer from lower quality of life. Therefore, a better understanding of disease
pathogenesis, pathobiology and pharmacogenetics of UC and CD has been a long-

term goal in the field of IBD research.

Immune system in IBD

IBD is a multifactorial disease and as a result, numerous external elements
contribute to its pathogenesis. The phenotypic presentations of chronic colitis are
underwritten by a complicated and unique combination of converging factors
involving the innate and adaptive immune system, and their response to
environmental factors, including the microbiome. The innate immune system
includes macrophages and dendritic cells that sense luminal bacteria and antigens,
and circulating neutrophils (100, 103). In general, the innate arm of the immune
system senses pathogenic insults and signals to the adaptive arm consisting of T-

cells and B cells (100, 103). A T-cell response is required to quell the initial innate
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immune response and promote tissue repair. Unfortunately, in the chronic state of
IBD, a deregulated T-cell response contributes to persistent epithelial barrier
degradation in a feed-forward inflammatory response that never truly resolves. To
aid in patient recovery, repression of this response may be necessary.

The highly effective response of many patients to immunomodulatory
therapies like infliximab supports the critical influence of the immune system in
IBD. As covered later in this chapter, several defects in pathogen recognition and
autophagy pathways have causative and supportive roles in the development of
IBD. Cytokines released by immune cells of the innate and adaptive variety play a
critical role in inducing and maintaining an inflammatory response (103). Seminal
work in the early 1990’s illustrated that mutations in IL-10, IL-2 or T-cell
receptors result in extensive intestinal inflammation reminiscent of chronic
enterocolitis (112-114). Cytokine profiles largely overlap, but CD4" T cell
activation and differentiation appears to present differently in UC vs CD. Upon
presentation of antigens to naive T-cells, the milieu of signaling molecules and
antigens elicit a response within these cells initiating their differentiation into
specific subtypes of CD4" T-cells (115). This stage of antigen sensing, and
subsequent presentation of antigens, is a key interplay between the innate and
adaptive immune response. While there is overlap between UC and CD in this
regard, there is a bias of differentiated T cells, wherein T helper 1 cells (Th1) and
Th17 are more common in CD, while a Th2 profile is more prevalent in UC (116).
These lineages of CD4" cells respond to and elicit differing downstream

inflammatory pathways and cytokine profiles, yet are critical for host immune
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response to pathogens (115). Owing to the critical interplay between the immune
response and the microbiome, intestinal colitis in immune-deficient murine
models fails to develop in the absence of the resident intestinal microbiome (113,
117, 118). Additional supporting data indicates intestinal colitis involves
overactivation of T-cell populations responding to native gut microflora (119-
121). The “hygiene hypothesis” further supports the overactivation of the immune
system. This theory posits that early exposure to pathogens is required to develop
a healthy immune system (122), and failure to do so may result in excessive
immune response when pathogens are introduced (123).

While an overactive immune response is critical in development in IBD,
the microbiome itself can play a role through its dysregulation, or dysbiosis.
Specifically, the gut houses tens of thousands of bacterial species, with the vast
majority represented by the Bacteroides, Fermicutes, Proteobacteria, and
Actinobacteria phyla (124). However, the relative ratio of these prevalent bacterial
phyla starkly differs between patients with IBD to those without (125, 126). While
determining “cause verses effect” is a challenge, the successes of fecal microbial
transplantations (FMTs) offer support for modulating the microbiome to protect
against IBD (127, 128). FMT has been used with success to manage Clostridium
difficile-driven intestinal inflammation (129), which may provide some respite for
other IBD patients as we better understand the role of microbial dysbiosis in

disease pathogenesis.
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The intestinal epithelium in IBD

It is clear that the IEC barrier is critical for separating luminal contents of
the intestines and the submucosa, yet IECs require attachment to one another to
maintain this barrier. IECs attach to one another through tight junction (TJ)
proteins located on their lateral sides. TJ proteins are composed of occludens,
claudins, junctional adhesion molecules, and zonula occludens which operate as a
network that maintains firm cell-cell adhesion (130). Altered expression of IEC TJ
proteins has also been reported in IBD, and are expected to lead to increased IEC
permeability in these patients (131, 132). Indeed, murine models expressing
deficiencies in TJ proteins result in elevated permeability of the IEC barrier, and a
more severe colitis, but their defects alone do not induce spontaneous colitis (131,
133).

Another aspect of the innate immune system and IEC interplay is the
protection offered by the goblet cells. Mucins secreted by goblet cells of the small
and large intestines coat the IEC barrier in a thick layer that serves as another
physical obstacle. Illustrating the importance of this protection, perturbations of
mucus production and goblet cell prevalence has been reported in IBD (134).
Further, knockout of the most prevalent intestinal mucus glycoprotein, MUC?2,
resulted in spontaneous colitis (135), and owing to the interplay in the IEC barrier,
increased intestinal permeability (136). Additional work has also shown that
mucus is not only protective against intestinal inflammation, but elevated levels of

specific mucins may delay time to surgery in patients with UC (137).
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The innate and adaptive immune systems are affected by, and respond to,
more than just changes in the microbiome. Other environmental factors
contributing to IBD pathogenesis include: geographic location, where physical
location results in altered gut microbiomes, and incidence of IBD is higher in
more developed countries (138-140); diet, which can affect microbiome
composition and overall health (141, 142); and medications, where nonsteroidal
anti-inflammatory drugs (NSAIDs) are associated with an increased risk of

developing IBD (143).

Genetics of IBD

Genetic basis of IBD

While the precise influence and contribution of various environmental
factors is debated, there is strong evidence for genetic predisposition for IBD. The
generally accepted model for IBD pathogenesis stems from one or more
environmental triggers converging in a genetically susceptible individual (103,
141, 144). Support for genetic predisposition stems from several observations
including that 5-23% of IBD patients have a first degree relative with the disease
(145), and incidence in developing IBD is even higher if both parents have IBD
(146-148). Initial twin studies have also shown genetics plays a pivotal role, as
phenotypic concordance in monozygotic twins is up to 50% in those with CD, but
a much lower ~20% in UC (145). Family lineage tracing, twin and general
heritability studies have significantly advanced our understanding of the genetic
underpinnings of IBD, not only in relation to the importance of genetic

inheritance, but also the close relationship between genetic and environmental
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factors. However in IBD, which is a non-mendelian disease, twin and family
studies are underpowered for identifying all polygenic sources of disease due to
small sample size, low number of variants, and restrictions to one familial genetic
background (149). Indeed, ethnicity and familial backgrounds contain their own
unique risk factors. One well-established example is the higher propensity for
Ashkenazi Jewish populations to develop IBD over non-Jewish Europeans
regardless of geographic locale, despite holding similar genetic architecture (150).
While still having their strengths, improving genetic linkage mapping through
association studies could examine a larger population, and provide novel insights
into the disease (149).

Recently, genome-wide association studies (GWAS) have enabled the
genotype-phenotype comparison of various populations to better elucidate
important genetic variations associated with disease predisposition. Conceptually,
GWAS operate to identify genetic markers that are more prevalent in the genome
of a population with a particular disease compared to those without (Fig. 1-7). Due
to assembly of a reference genome and the annotation of common genetic variants
by the Human Genome Project and HapMap Project, hundreds of thousands, or in
some instances up to a few million, of these variants were mapped in thousands of
individuals (151-154).

GWAS identify genetic variants most commonly through single nucleotide
polymorphisms (SNPs) that occur at a known location within the reference panel.
The prevalence of a SNP is defined through its minor allele frequency (MAF),

which is the regularity by which the less common allele is present; wherein the
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Controls GGCTCTTTGAAATGTG Cases
GGCCCTTTGAAATGTG

Figure 1-7. Conceptual representation of GWAS. GWAS aim to identify the
prevalence of a particular SNP between two populations. Grey individuals
represent those that possess black T allele, while red individuals possess the red C
allele. By comparing controls to cases, there is an increased frequency by which
the C allele is present, thus identifying C as a disease-associated allele correlating
with the disease phenotype. Additional studies are required to determine if the
SNP is causal (or merely in an LD block with the variant), and how the disease-
associated variant influences disease. Figure created with BioRender.com.
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lower the frequency, the greater the rarity of the SNP. A collection of SNPs are
used to mark regions of chromosomes frequently inherited together in what are
called haplotypes. Each SNP utilized in a GWAS is selected in regions that cluster
together such that the genotype of one SNP results in an inference of the presence
of those in the same block. These haplotypes can differ depending on the reference
panel used, but marker SNPs are chosen to represent a block that historically has
low frequency of recombination (149).

GWAS have identified SNPs associated with several common diseases
including macular degeneration, diabetes, heart disease and IBD (144, 155, 156).
Locations of these disease-associated SNPs are indicative of genomic regions that
may contribute to disease. However, due to linkage disequilibrium (LD), the
identified SNP is not necessarily the causal variant, rather merely indicates that
locus is associated with the disease. As such, identifying the specific genetic
mutation that associates with the disease may require additional fine mapping
studies of patient haplotypes. Additionally, some SNPs returned from genetic
testing are identified as variants of uncertain significance (VUS), which are
genetic changes where the effect on health is unknown.

For polygenic diseases like IBD, identification of the most common
disease-associated SNPs still provides only small increases of overall risk, with
very little proportion of heritability and contribution to disease development.
Indeed, in the many hundreds of GWAS conducted, the majority of SNPs carry
risk ratios around 1.2 (157). Risk ratios are the measurement of association,

wherein the greater the value is over 1.0 the more associated the variant is with
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disease. By virtue of GWA study design, rare variants with larger penetrance, and
common variants with low penetrance will be missed (157, 158). This is the
foundation for the theory of “missing heritability,” wherein complex traits and
diseases have multiple factors that contribute to its heritability and cause, yet most
remain undetected (159). Indeed, the large number of loci identified still accounts
for less than 20% of the IBD disease phenotype (160, 161). Despite this limitation,
GWAS have been very successful in identifying novel associations between traits
and variants and novel mechanisms. Several examples are the discovery of CD-
associated SNPs within the genes: nucleotide-binding oligomerization domain 2
(NOD?2), autophagy-related 16 like 1 (ATG16L1) and immunity related GTPase M
(IRGM). Several variants present in NOD_2 affects pathogen recognition, and
contain risk ratios of up to 17.0 in Caucasian’s homozygous for the mutation,
labeling these variants as containing the strongest effect size of any currently
known CD-associated SNP (161). Identification of ATG16L1 and IRGM variants
have lower risk ratios, yet provided novel insight into autophagy as a pathway
involved in IBD.

Jostins et al., reported a meta-analysis of GWAS data from patients with
sporadic and familial IBD, identifying 163 SNPs contributing to IBD
susceptibility (162). Of these, 110 were common to both UC and CD, while 30
were specific for CD, and 23 for UC (162). Data generated in conjunction with the
International IBD Genetics Consortium has now compiled a list of variants that
exceeds 200 distinct loci (160-165). Unfortunately, risk loci identified by GWAS

span a variable range, which can include between 0 and 50 genes, rendering the
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exact effect of the variant unknown (166). A minority of these loci are demarcated
by SNPs that reside within genes, resulting in a direct change in the sequence of a
protein. Such examples include the intragenic variants in NOD2, ATG16L1 and

IRGM mentioned previously (161).

DNA regulatory elements in IBD

While these results clearly demonstrate the effectiveness of GWAS in
identifying novel pathways and strong variants in polygenic diseases,
approximately 80—-90% of the identified alleles map to non-coding regions of the
genome (162). Interpretating the impact of these intergenic SNPs is a significant
challenge, particularly if the SNPs reside in gene-poor regions. In these instances,
many SNPs have been mapped to the nearest gene, with assumptions made that
those SNPs influence their expression due to their close proximity. However, this
is not an accurate means of determining the target, and is biased by prior
knowledge on current gene annotations, or the perceived relevance of its pathway
on the disease in question. Methods such as expression quantitative trait loci
(eQTL) infer a direct interaction between expression levels of a gene and a variant
through correlation of gene expression with the presence of a variant (144, 166).
This mapping technique allows for putative annotations of SNPs identified in
GWAS. Presumably, non-coding SNPs impact target gene expression through the
function of DNA regulatory element (DRE). However, the mere presence of a
SNP in a non-coding region does not indicate the region is a DRE. First, DRE are
cell-type specific and must be confirmed to function within cell types relevant to

the disease. Additionally, interactions between a gene and a DRE can occur over
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distances of up to 1Mb. Within this region numerous genes could be a target of the
DRE, and lastly, any gene within that range could be a potential target.

Pivotal work from the encyclopedia of DNA elements (ENCODE)
consortium and others have indicated the majority of common IBD-associated
variants map to DREs within the genome, in regions known as enhancer elements
(166-169). Epigenetic markers can be identified through chromatin
immunoprecipitation sequencing (ChIP-Seq), and are enriched at critical regions
of the genome including promoters (e.g., H3K4me3) and active DNA enhancers
(e.g., H3K4mel or H3K27Ac) (158, 170). In the context of IBD, Mokry et al.
found that nearly 30% of IBD-associated SNPs directly overlapped with
H3K27Ac marks (168). Further, H3K27Ac overlapped transcription factor binding
sites, and when accounting for LD blocks, wherein the identified SNP may not be
causative, the total number of SNPs associated with active enhancers increased to
56% of the 163 SNP identified at the time (168). Importantly, Mokry et al. and
Huang et al. have shown that several IBD-associated SNPs directly alter
transcription factor binding motifs in both intestinal and immune cell regulatory
elements (167, 168).

Localization of a SNP to a region of open chromatin, and alteration of
transcription factor motifs are critical first steps, but additional work is needed to
confirm their impact on gene expression and disease. Regions identified in this
fashion mark putative enhancers, which can act distally, upon multiple target
genes and may even skip nearby targets to influence those up to 1 Mb away. One

high-throughput method of identifying target genes of putative SNP-containing
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enhancers is through circular chromosome conformation capture-sequencing (4C-
seq). Using this technique, Meddens et al. has identified novel localization of
disease-associated DRE to candidate genes in immune and IECs (171). While
several IBD-associated SNPs were confirmed to demarcate enhancer elements
(171), the precise impact of these variants on enhancer function, the upstream
signaling pathways involved, and the relevant downstream transcription factors
have not been adequately addressed. Furthermore, the target genes and influences
of the majority of IBD-associated SNPs still remain undiscovered. Clarification of
their targets is a critical and active area of research that holds potential to identify

novel pathways, novel therapeutic targets, and to better clarify IBD pathogenesis.

Dissertation overview

The human gastrointestinal (GI) tract is an organ system responsible for
digesting food, extracting nutrients and expelling solid waste matter. As the core
of the digestive system, the GI tract forms a continuous tube that encompasses all
connected organs between the mouth and the anus. The luminal contents of the
intestines are separated from the underlying tissue through a protective single
layer of intestinal epithelial cells (IECs), known as the intestinal epithelium (3).
The IECs serve not only to protect the underlying tissue, but also act as the
primary contact to the lumen through which nutrients, salts and water are sensed,
secreted and absorbed. Due to the harsh environment of the GI lumen, IECs are
frequently lost and must be rapidly replaced. Replacement cells are derived from
intestinal stem cells (ISC) residing at the base of invaginations in the epithelial

layer known as crypts of Lieberkiihn (3). Driving the proliferation of the ISC is the
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canonical Wnt signaling pathway. Wnt is an extracellular ligand that acts to
stabilize a cytoplasmic protein, B-catenin. In the absence of Wnt, 3-catenin is
targeted for degradation, and under these conditions Wnt-responsive DNA
elements (WRE) associate with factors to transcriptionally repress target genes.
Conversely, in the presence of Wnt, stabilized -catenin translocates to the
nucleus, where it binds members of the TCF/LEF transcription factor family at
WREs, and promote expression of Wnt target genes. One such target is the
protooncogene c-MYC.

Within the last decade, substantial progress has been made to better
understand the genetic underpinnings of inflammatory bowel disease (IBD).
Seminal work has identified 200 IBD-associated loci that contribute to disease
development (161, 162). While several key genes have been identified as
deregulated or modified resulting from direct structural changes, the majority of
IBD associated single nucleotide polymorphisms (SNPs) map to non-coding
regions leaving their function a mystery. Prior work by Mokry et al. overlapped
several SNPs with markers of open chromatin structure in several cell types to
determine whether such SNPs colocalize to DNA regulatory elements (168).
While successfully identifying novel enhancers, the targets of many SNPs still
remain unclear. Due to the importance of Wnt signaling in homeostasis and
restitution of the IEC barrier, we hypothesized that a subset of known IBD-
associated SNPs demarcate Wnt-responsive elements that function in IECs.

To address this hypothesis, we developed and tested the following aims:
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1. Determine the role of a WRE demarcated by IBD-associated SNPs in
IECs. To identify these WRESs, we co-localized -cat ChIP-seq peaks with
IBD-associated SNPs. Of several overlapping targets, rs6651252 mapped
directly adjacent to a TCF/LEF binding motif. We conducted ChIP to analyze
presence of histone marks associated with open chromatin, as well as binding
of TCF7L2 to this region. To determine functionality of this region as a
putative enhancer, we developed luciferase constructs containing a 550 bp
fragment surrounding rs6651252. Due to the SNP’s proximity to a TCF motif,
we questioned if the SNP were causative and influenced binding of TCF7L2 to
this region. A luciferase construct containing the disease-associated allele, and
a biotinylated DNA pulldown was utilized to address preferential binding of

TCF7L2 to the disease and ancestral alleles.

2. Identify the targets of the rs6651252-WRE. We utilized CRISPR-mediated
genomic editing to knockout (KO) the enhancer in an intestinal epithelial cell
lines, and confirmed our findings using a CRISPR/dCas9 approach to
epigenetically silence the region surrounding rs6651252. Using RT-qPCR on
mRNA isolated from KO, epigenetically silenced, and wt cells, we examined

expression of several putative target genes.

3. Examine the clinical relevance of rs6651252 within patient samples. To
determine whether rs665152 and its enhancer had an effect in patients, we
examined the expression of putative target genes within genotyped patient

tissues.

36



This work fills a critical gap in knowledge regarding the impact of
intergenic disease-associated SNPs in the context of Crohn’s disease (CD). By
addressing these aims above, we determined that rs6651252 alters binding of
TCF7L2 to a novel WRE that targets the MYC promoter, and thereby affirm that
Wnt/MYC signaling contributes to CD pathogenesis. Additionally, this work
suggests that patients harboring the disease-associated allele may benefit from

therapies that target MYC or MY C-regulated genes

37



Chapter 2 Materials and methods
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Cell lines

The HCT116 and DLD-1 cell lines were obtained from the American Type
Culture Collection (cat. numbers CCL-221 and CCL-247) while HEK293T cells
were obtained from Invitrogen. HCT116 and HEK293T cells were maintained in
DMEM (Corning) supplemented with 10% FBS, 5 mM L-glutamine, and 1%
penicillin/streptomycin. DLD-1 cells were maintained in RPMI-1640
supplemented with 10% FBS and 1% penicillin/streptomycin. All cells were

cultured in an incubator at 37°C in 5% COa.

Plasmids

To generate the rs6651252 WRE luciferase plasmid (rs6651252-luc), a 555 bp
DNA segment containing rs6651252 was amplified by PCR from genomic DNA
isolated from HCT116 cells using the DNAEasy kit (Qiagen) serving as the
template. The PCR product was subcloned into the pGL3-promoter luciferase
vector (Promega) as a Kpnl-Nhel fragment. Site-directed mutagenesis was
conducted to convert the ancestral T variant to the disease-associated C variant
using the QuickChange mutagenesis kit (Agilent) following the manufacturer’s
instructions. To generate rs6651252 WRE expanded luciferase construct
[rs6651252 (exp)-luc], a 2.7 kb segment containing the rs6651252 WRE was
amplified by PCR and the product was likewise subcloned as a Kpnl-Nhel
fragment into the pGL3-promoter luciferase vector. Primer sequences used in the

PCR reactions can be found in Table 2-1.
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For the epigenetic silencing assay, the phU6-sgRNA plasmid and the pLV hU6-
sgRNA hUbC-dCas9-KRAB-T2a-Puro plasmid encoding dCas9-KRAB fusion
protein was obtained from Addgene (#53188 and #71236, respectively). Using the
2.7 kb segment of DNA, the CRISPR guide RNA design tool (crispr.mit.edu) was
used to identify unique guide sequences. For each of eight guides, paired
oligonucleotides were designed with Bbsl overhanging restriction sites to facilitate
subcloning into the phU6-gRNA plasmid vector. Complementary DNA
oligonucleotides (10 uM) corresponding to each of the eight guide RNA
sequences, were annealed in 1x T4 ligase buffer by heating to 95°C for 5 min and
cooling 5°C/min to room temperature. To digest and anneal sgRNA, 25 ng of
pU6-gRNA plasmid was mixed with 1 ul annealed guide pair, 1 pl of 10x T4
ligase buffer, 2.5U Bbsl, 0.5 ul of T4 ligase and 6 pul H20O. The reactions were
subjected to 25 cycles at 37°C for 5 min and 23°C for 5 min on a DNAengine
thermocycler (BioRad). Primer sequences used to generate the guide RNAs can be

found in Table 2-1.

To create the rs6651252 WRE deletion cell line, guide RNAs were designed to
flank a 692 bp region surrounding rs6651252, and corresponding oligonucleotides
were annealed as described above. The fragments were ligated into the
pSpCas9(BB)-2A-GFP (PX458) CRISPR/Cas9 plasmid (Addgene, #48138),
which was first digested with Bbsl. Primer sequences used to generate guide

RNAs and to assess the rs6651252 status are listed in Table 2-1. Sanger
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sequencing was used to verify each plasmid insert and enhancer deletions in the

knockout clones.

Chromatin immunoprecipitation (ChIP)

ChIP assays in this dissertation were performed as previously described (91),
using approximately 6.0 x 10° cells per sample. Cells were crosslinked with
exposure to 1.5% formaldehyde, and sonicated through use of a misonex probe
sonicator. The cross-linked and sheared chromatin was precipitated with 3 ug of
the following antibodies; TCF4/TCF7L2 (05-511 Millipore), B-catenin (610154,
BD scientific), H3K27Ac (ab4729, Abcam) and FLAG (F1804-200UG, Sigma).
Precipitated and purified DNA was analyzed through qPCR with primers listed in
Table 2-1 at the end of this chapter. Reactions were run on a MyIQ real-time PCR

machine (Biorad) using cycling parameters previously described (91).

Luciferase reporter assay

Luciferase assays were conducted as described previously (85). Briefly,
approximately 2.5 x 10* cells were seeded per well in a 24-well plate.
Transfections were conducted using Lipofectamine 2000 following manufacturer’s
guidelines. Each reaction contained 50 ng of the luciferase reporter plasmid, and 2
ng pLRL-SV40 Renilla, which served as a transfection control. Where indicated,
50 ng of pcDNA3.1-B-catenin S45F (172), 50 ng of pME18 Lef (172), and 50 ng
of pLV hU6-sgRNA hUbC-dCas9-KRAB-T2a-Puro were added to the
transfection. The phU6-sgRNA plasmids encoding the guide RNAs (25 ng each)

were included as indicated. Total concentration of DNA was adjusted to 2 pg per
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reaction using pBluescript (Stratagene). Transfection mixtures were incubated on
cells for 6 hours, after which the media was replaced with normal growth media.
Each reaction was conducted in quadruplicate. Twenty-four hours after
transfection, cells were lysed in 200 pl passive lysis buffer and luciferase levels
were measured using the dual luciferase assay kit (30005-2; Biotium) on a

Glomax 20/20 single chamber luminometer (Promega).

CRISPR/Cas9-mediated deletion of the rs6651252 WRE in HCT116 cells

CRISPR/Cas9 modified clonal HCT116 cell lines were generated following the
protocol outlined previously (173). Briefly, 500 ng of each CRISPR/Cas9 plasmid
(PX458), encoding guide RNA sequences that flanked rs6651252, were
transfected into HCT116 cells using lipofectamine 2000 (Invitrogen) for 6 h. After
24 h, the cells were harvested and a FACSDiva (Becton Dickinson) machine was
used to seed 2 cells per each well of a 96-well plate. After expanding the clones,
genomic DNA was isolated using the Lyse&Go kit (Pierce) and the rs6651252
region was amplified by PCR using the DreamTaq Green (Thermo) polymerase
and primers listed in Table 2-1. The products were resolved on a 1% agarose gel,
excised with a scalpel, and purified using the MinElute PCR Purification Kit
(Qiagen). The products were sequenced to identify clones harboring rs6651252

WRE deletions.

DNA pull-down assay

The DNA pull-down assay was conducted as previously described with minor

modifications (174). The annealed probes (15 uM) were incubated with 0.1 mg of
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streptavidin coated magnetic beads (Promega Z5481) for 1.5 hours at room
temperature. Prior to use, the beads were washed three times in 1X sodium citrate
buffer (30 mM NacCl, 0.035 mM CsHs07Na3) and then resuspended in 100 pl
binding buffer (1M NaCl, 10 mM Tris, ]| mM EDTA, pH=8.0). To prepare the
protein lysates, 2.5 x 107 HCT116 cells were harvested and lysed in RIPA buffer
supplemented with freshly added protease inhibitors (1 mM PMSF, 10 ul/mL
aprotinin, 10 pg/ml leupeptin). For each binding reaction, 200 pg of protein lysate
was incubated at 4°C with 150 pg sonicated salmon sperm for 30 min to reduce
non-specific interactions. This lysate was added to probes conjugated with the
magnetic beads and the reactions were incubated for 2 hrs at room temperature on
a rotating platform. The protein/DNA complexes were collected using a magnetic
stand, washed three times in RIPA buffer, and eluted in 50 pl of 2x laemmli
loading buffer. For competition assays, annealed and unlabeled probes were added
concurrently in the binding reactions as concentrations of 250 ng, 500 ng, and

1500 ng.

Epigenetic silencing rs6651252-WRE through CRISPR/dCas9

In the epigenetic repression assays, 250 ng of the pLV hU6-sgRNA hUbC-dCas9-
KRAB-T2a-Puro plasmid and 25 ng each of the phU6-gRNA plasmids harboring
guide RNAs that tiled the 2.7 kb segment containing the rs6651252 WRE were
electroporated into 1.0 x 10 HCT116 or HEK293T cells using the Amaxa Cell
line Nucleofector Kit V (Lonza) and an Amaxa Nucleofector II electroporator
following the manufacturers guidelines. MYC gene expression was assessed by

RT-gPCR 72 h after electroporation.
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Quantitative reverse transcription PCR

To assess MYC gene expression, RNAs were collected and cDNAs synthesized
using protocols that were described previously (173). For experiments involving
patient tissues, approximately 1 g of flash-frozen and full thickness colonic tissue
was homogenized in 1 mL of TRIzol (Thermo Fisher) in an eppendorf tube using
a disposable micropestle (175). Following a 5 min incubation at room temperature,
200 pL of chloroform was added and the mixture shaken vigorously before
centrifugation at 12,000 x g for 15 min at 4°C. The upper layer was removed,
mixed with an equal volume of 100% ethanol, and the RNAs were purified using
an RNeasy Mini kit (Qiagen). For both cell line and patient sample experiments,
cDNA was synthesized from 500 ng of RNA using the iScript cDNA synthesis kit
(BioRad), following manufacturer protocol. Data are presented as relative levels
using the 2°¢T method with GAPDH and TUBB3 serving as the reference genes.

Primer sequences used in the RT-qPCR experiments are listed in Table 2-1.

Western blot

The proteins eluted from the biotinylated primers above, were resolved on an 8%
polyacrylamide gel and standard western blot analysis as previously described
(93). The blots were incubated overnight with anti-TCF7L2 antibodies (05-511
Millipore, 1:750 dilution) followed by incubation with HRP conjugated anti-
mouse secondary (Jackson Immunoresearch, 1:5000 dilution) for two hours prior

to ECL treatment and exposure to film.
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PAX gene® analysis

PreAnalytiX PAXgene® blood RNA kit (Cat. 762164) was used to isolate RNA
from PAXgene® Blood RNA tubes as per manufacturer instruction. Briefly, tubes
containing patient blood and stored at -20C were equilibrated to RT before lysing
blood cells for 2 h. Lysate was centrifuged to remove cellular debris and the pellet
was resuspended, and treated with Proteinase K, before RNA was isolated and
purified through silica column purification and DNAse treatment. cDNA was
synthesized from 500 ng of RNA using the iScript cDNA synthesis kit (BioRad),
following manufacturer protocol. Data are presented as relative levels using the

22T method with GAPDH and TUBBI serving as the reference genes.

Patient samples

The samples evaluated in this manuscript were collected as part of a retrospective
study performed at the Pennsylvania State University College of Medicine with
Institutional Review Board approval (HY98 057EP.A, W Koltun, PI). Patients are
recruited into our Colorectal Disease Biobank under informed consent and allelic
status of IBD associated SNPs is assessed using a custom oligonucleotide
array(176). Patients for PAXgene RNA analysis were first genotyped using a
custom array (Thermofisher Cat # 4351379), and also with a tagman probe with

the sequence found in Table 2-1.
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Statistics
Each experiment was performed at least three times. For ChIP-qPCR and RT-
gPCR, each sample was amplified in quadruplicate reactions per experiment. A

Student’s T-test was used to calculate statistical significance.
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Table 2-1 Primer sequences

Construction of rs6651252 luciferase constructs

555 bp rs6651252
fragment

site-directed mutagenesis

2.7-kb rs6651252 fragment

D T X M XD/ M

GGGGTACCCCAACAGTGATTCCTTTCTCAAGCG
CTAGCTAGCTAGGCAATATACGGGAAACAGAAGTG
CTGCTCACATTTCAAAGGGCCCACTTTTCCTCCTA
TAGGAGGAAAAGTGGGCCCTTTGAAATGTGAGCAG
GGGGTACCCCTTGCACAGAGCAGAACATTTTAGCCAT
CTAGCTAGCTAGGAAGCTTTGAGCTTGAAACCCTGA

CRISPR/Cas9 deletion of rs6651252 enhancer

Upstream guide RNA F
R

Downstream guide RNA F
R

PCR analysis of clonal cell

lines F
R

CACCGTAGGCTGAGTTACCTATGCT
AAACAGCATAGGTAACTCAGCCTAC
CACCGAGCATTTTGAGCTTGCCGAC
AAACGTCGGCAAGCTCAAAATGCTC

CCCAATTCACTTTCATCCTTGATG
GTGTCCCAGGTAGAGGGAATAG

Probes for DNA binding assay

"T" containing probe F
R
"C" containing probe F
R
mutant TBE F
R

5’-(biotin)-
AAAGTGGGCTCTTTGAAATGTGAGCAG
5-'CTGCTCACATTTCAAAGAGCCCACTTT
5’-(biotin)-
AAAGTGGGCCCTTTGAAATGTGAGCAG
5'-CTGCTCACATTTCAAAGGGCCCACTTT
5’-(biotin)-
AAAGTGGGCTCGCTGATATGTGAGCAG
5'-CTGCTCACATATCAGCGAGCCCACTTT

Chromatin Immunoprecipitation/qPCR

rs6651252 F

TUBULIN control

D M X

TCTGTGCCCAATGTCACCTGGA
GCTGTGCAACTATTAGCTGATCCCAC
AGAGAGGTGGTGACTCCGCTC
ACAACGAGGCGCTCTACGACATCT

RT-qPCR gene expression analysis

MycC F
R

AACTTGACCCTCTTGGCAGCA
GCAAACCTCCTCACAGCCCAC
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TUBULIN B3

TUBULIN B1

GAPDH

D T X M XD/ M

GTGTCTAAACCCCCGGAGCCATCT
TGGGGAGGACGAGGCCATAAATAC
CAGCACTCCAAAACCCAGTCTGC
ACCTGTCTCCCTCAGTCCCTGTGT
CAAGGGGTCTACATGGCAACTGTG
CCAGCAAGAGCACAAGAGGAAGAG

CRISPR/dCas?9 tiling rs6651252 locus

setl

set 2

set3

set4

set5

set 6

set 7

set 8

F

2 M X M X M XV M DV T OV T IO T D

CACCGACCTAGCATCCTGTAAAAGC
AAACGCTTTTACAGGATGCTAGGT
CACCGAGCTATAGCTACCTCTGTA
AAACTACAGAGGTAGCTATAGCTC
CACCGAAAGTGAACAGGTCACGCGC
AAACGCGCGTGACCTGTTCACTTTC
CACCGAGCATTTTGAGCTTGCCGAC
AAACGTCGGCAAGCTCAAAATGCTC
CACCGAATAGCCTATGCAATATAC
AAACGTATATTGCATAGGCTATTC
CACCGCCACTAAATGGTTGTAGAGC
AAACGCTCTACAACCATTTAGTGGC
CACCGCAATCGTCTTTGCCCTTGAA
AAACTTCAAGGGCAAAGACGATTGC
CACCGTAGAAAACTCGGCATACAGC
AAACGCTGTATGCCGAGTTTTCTAC

Custom Tagman array for Genotyping

TTGACACATAGGAGGAAAAGTGGGC[C/T]CTTTGAAATGTGAGCAGAGCACCGA

where C/T are rs6651252, and marked Vic/FAM
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Chapter 3 The Crohn’s disease-associated SNP, rs6651252,
impacts MYC gene expression in human colonic epithelial

cells

These results have been published in PLoS One 2019. 14(2):e0212850.
https://doi.org/10.1371/journal.pone.0212850
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Abstract
Crohn’s disease (CD) is a debilitating inflammatory bowel disease (IBD)

that arises from chronic inflammation in the gastrointestinal tract. Genome-wide
association studies (GWAS) have identified over 200 single nucleotide
polymorphisms (SNPs) that are associated with a predisposition for developing
IBD. For the majority, the causal variant and target genes affected are unknown.
Here, we investigated the CD-associated SNP rs6651252 that maps to a gene
desert region on chromosome 8. We demonstrate that rs6651252 resides within a
Wnt responsive DNA enhancer element (WRE) and that the disease associated
allele augments binding of the TCF7L2 transcription factor to this region. Using
CRISPR/Cas9 directed gene editing and epigenetic modulation, we find that the
rs6651252 enhancer regulates expression of the c-MYC proto-oncogene (MYC).
Furthermore, we found MYC transcript levels are elevated in patient-derived
colonic segments harboring the disease-associated allele in comparison to those
containing the ancestral allele. These results suggest that Wnt/MYC signaling
contributes to CD pathogenesis and that patients harboring the disease-associated

allele may benefit from therapies that target MYC or MY C-regulated genes.

Introduction

Crohn’s disease (CD) and ulcerative colitis (UC) are the two main classes
of inflammatory bowel disease (IBD), and arise from chronic inflammation in the
gastrointestinal (GI) tract (100). CD can present anywhere along the GI tract
whereas UC is confined primarily to the colon (100, 177). In a generally accepted

view, IBD results from one or more environmental triggers in a genetically
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susceptible individual (141, 144). While the precise environmental exposure is
debatable, that fact that 5-23% of IBD patients have a first-degree relative that is
also afflicted with disease 1s supportive of a genetic inheritance (145).

Numerous genome-wide association studies (GWAS) have been conducted
to identify genetic variants associated with IBD predisposition (144). In a
landmark study, Jostins et al. reported results from a meta-analysis of GWAS data
generated from sporadic and familial IBD patients (162). Altogether, 163 single
nucleotide polymorphisms (SNPs) that conferred IBD susceptibility were
identified, of which 110 were associated with both CD and UC (162). Of the
remaining 53, 30 were specific for CD and 23 were specific for UC (162). Several
disease variants produced missense mutations within the nucleotide
oligomerization domain two (NOD?2) protein that senses bacterial peptidoglycans,
and the autophagy protein ATG16L1. Other variants were also identified in the
IL23 receptor and the HLA locus, and together, these findings substantiate the
notion that IBD manifests, in part, through a deregulated immune response to
commensal or pathogenic bacteria in the gut lumen (144, 162). Since that time, the
list of variants associated with IBD has grown to include over 200 distinct loci
(161, 162, 164, 177). While these results clearly demonstrate the power of GWAS
to inform on disease pathogenesis, approximately 80-90% of the identified alleles
map to non-coding regions of the genome, many of which are in gene-poor
regions (162). How these non-coding variants are associated with IBD is largely
unknown, and this remains a significant obstacle in our understanding of the

genetic basis for disease pathogenesis.
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Studies from the encyclopedia of DNA elements (ENCODE) consortium
(169, 178), and from others (166, 179), indicate the majority of common disease-
associated variants map to gene regulatory regions of the genome, also known as
enhancer elements. Indeed, Mokry et al. found that 27% of the 163 IBD associated
SNPs directly overlapped a putative enhancer element, as defined by regions
containing elevated levels of histone H3 that is acetylated on lysine 27
(H3K27Ac) (168). Consideration of regions in linkage disequilibrium increased
the total number of SNPs associated with active enhancer elements to 56% of the
163 SNPs (168). While several IBD-associated SNPs were confirmed to
demarcate enhancer elements, the precise impact of these variants on enhancer
function, the upstream signaling pathways involved and the relevant downstream
transcription factors have not been adequately addressed.

The intestines are lined by a single layer of epithelial cells that protect the
underlying mucosa and sub-mucosa from toxic contents of the gut lumen and the
microbiota (3). Because epithelial cells are subjected to damage, the entire
epithelial layer is replaced every five to six days making the intestines one of the
most highly regenerative organs in the body(3, 12). The Wnt/B-catenin signaling
pathway contributes to this regenerative process by driving cellular proliferation
(13). In the presence of Wnt, the B-catenin transcriptional co-activator translocates
to the nucleus and associates with members of the T-cell factor/ lymphoid
enhancer factor (TCF/LEF; hereafter, TCF) family of transcription factors (37,
38). TCF7L2 is the predominant TCF family member expressed in intestinal

epithelial cell lines (45, 180). B-Catenin/TCF complexes bind to Wnt-responsive

52



DNA regulatory elements (WREs) and primarily increase expression of target
genes (38). One critical target in the intestines is the c-MYC (MYC) proto-
oncogene(64, 84, 85). MYC is a transcription factor that promotes cellular growth
and proliferation through increasing expression of genes involved in the cell cycle,
ribosome biogenesis and metabolism (65, 72). While several WREs localize to the
proximal promoter of the MYC gene, many also map tens to hundreds of kilobases
away and are juxtaposed to MYC through long-range chromatin loops (181).

In this study, we investigate the CD-associated SNP, rs6651252, which
maps to a gene-poor region on chromosome 8 (162). We demonstrate that this
SNP impacts a novel WRE that controls MYC expression in intestinal epithelial
cells, and that patient intestinal tissues harboring the disease-associated allele
display increased levels of MYC transcripts. These findings offer one explanation
for how Wnt/MY C signaling may contribute to CD pathogenesis and raise the
possibility that patients harboring this allele may benefit from MYC targeted

therapies.

Results

B-Catenin and TCF7L2 bind the rs6651252 locus in colonic epithelial cells

By overlapping B-catenin ChIP-Seq peak regions with positions of IBD
SNPs, we identified the CD-associated SNP, rs6651252, as a leading candidate
(Fig. 3-1A). Analysis of ENCODE data deposited on the genome browser

(http://genome.ucsc.edu/) found that elevated levels of H3K27 acetylated histones,

which are a marker of active enhancers, colocalized to this region (182, 183). To

confirm these findings, we conducted ChIP-qPCR assays in the HCT116 and
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Figure 3-1. B-catenin and TCF7L2 bind the rs6651252 locus in colonic epithelial
cells. (A). Diagram of the chromosomal MYC locus. Shown is the position of
16651252 relative to MYC and PVTI genes on chromosome 8. Blue rectangles
above depict positions of ChIP-Seq peak regions for -catenin in HCT116 cells.
Clustered vertical lines at bottom indicate H3K27 acetylated regions of chromatin
that were downloaded from the UCSC Genome Browser, build hg18
(http://genome.ucsc.edu/). (B). qPCR analysis of DNA fragments precipitated with
a-B-catenin antibodies in ChIP assays conducted in HCT116 and DLD-1 colonic
epithelial cell lines, and in HEK293T cells. Oligonucleotides used in the PCR
reactions flanked rs6651252 or a region in TUBULIN as a negative control. (C)
and (D)., as in (B) except a-TCF7L2 or a-H3K27Ac antibodies were used in the
ChIP assays, respectively. The data are presented as percent of input with error
bars representing SEM (**P <0.01; ***P <0.001).
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DLD-1 colonic epithelial cell lines and used the non-intestinal cell line,
HEK293T, as a control. Using primers that flanked rs6651252, we detected robust
B-catenin and TCF7L2 binding to this region in the colonic epithelial cell lines and
not HEK293T (Fig. 3-1B and C). Very little signal was detected using primers that
annealed to a region in the TUBULIN gene, which attests to the specificity of our
ChIP assays. Furthermore, we detected elevated levels of H3K27 acetylated
histones at rs6651252 in the intestinal cell lines and not HEK293T, suggesting that
this CD-associated SNP may localize to an active and cell-type specific regulatory

DNA enhancer element (Fig. 3-1D)(182, 183).

TCF7L2 binds DNA harboring disease-associated rs6651252 variant with stronger

affinity

The rs6651252 SNP maps immediately adjacent to a consensus TCF
binding motif (Fig. 3-2A) (91). The ancestral allele at this position is a T, while
the disease-associated allele is a C with MAF of 0.14 (164). We conducted DNA
pull-down assays to determine whether TCF7L2 bound to this fragment of DNA
and to test whether the rs6651252 allelic variants impacted its association. Nuclear
protein lysates from HCT116 cells were incubated with biotinylated DNA probes,
the complexes were precipitated using streptavidin-conjugated magnetic beads and
eluted proteins were subjected to western blot analysis. We found that TCF7L2
bound to this element and that mutating the TCF consensus motif blocked its
association (Fig 3-2B). Moreover, the probe containing the C variant precipitated

more TCF7L2 compared to the probe containing the T variant (Fig. 3-2B). In
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Figure 3-2. TCF7L2 binds DNA harboring disease-associated rs6651252 variant
with stronger affinity. (A). DNA sequence flanking rs6651252 (asterisk) and the
adjacent TCF consensus motif (underlined). (B). Western blot analysis of TCF7L2
from HCT116 protein lysates that were incubated with the biotinylated DNA
probes indicated and subsequently precipitated with streptavidin conjugated
magnetic beads. A probe containing mutations in the consensus TCF binding
element (mutant TBE) was used as a negative control. (C). as in (B) except the
biotinylated probe harboring the ancestral T variant was used in all reactions. As
indicated below, increasing concentrations of unlabeled probes containing T or C
were included in the binding reactions prior to precipitation.
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addition, we found that adding increasing amounts of unlabeled C probe more
effectively competed with TCF7L2 binding to the biotinylated T probe in
comparison to reactions containing equivalent amounts of unlabeled T probes
(Fig. 3-2C). Therefore, the C variant of rs6651252 potentiates binding of TCF7L2

to this DNA element.

rs6651252 demarcates a Wnt responsive DNA enhancer element

We next used heterologous luciferase reporter assays to determine whether
16651252 was embedded within a DNA enhancer element. Using genomic DNA
isolated from a human colonic epithelial cell line, we PCR amplified a 555 bp
segment containing rs6651252 and inserted it upstream of the minimal SV40
promoter in the pGL3-luciferase vector (Fig. 3-3A). We refer to this plasmid as
rs6651252-luc and upon sequencing the insert, it contained the T ancestral allele.
In comparison to HCT116 and DLD-1 cells transfected with the vector backbone
alone, rs6651252-luc drove higher levels of luciferase (Fig. 3-3B and C). In
HEK293T cells, rs6651252-luc produced lower levels of luciferase relative to the
control vector (Supplemental Fig. 3-1). Next, we used site-directed mutagenesis to
substitute the rs6651252 T variant with the disease-associated C variant (Fig. 3-
3D). In both HCT116 and DLD-1 cells, this plasmid drove higher levels of
luciferase relative to rs6651252 containing the T variant (Fig. 3-3E and F). These
results demonstrate that a DNA segment harboring rs6651252 is a cell-type

specific enhancer element and that the C variant augments its activity.
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Figure 3-3. rs6651252 demarcates a Wnt-responsive DNA enhancer element.

(A). Diagram of luciferase reporter vectors used in (B) and (C). The pGL3-
promoter vector backbone served as a control (control-luc). A 555 bp DNA
fragment encompassing rs6651252 was inserted upstream of the SV40 promoter in
the pGL3-promoter plasmid vector. Grey vertical lines depict consensus TCF
motifs with an asterisk depicting rs6651252. (B) and (C). Luciferase assays
conducted in the indicated cell lines with values obtained from rs6651252-luc
transfected cells normalized to values obtained from cells transfected with control-
luc (D). Diagram of rs6651252 luciferase vectors used in (E) and (F). The T
variant of rs6651252 was changed to the C variant using site-directed
mutagenesis. (E) and (F). As in (B) and (C), except the indicated cells were
transfected with rs6651252 harboring either ancestral T or disease-associated C
variant. Error bars are SEM (***P <0.001).
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The rs6651252 WRE regulates MYC gene expression

In a recent study, Meddens et al. used 4C-seq to identify the gene targets of
enhancer elements containing embedded IBD-associated SNPs (171). In that
report, 16651252 was found juxtaposed to the MYC and POUSF 1B gene loci on
chromosome 8 through long-range chromatin loops (171). Whether the rs6651252
enhancer regulated MYC or POUS5F 1B expression was not demonstrated. To test if
these genes were regulated targets, we used CRISPR/Cas9 to delete the rs6651252
enhancer in the HCT116 cell line (Fig. 3-4A)(173). After propagating independent
clonal lines, we used PCR to assess rs6651252-enhancer status. We successfully
identified multiple lines with either heterozygous or homozygous deletions (Fig.
3-4B). The PCR-based genotyping was confirmed using Sanger sequencing. In
comparison to a control clone that lacked deletions, two independent knockout
clones displayed reduced levels of MYC expression as assessed by RT-qPCR (Fig.
3-4C). Deletion of the rs6651252 WRE did not significantly impact POU5SF1B
gene expression levels in HCT116 cells (Supplemental Fig. 3-2)

To confirm that MYC gene expression is regulated by the distal rs6651252
WRE, we used a CRISPR/Cas9-based approach to epigenetically repress the
function of this DNA regulatory element (184). In this assay, guide RNAs are used
to recruit a mutant Cas9 (dCas9, lacking endonuclease activity) fused to the
KRAB transcriptional repressor. We generated eight guide RNAs that tiled a 2.7
kb segment to target dCas9-KRAB to the rs6651252 locus (Fig. 3-5A). Prior to
using this system, we performed various control experiments to validate the

approach. First, we conducted luciferase assays using the same vector backbone
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Figure 3-4. The rs6651252-WRE regulates MYC gene expression. (A). Diagram of
the MY C chromosomal locus with the position of the rs6651252 WRE located
approximately 750 kb downstream. The positions of the guide RNAs used for
CRISPR/Cas9-mediated deletion are indicated. (B) Agarose gel of PCR products
generated from genomic DNAs isolated from clones of HCT116 cells engineered
to delete the rs6651252 WRE using CRISPR/Cas9-mediated gene editing. Primers
that flanked the rs6651252 WRE were used in PCR reactions. The +/+ indicates
clones with non-edited rs6651252 WREs, whereas +/- and -/- indicate
heterozygous and homozygous deleted clones, respectively. (C). RT-qPCR
analysis of MYC mRNA levels in rs6651252 WRE wildtype (WT) and knockout
(KOTI and KO2) clones. Values are normalized to average GAPDH and TUBULIN
levels. Error bars denote SEM (**P <0.01).
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Figure 3-5. Epigenetic repression of rs6651252 reduces MYC gene expression.
(A). Diagram of a luciferase reporter vector containing a 2.7-kb DNA fragment
encompassing rs6651252. The vertical lines above depict the positions of multiple
guide RNAs designed to target the element. These guide RNAs recruit the dCas9-
KRAB fusion protein to rs6651252 in transfected cells. (B). Luciferase reporter
assays conducted in HEK293T cells. Where indicated, plasmids encoding [3-
catenin S45F, LEF, dCas9-KRAB and plasmids expressing the guide RNAs
(gRNAs) were co-transfected. Data are normalized to luciferase levels in cells
receiving the reporter vector alone. (C). Relative luciferase reporter activity in
HCT116 cells transfected with the plasmids indicated. (D). qPCR analysis of
DNA fragments precipitated with a a-FLAG antibody in ChIP assays conducted in
HEK?293 cells expressing gRNAs alone or gRNAs and FLAG-dCas9-KRAB. The
oligonucleotides used for detection amplified a region encompassing rs6651252.
(E). RT-gqPCR analysis of MYC transcript levels in HCT116 cells expressing
gRNAs and the dCas9-KRAB fusion. Non-transfected cells served as a control.
Values are normalized to TUBULIN. In (B-E), error bars are SEM (*P <0.05, **P
<0.01, ***P <0.001).
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used previously in Fig. 3-3, except that the 2.7 kb segment containing rs6651252
was inserted upstream of the SV40 promoter. In transfected HEK293T cells,
plasmids containing B-catenin and LEF (a TCF family member) cDNAs activated
expression of luciferase (Fig. 3-5B). Whereas inclusion of plasmids encoding the
guide RNAs alone resulted in a slight decrease, co-transfecting guides along with
dCas9-KRAB blocked B-catenin/LEF-driven luciferase activity (Fig. 3-5B).
Similarly, gRNA/dCas9-KRAB complexes effectively reduced rs6651252 (exp)-
driven luciferase levels in HCT116 cells (Fig. 3-5C). Using ChIP-qPCR assays in
transfected HEK293T cells, we found that inclusion of the guide RNAs increased
levels of dCas9-KRAB recruited to the rs6651252 locus (Fig. 3-5D). Having
validated the system, we introduced the guide RNAs and dCas9-KRAB into
HCT116 cells and this significantly reduced MYC expression in these cells (Fig. 3-
SE). Together, these experiments demonstrate that the rs6651252 enhancer

regulates MYC expression in colonic epithelial cells.

The rs6651252 C variant correlates with increased MYC expression in patient

colonic tissues

To determine whether rs6651252 impacts MYC gene expression in vivo,
we obtained colonic segments that were surgically resected from CD patients. As
controls, we obtained intestinal tissues from patients that underwent resection for
non-IBD related issues such as slow transit or volvulus. We genotyped rs6651252
in genomic DNAs isolated from collected blood and found that while all control
patients were homozygous for the ancestral T variant, half of the CD patients were

TT and the other half were heterozygous TC. We then isolated RNA from flash-
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frozen tissues and assessed MYC gene expression using RT-qPCR. This analysis
found that tissues from CD patients that were heterozygous for the risk variant
(TC) contained higher levels of MYC transcripts compared to tissues from CD

patients harboring homozygous alleles (TT) or controls (Fig. 3-6).

Discussion

GWAS have identified over 200 SNPs that are associated with a
predisposition for developing IBD (144, 161, 162, 164). While some of these are
found within protein-coding regions of the genome, most map to intergenic and
gene-poor loci (144). Recent work has shown that many of these non-coding SNPs
are found within regions of accessible chromatin, demarcated by elevated levels of
H3K27ac (168). Most often, these SNPs are assumed to impact the nearest gene
promoter (144, 177). However, it is known that enhancers are capable of
impacting more than one gene and can bypass the nearest gene to influence
expression of a neighboring gene (185). Due to the inherent difficulty in studying
non-coding regions of DNA, particularly those that may function in a cell-type
specific manner, the causative impact of these non-coding SNPs on gene function
largely remains a mystery. This current study focused on the CD-associated SNP,
16651252 that maps to the 8q24 locus. This locus is a large non-coding region of
the genome that contains numerous SNPs that have been shown to impact ovarian,
prostate and colorectal cancers (186).

We demonstrate that rs6651252 demarcates a WRE and that the disease-

associated allele potentiates enhancer activity through higher affinity binding of

63



Relative MYC levels (log2)
1

-3 T T T
Ctrl. TT TC

Crohn’s disease

Figure 3-6. The rs6651252 C variant correlates with elevated MYC expression in
patient colonic tissues. RT-qPCR analysis of MYC transcript levels in resected
full-thickness colonic tissues from control and CD patients. For CD patients, the
genotype of rs6651252 is indicated. Values are normalized to GAPDH. Error is
SEM (*P <0.05).
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TCF7L2. In an earlier study, Meddens et al. reported evidence that this rs6651252
enhancer is juxtaposed to the MYC promoter, implicating MYC as a direct target of
this enhancer (171). Our work confirms and extends this finding as we found that
either deletion or epigenetic silencing of this element reduces MYC expression in
human colonic epithelial cells. Moreover, in our survey of human colonic tissues
resected from IBD patients, we find that the disease-associated rs6651252
increases MYC expression. Together, these findings are similar to those reported
for the cancer-associated SNP 1rs6983267, which also resides within this gene
desert region on chromosome 8 (88, 187, 188). While the rs6983267 disease-
associated allele augments TCF binding and enhancer activity, whether it
differentially impacts MYC gene expression in normal tissues or cancers is still a
matter of debate (189).

While much attention has been given to understand the role of MYC in
colorectal carcinogenesis, much less is known about its role in IBD (190). Using
the dextran sodium sulfate (DSS) model of acute colitis in mice, we reported that
slight elevation of MYC (~2.5 fold) promotes restitution of the colonic epithelium
(191, 192). Furthermore, we found that lithium treatment, which inhibits glycogen
synthase kinase and stabilizes MY C, confers a favorable response to colonic
regeneration after acute DSS-induced damage in mice (95). These findings
indicate that short-term MYC stabilization may provide favorable outcomes in
IBD by promoting restitution of the epithelial monolayer (95, 191-193). However,
an earlier study reported that levels of MYC transcripts are elevated in intestinal

tissues isolated from IBD patients in comparison to controls (194). Furthermore,
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higher levels of MY C protein was found in inflamed IBD intestinal tissue in
comparison to control, non-IBD colonic segments (194). In addition, MYC
expression is elevated, and the MYC chromosomal locus is frequently amplified, in
colitis-associated cancer (CAC) (195-197). Therefore, while transient stabilization
of MYC is beneficial, long-term and sustained MY C expression is likely
detrimental in IBD and CAC.

Our analysis of surgically resected colonic tissues indicates that CD
patients harboring the rs6651252 risk allele display elevated levels
of MYC transcripts relative to levels found in tissues from CD patients that are
homozygous for the ancestral allele or controls (Fig. 3-6). Because we have a
limited number of control tissues in our Colorectal Disease Biobank, we were
unable to identify control colonic tissues that were heterozygous for the risk allele.
This precludes interpretations that elevated MYC may contribute to disease onset.
However, our analysis of genotyped diseased tissues suggests that elevated MYC
may contribute to disease pathogenesis in CD patients harboring the risk allele. It
follows that patients who are homozygous for the disease variant may have a more
pronounced phenotype, and as we continue to recruit patients into our
biorepository, we hope to identify such patients and will explore this possibility in
a future study.

One limitation of our study of human colonic tissues is that full-thickness
specimens were analyzed. While we favor a model whereby the rs6651252 disease
associated allele elevates MYC expression in the colonic epithelium, we cannot

dismiss the possibility that other cell types, such as resident lymphocytes, could be
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contributing to the overall differences we detect. In support of this possibility,
Mokry et al. demonstrated that rs6651252 resides in a region of accessible
chromatin in specific CD4" sub-cellular populations(168). Due to the importance
of T-cells in IBD pathologies (198), and the role of Wnt signaling in T-cell
biology (199), it is possible that the rs6651252 WRE influences MYC expression
in cells that function in the adaptive cellular immune response. Purification of
specific population of cells from genotyped samples and assessing MYC gene
expression in these cells is required to fully understand how rs6651252 is
impacting CD pathogenesis.

In summary, our work shows that rs6651252 demarcates a WRE within the
824 locus. The CD-associated allele facilitates stronger TCF7L2 binding to the
WRE, potentiates enhancer activity, and increases MYC gene expression. While
additional work is needed to further define the cell types in which this rs6651252
WRE operates, and the constellation of genes whose expression it impacts, these
findings suggest that CD patients harboring this allele may benefit from therapies
that target MYC or MY C-regulated genes. Along these lines, MYC gene
expression is sensitive to inhibitors that target bromodomain and extra-terminal
family of proteins (iBETs), such as JQ1 (200, 201). Our findings presented here
support the idea that JQ1 should be further evaluated in pre-clinical mouse models
of IBD with the hope that someday it could be used to augment current treatment

strategies for IBD patients.
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Supplemental; Figure 3-8. Depletion of 1s6651252-WRE does not affect
POUSF 1B gene expression. RT-qPCR analysis of POUSFIB expression in

parental (wild-type, wt) and rs6651252 WRE knockout (KO) HCT116 cell lines.

POUSF 1B levels are normalized to GAPDH. Error bars depict SEM.
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Chapter 4 Interplay of Wnt and MYC in Crohn’s disease
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Overview

GWAS have identified over 200 SNPs associated with a predisposition for
IBD (144, 161, 162, 164). Several key SNPs localize to protein coding genes, but
the majority map to intergenic loci (144). The function of most of these intergenic
SNPs remain unknown, but they localize frequently to regions of accessible
chromatin suggesting that they may impact the function of DREs (168). Despite
the fact that DNA enhancer elements can bypass the nearest gene to influence
expression of a neighboring gene, or multiple genes (185), the non-coding SNPs
identified to date are often assumed to impact the nearest gene promoter (144,
177). Work in this dissertation aimed to elucidate the function of one intergenic
SNP, and contributes to our understanding of how non-coding SNPs impacts IBD
pathogenesis. Work presented in chapter 3 demonstrated that a CD-associated
SNP, rs6651252, demarcates a WRE whose disease-associated allele potentiates
stronger binding of TCF7L2 to the enhancer. We confirm an earlier report
implicating MYC as a target of this particular DRE (171), and build on this finding
by identifying the region as a WRE and that either deletion or epigenetic
repression of the WRE reduces expression of MYC in human colonic epithelial
cells (202). We also observe a positive correlation between expression of the
disease-associated allele and MYC expression in resected intestinal tissue from CD
patients. Here, I will discuss implications of this research and provide several

future avenues of study that can further our understanding of IBD pathogenesis.
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Additional SNPs and targets of interest

Ch8g24 is a gene desert with many disease-associated SNPs

My work focused on rs6651252, which maps to the gene poor region of
Ch8q24 (162). We were able to confirm earlier work identifying MYC as the
target of 1s6651252 in IECs. However, this prior work by Meddens et al. used
three cell types involved in IBD, a colorectal cancer cell line and PBMC-derived
lymphocytes and monocytes, to identify the targets of rs6651252 (171). While this
provided insight into novel DREs and gene targets, inherited or environmentally-
driven epigenetic changes can result in differential gene expression within
patients, that may be different than the expression profiles of healthy patients used
in the study (203). While only POUSFIB and MYC have been identified as direct,
juxtaposed targets of rs6651252 (171), ch8q24 ranges approximately 4.1 Mb and
encompasses several other genes including PVTI, FAMS84, GSDMC, ASAP1 and
PRNCRI (186, 204) that may be additional context-dependent targets.

The genomic region 8q24 itself is of great interest in the context of non-
coding functionality, because it contains several SNPs linked with ovarian,
prostate and colorectal cancers (186). Our findings that rs6651252 impacts TCF
binding is similar to other work on the CRC-associated SNP rs6983267, which
also resides within ch8q24 (88, 187, 188). As is the case for rs6651252, co-
localization of the epigenetic marker H3K27Ac with rs6983267 coincided with
enhanced MYC expression (88, 188). Moreover, the disease-associated allele for
16983267 potentiated stronger binding of TCF7L2, augmented its function as an

enhancer (187, 188), and increased the frequency of this region to loop to the MYC
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promoter (88, 89, 188). Intriguingly, beyond a direct juxtaposition of rs6983267
and MYC, Ling et al. identified a distinct mechanism of modulation, through
which rs6983267 represses MYC (205). 16983267 resides within the IncRNA,
colon-cancer associated transcript two (CCAT?2), a Wnt-target gene whose
expression is elevated in colonic tumors and promotes tumorigenesis when
overexpressed (205). Moreover, CCAT?2 stabilizes B-cat/TCF transcription
complexes. However, whether the disease-associated variant of rs6983267 impacts
these phenotypes is unknown. Critically, a poorly understood IncRNA, /linc00824
is expressed from a region overlapping rs6651252. LncRNAs can modulate gene
expression through diverse mechanisms, including quenching miRNA or proteins,
and impacting transcription, translation or splicing of target gene transcripts (204).
Indeed, in the case of CCAT2, its knockdown has previously been shown to reduce
the invasiveness of a CRC cell line (205). Therefore, whether linc00824
expression is directly regulated by the rs6651252-WRE is an important area of
future study that may further our understanding of how this SNP impacts IBD

pathogenesis.

Other IBD-associated SNPs and B-cat ChIP-seq peaks

Beyond rs6651252, colocalization of IBD-associated SNPs and -cat
ChIP-seq peaks identified several other potential targets. In fact, nearly 40% of all
examined IBD-associated SNPs were within 250 kb of a B-cat peak (Fig. 4-1), and
further work is necessary to determine whether these SNPs demarcate novel
WREs relevant to IBD. Two particular SNPs identified in close proximity of -cat

peaks are rs194749 and rs17293632. rs194749 is an IBD-associated SNP found
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Figure 4-1. Overlap of IBD-associated SNPs with 3-cat ChIP-Seq peaks.

Proximity of IBD associated SNPs to -cat binding regions in HCT116 cells.

Percentage of total IBD-associated SNPs (n=231).
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near zinc finger protein 36 ring finger like protein 1 (ZFP36L1), one of three
ZFP36 family members of RNA binding proteins (162). These regulatory proteins
bind the 3’UTR of select mRNAs and promote their degradation (206). Despite
little being known about ZFP36L 1, another family member known as
Tristetraprolin (TTP, encoded for by ZFP36) is a potent repressor of pro-
inflammatory cytokines and plays a role in IBD. Evidence suggests TTP
expression may be indirectly repressed by Wnt signaling (207, 208), but thus far,
no evidence has suggested ZFP36, or other family members, are direct Wnt-target
genes. However, TTP and its family members remain important targets of interest
due to their critical role in inflammation and intestinal homeostasis. To this end,
an [EC-specific KO of Zfp36 within intestinal crypts expanded the zone of
proliferation, and increased the number of goblet cells (209). Moreover, mice
lacking TTP expression in IECs are protected from dextran sodium sulfate (DSS)-
induced colitis (209), while full body KO results in a severe inflammatory
syndrome resulting from over-expression of TNFa (210). Identification of a novel
WRE that regulates ZFP36L1 expression could provide insight into another
inflammatory-driven mechanism for contribution of an IBD-associated SNP to
IBD pathogenesis.

The second SNP of interest, rs17293632, resides within an intron encoding
the tumor suppressor signaling protein, SMAD family member 3 (SMAD3).
SMAD?3 functions within the transforming growth factor beta (TGFf) pathway to
promote cellular proliferation (211, 212). Even if this SNP is not within a WRE, it

could alter splicing of SMAD?3, and is therefore a reasonable and intriguing target
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to pursue as well. In fact, a few IBD-associated SNPs have been previously
identified to alter transcript splicing, including the protective variant within

caspase recruitment domain-containing protein 9 (CARDY) (213).

rs6651252 is within a putative CD4" T-cell DRE

While the results presented in this dissertation promotes a model wherein
the disease associated allele for rs6651252 elevates MYC expression in the colonic
epithelium, it is possible that this SNP could function within other cell types that
contribute to IBD disease pathogenesis. In support of this possibility, Mokry et al.
demonstrated that rs6651252 is within an open region of chromatin in specific
subsets of CD4" T-cells (168). As T-cells are essential for IBD pathogenesis
(198), and Wnt signaling is heavily involved in T-cell biology (199), it is possible
that the rs6651252-WRE controls MYC expression in CD4" T-cells to regulate the
adaptive immune response.

To test this hypothesis, we isolated circulating lymphocytes from CD
patients. Using frozen blood RNA samples from patients previously genotyped for
16651252 using a customized Illumina genotyping platform, we identified CD
patients that were heterozygous for the disease (TC) allele, or homozygous for the
ancestral (TT) allele. Because patients homozygous for the disease-associated
allele (CC) are rare, we are unable to include these patients in our study. We
isolated patient RNA from PAXgene® blood RNA tubes, which stabilize RNA
from all peripheral blood mononuclear cells (PBMCs) in the patient’s sample. We
assessed MYC expression using RT-qPCR (primers found in table 2-1) from these

samples. Through this analysis, expression of MYC does not significantly correlate
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with allelic status, nor does it differ from the control patients (Fig. 4-2). While we
did not observe a significant change in MYC expression, this may be a result of
examining all PBMCs, not just CD4+ T-cells where we anticipate rs6651252
functions. Assessing MYC from purified T-cells of blood or intestinal tissue can
provide important insight into how rs6651252 may impact CD pathogenesis, and

is an open area for future study.

Contribution of MYC to disease pathogenesis

MYC in restitution of the intestinal epithelium

The work presented here used surgically resected intestinal tissue to
correlate expression of MYC with CD patients harboring the disease-associated
allele for rs6651252. Limited sample size and a lack of patents homozygous for
the disease-associated allele limits interpretations of how strongly elevated MYC
contributes to disease onset. However, the role of MYC itself in IBD is an
important avenue of research. Prolonged inflammation in mice results in
recruitment of mesenchymal cells (214), which have previously been shown to
supplement Wnt signaling (51-53), and promotes crypt regeneration (214). Indeed,
Wnt3a promotes expression of MYC which stimulates repair of the intestinal
epithelium (215) and, a ~2.5-fold increase in MY C promotes repair of the colonic
epithelium (191, 192). Importantly, a previous report using the murine DSS model
of acute colitis indicates that epithelial regeneration following inflammatory
damage can be improved by inhibition of GSK3 and stabilization of MYC through

pharmacological treatment with lithium (95). Together, these reports argue that
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Figure 4-2. The rs6651252 disease-associated allele does not affect MYC
expression in patient blood lymphocytes. RT-qPCR analysis of MYC transcript
levels derived from patient blood samples (n=94). For CD patients, the genotype is
indicated. Values are normalized to average of GAPDH and TUBULIN B1. Error
is SEM.
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acute elevation of MY C expedites restitution, and may promote a better response
to damage. However, sustained and elevated MY C expression for 9 months in
mice leads to hyperplasia (191). As I will address in greater detail below, these
initial findings suggest that where stabilizing MY C expression transiently can
promote epithelial restitution, long-term strategies to manage chronic cases of IBD
through these mechanisms is not recommended.

Patients with IBD are at an elevated risk to develop a specific form of CRC
known as colitis-associated cancer (CAC). In fact, patients with IBD are at a 5-8-
fold increased risk for developing CAC (216). Due to the importance of Wnt and
MY C in development of sporadic CRC, the role of Wnt and MYC in the
development of CAC was tested as well. Several reports have illustrated that
within human tissue samples, inflamed intestinal tissue has higher levels of MYC
protein and mRNA, over that of control tissue (194). In CAC, MYC expression is
not only elevated, but its genomic locus is frequently amplified (195-197).
Intriguingly, CAC and CRC have distinct mechanisms of development due to
differences in initiation, wherein CAC stems from chronic inflammation. Indeed,
mice with colitis developed colonic tumors faster and with fewer doses of a
carcinogen than mice without colitis (217, 218). Additional models of CAC has
shown that with elevated MYC, treatment with azoxymethane (AOM) prior to
DSS-induced colitis resulted in an increased tumor burden, ranging up to 20-fold
more depending on the region in the intestines (219). These results, and others,

have shown that the overall influence of IBD on CAC depends on disease severity,
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age of diagnosis, therapies and management strategies, and appears to rely on
many aspects of inflammation (220).

Importantly, the genetic mutations observed in sporadic CRC are largely
still present in CAC, but occur at different rates and stages of cancer progression
(103, 195, 221). Notably, the most commonly mutated component of the Wnt
signaling pathway in sporadic CRC, APC, is found mutated at substantially lower
rates in CAC (195, 221). Despite this, the nuclear levels of B-cat are elevated in
over 40% of human CAC samples irrespective of APC mutations (195), as well as
within animal models of IBD (222), and IBD patient tumors (223, 224).
Additional work has suggested that Wnt/p-cat networks are epigenetically
modified in IBD, and modified to a greater extent as the intestinal tissue
progresses to CAC (225). Indeed, activation of nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-xB), protein kinase B (AKT) (226) and
phosphoinositide 3-kinase (PI-3K) (227) have been shown to stabilize 3-cat and
play a role in CAC progression, which does not require mutation of Wnt/p-cat
signaling pathway components. Therefore, the initial driver mutations of APC in
sporadic CRC may be annulled in CAC through stabilization of 3-cat via non-
traditional mechanisms, such as mutations in the Wnt signaling pathway outside of

APC, or the inflammatory mediators prevalent in IBD.

MYC as a rheostat

Nearly 30 years ago, a cellular safeguard against MYC over-expression was

identified. A seminal discovery by Askew et al. identified that forced expression
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of MYC in arrested myeloid cells resulted in robust apoptosis (228). In these
myeloid cells, as IL-3 is removed they repressed MYC, underwent cell cycle arrest,
and ultimately apoptosed. However, ectopic re-expression of MYC did not resume
cellular proliferation, but rather hastened the rate of apoptosis in these cells (228).
Furthermore, forced expression of MYC resulted in apoptosis in several other
instances where cell growth is “inadvisable” for the cell, including cells grown at a
high density (229), or while undergoing serum deprivation (230). Importantly,
while normal untransformed cells can sense and respond to an elevation in MYC
by undergoing apoptosis, it appeared that this response could be turned off within
transformed cells (228, 231).

Several years later, an intriguing observation was made within FAP
adenocarcinoma samples supporting precise modulation of MYC expression in
cancer (232). By sequencing patient samples, Albuquerque et al. demonstrated that
if the germline mutation in APC resulted in retention of one or two [3-cat binding
motifs in the expressed protein, the somatic mutation resulted in a truncation
removing all B-cat binding from the second allele (232). Conversely, if the
germline mutation resulted in no B-cat binding motifs, the somatic mutation
resulted in conservation of one or two [3-cat binding motifs (232). This argued that
the location of the germline mutation within APC inherited by patients with FAP
influenced the somatic “second-hit” mutation. Atypical for most two-hit models of
carcinogenesis, this observation argued some control over (-cat expression by
APC was advantageous to tumorigenesis (233). A convergence of these

discoveries is illustrated in the “just right” model of tumorigenesis, wherein levels
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of MY C must be maintained at a specific threshold to maintain tumorigenesis, but
not so high as to promote apoptosis (94). The implications of this model are broad,
and suggest Wnt signaling as a whole functions as a rheostat to allow proper
expression of its target genes to promote proliferation.

By applying these observations to IBD, a similar model can be inferred,
where short-term stabilization of MYC is initially favorable, promoting restitution
of the epithelium (95, 191-193), but transitions to a detrimental role in long term
disease by promoting apoptosis (Fig. 4-3). The mechanism of rs6651252-WRE
disease-associated allele, which elevates MYC, can theoretically induce a similar
result. That is, it may assist restitution in acute disease, but later promotes
apoptosis and destruction of the IEC barrier, prolonging inflammation and disease.
Further work will need to be completed to examine the accuracy of this model.
However, targeting and repressing MY C to acceptable levels within these patients

may prevent the activation of pro-apoptotic target genes.

Targeting MYC in disease

Due to the critical role of MYC in sporadic CRC and most other cancers,
the design of therapies targeting MY C has been a goal in disease treatment for
decades (66). Several proof-of-concept compounds have been identified that target
and inactivate various aspects of MYC function, such as inhibition of MYC:MAX
binding to DNA, or interfering with MYC:MAX dimerization (66). Recent studies
have focused on downregulating MYC expression at the level of transcript
initiation. One compound in particular, JQ1, affects MYC through interfering with

bromodomain and extra-terminal (BET) containing proteins (201). Principle
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Figure 4-3. Model of structural changes in intestinal mucosa structure with exposure to acute and chronic MYC
overexpression. A; top. In a flare of inflammation due to CD, the IEC barrier is damaged allowing microorganisms and
luminal components to infiltrate the underlying tissue. This solicits an immune response wherein the adaptive immune
system is activated and immune cells quell invading microorganisms. A; bottom. Within IESC, Wnt signaling is
activated in response to the inflammation and damage, stabilizing B-cat and activating expression of Wnt target genes.
Germline mutation for the disease-associated allele of rs6651252 (red C) facilitates stronger binding of TCF7L2, which
results in elevated MYC production. B; top. Proliferative cells expedite restitution, and after all pathogens are removed,
immune cells leave allowing for normal homeostasis. B; bottom. A result of elevated MYC, pro-proliferative target
genes are activated (65, 72), while cells harboring rs6651252 experience faster repair and restitution. C. Elevated MYC
promotes apoptosis through normal mechanisms of gene expression modification(234, 235) to avoid oncogenesis. This
results in mediated cell death and IEC permeability. The permeability and cell death results in an immune response and
inflammation. Inhibition of MYC in these patients could reduce MYC to normal levels and promote or maintain
homeostasis. Figure created with BioRender.com.
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members of the BET family are bromodomain (BRD) proteins 2, 3 and 4 (BRD?2,
BRD3, BRD4). They possess two tandem bromodomains (BD1 and BD2) that
serve as acetyl-lysine recognition domains facilitating their functions as
coregulators or scaffolding proteins in hyper-acetylated chromatin (236, 237). In
fact, BRD4 can recruit transcriptional machinery like pTEFD to activate
expression of target genes (238). While the BET family members have
overlapping functions, murine knockout studies of specific family members
indicate distinct function. Work in several labs have reported that Brd2 (239-241)
or Brd4 (242) germline knockouts are embryonic lethal, whereas heterozygous
knockout of Brd2 (241) or Brd4 (242) mice resulted in strong phenotypic defects,
suggesting haploinsufficiency. An important discovery through an RNA1 screen is
apparent in acute myeloid leukemia, which identified Brd4 as a specific target of
interest required for maintenance of these cells (243). In fact, suppression of Brd4
by JQI1 was capable of eliminating leukemic stem cells, leading to strong anti-
leukemic effects (243).

JQ1 is a cell permeable pan-BRD inhibitor that disrupts anchoring to
acetylated proteins through competitive binding to the bromodomain (201).
However, JQ1’s pan-inhibition includes BRD4 (201), which results in
transcriptional regulation of MYC and subsequent inhibition of growth of multiple
myeloma models (200). Using a dox-inducible shRNA targeting Brd4, Bolden et
al. determined strong silencing of Brd4 resulted in depletion of Paneth, goblet and
LGRS5" cells after 8 days (244). Importantly, the use of JQ1 did not result in these

robust phenotypic changes in mice, yet had strong influence on organoid cultures
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(244). As reported elsewhere, this is likely due to poor pharmacokinetic properties
of JQ1, which results in rapid clearance from the body (245). These data support
prior germline KO models, arguing that complete ablation of BRD4 is dangerous,
yet limited knockdown has benefits in repressing tumorigenesis.

Inhibition of BET family members may play an important role in
managing inflammatory diseases as well. Critically, BRD4 binds to the p65
subunit of NF-«xB, and transcriptionally regulates NF-kB inflammatory targets
(246). Two separate BET inhibitors, JQ1 (247) and RVX-297 (248), have shown
efficacy in reducing inflammation in murine models of arthritis. Furthermore,
these results are attributed to suppression of Th17 differentiation and Th17
cytokine profiles, specifically IL-17, IL-21 and granulocyte macrophage-colony
stimulating factor (GCSF) (247, 249). While these findings are important for
rheumatoid arthritis, Th17 T-cells are highly prevalent in CD (116), suggesting
that treatment may also benefit patients with CD beyond reduction of MYC
expression. Together these results argue that as the next generation of BET
inhibitors is developed, these compounds can be used to treat multiple diseases
through diverse mechanisms. Work in this field is promising, and several
compounds have been designed with changes from JQ1 structure since its
development in 2010, in attempts to improve its function (e.g., (250-252). While
second generation BRD4 inhibitors are being developed with improved efficacy
(253), bioavailability and greater selectivity (254).

In summary, our findings that patients with the disease-associated allele for

16651252 may have elevated MY C expression suggest they may benefit from
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therapies that target MYC or MY C-regulated genes. These strategies can repress
MY C to normal levels, and protect the patient from negative effects of prolonged
MY C overexpression. Prior work has shown that MYC expression is sensitive to
the pan-inhibitors targeting BET family of proteins, like JQ1 (200, 201). Our
findings presented here support the idea that as better BET inhibitors are
developed, and the role of MYC in IBD becomes more clear, pre-clinical mouse
models can provide useful augmenting therapies to improve quality of life, and

alter MY C expression to protect against damage caused by chronic IBD.
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