BAsic SCIENCE REVIEW ARTICLE

Epigenetics, DNA Organization, and Inflammatory Bowel Disease

Greeshma Ray, PhD and Michelle S. Longworth, PhD

Inflammatory bowel diseases (IBDs) are chronic inflammatory disorders affecting the gastrointestinal tract. The incidence of IBD is increas-
ing, with more cases occurring in developed countries. Multiple factors such as genetics, environmental changes, gut microbiota, and immune
abnormalities have been associated with development of IBD. In recent years, it has become increasingly apparent that epigenetic modifications
of chromatin and the manner in which chromatin is organized in the nucleus are additionally important elements that can influence responses
induced by the factors described above, and may therefore contribute to the onset and pathogenesis of IBD. Epigenetics and chromatin organi-
zation regulate diverse functions that include maintenance of homeostasis in the intestinal epithelium, the development and differentiation of
immune cells, and modulation of responses generated by the immune system to defend against potential pathogens. Furthermore, changes in epi-
genetic chromatin marks and in chromatin organization have now been linked to differential gene expression in IBD patient cells. Although direct
evidence for a role of histone modifications in IBD is currently very limited, in this review, we summarize the links between various epigenetic
modifications, the proteins that catalyze or recognize these modifications, and the development or progression of IBD in human and experimental
IBD. We also discuss how epigenetics influence the organization of DNA contacts to regulate gene expression and the implications this may have
for diagnosing and treating IBD.
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INTRODUCTION

Inflammatory bowel diseases (IBD), including Crohn’s di-
sease (CD) and ulcerative colitis (UC), are gastrointestinal dis-
orders that lead to chronic and relapsing intestinal injury. These
diseases have unknown etiology, with several factors such as envi-
ronment, genetics, diet, and changes in microbiome composition
playing important roles in the disease development and patho-
genesis.'* Approximately 1.6 million Americans suffer from in-
flammatory bowel disease.’ Crohn’s disease is characterized by
inflammation occurring at any location along the gastrointestinal
canal but is most commonly localized to the terminal ileum and
the colon. Crohn’s disease manifestations include transmural and
patchy lesions, fibrotic strictures,® and creeping fat.” Ulcerative
colitis is restricted to the colon and rectum, involves continuous
lesions, and affects the mucosal layer of the bowel.?
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The genetics of IBD are complex, and genome-wide asso-
ciation studies have identified over 200 IBD susceptibility loci.* !
However, many of these polymorphisms are located in noncoding
regions of the genome and are hypothesized to contain transcrip-
tional regulatory elements.!": 1> The activity of these regulatory
elements and the genes whose expression they control are influ-
enced by epigenetic modifications.!-'? Epigenetic changes can be
heritable and primarily involve chemical modifications to DNA
(DNA methylation) without changing the underlying DNA
sequence, or modifications to histone proteins which are com-
ponents of the nucleosomes around which DNA wraps. These
modifications can influence expression of genes, leading to either
activation or repression of transcription. In addition to epigene-
tic modifications, specific ATP-dependent remodeling complexes
act to position nucleosomes, help compact chromatin, and/or
promote long-distance interactions between different segments
of DNA."*1¢ Disruptions in the above processes can lead to
disturbances in gene expression, promoting inflammation, and
potentially contributing to IBD pathogenesis.

In this review, we will focus on epigenetic modifications
hypothesized to play important roles in the pathogenesis of
IBD, and we will also discuss several links between protein
complexes involved in chromatin remodeling and IBD patho-
genesis. We will not discuss the role played by DNA methyl-
transferases and demethylases in IBD, and we refer the reader
to excellent, recent reviews on these subjects.!”"?

HISTONE MODIFICATION AND CHROMATIN
ORGANIZATION REGULATE GENE EXPRESSION

Within the nucleus of a cell, the minimal unit of chroma-
tin is the nucleosome, which is comprised of 147 bp of DNA
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wrapped 1.7 times around a core of 8 histone proteins.?’ This
core histone octamer comprises a hetero-tetramer of histones
H3 and H4, surrounded by 2 histone H2A and H2B heterod-
imers (Fig. 1). Nucleosomes are separated from each other
by 10 to 60 bp of linker DNA, eventually forming a 10 nm
diameter chromatin fiber. Compaction of chromatin into 100
to 400 nm fibers occurs during early mitosis, resulting in con-
densed chromosomes. The N- and C-terminal tails of the core
histones project out from the nucleosome and are responsible
for mediating higher-order folding of chromatin.?! Different
amino acids on the histone tails, namely lysine, arginine, serine,
and threonine, are targeted by enzymes for post-translational
modifications (PTMs) (Fig. 1), which then influence whether
a gene is accessible for binding by transcription factors and
the RNA Polymerase II machinery. In its more compacted
state, chromatin is less accessible by these factors, and there-
fore, gene expression will generally be suppressed. Conversely,
relaxed chromatin is more accessible, and genes will generally
be transcriptionally active.?' Several different classes of his-
tone-modifying enzymes exist to modify lysines; these modifi-
cations include acetylation and deacetylation, methylation and
demethylation, phosphorylation, ubiquitination, sumoylation,
crotonylation, ADP-ribosylation, and deamination.?! 2

Gene expression is controlled by a variety of DNA reg-
ulatory elements that include promoters, enhancers, insulators,
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and silencers. Various chromatin-organizing complexes, in-
cluding CTCF (CCCTC-binding factor), cohesin, and conden-
sins, bind to the regulatory elements, associate with DNA, and/
or facilitate the generation of DNA loops at these locations.?
Through formation of loops, DNA regulatory elements can be
positioned into close proximity with specific gene promoters,
thus activating or repressing transcription, depending on the
nature of the regulatory element (Fig. 2A-B). For example,
loop formation can position an enhancer element, which will
activate gene expression, next to a gene promoter, causing the
transcription factors and chromatin-modifying proteins that
are bound to the enhancer to activate transcription of the
gene (Fig. 2A). Conversely, a repressive regulatory element
positioned in close proximity to a gene promoter can direct re-
pressive DNA and histone modifications to be made within the
loop, thus repressing gene expression (Fig. 2B).

HISTONE MODIFICATIONS AND CHROMATIN
ORGANIZERS INFLUENCE DEVELOPMENT AND
FUNCTION OF CELLS INTHE INTESTINE

The mammalian intestine is comprised of a mucosal
layer, a submucosal layer, a muscularis layer, and a serosal layer.
The mucosal layer contains epithelial cells, cells in the lamina
propria, and cells of the muscularis mucosa. The intestinal
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FIGURE 1. The nucleosome is the basic packaging unit of chromatin. The nucleosome is composed of an octamer of histone proteins, comprising a
hetero-tetramer of histones H3 and H4, surrounded by 2 hetero-dimers of histones H2A and H2B. DNA is wrapped approximately 1.7 times around
the histone core. Lysine (K) residues present on the N-terminal tails of histones undergo several post-translational modifications such as addition of
acetyl (Ac) and methyl (Me) groups. These histone modifications contribute to the epigenetic regulation of gene transcription.
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A

FIGURE 2. The 3-dimensional organization of chromatin plays an important role in regulating gene expression. A-B, Illustrations of different ways
in which the formation of DNA loops mediated by genome organizing complexes (purple) can regulate gene expression. In A, a regulatory element
(RE) that activates gene expression, such as an enhancer, interacts with the promoter of gene Y which, following binding of transcription factors,
results in enhancement of transcription. In B, the RE confers a repressive activity, possibly by directing DNA methylation (yellow circles) of gene Y’s
promoter, or by facilitating binding of chromatin remodeling proteins that promote repressive histone modifications (red hexagons). This represses

transcription of gene Y.

epithelium acts as the first line of defense against both patho-
bionts and invasive species present within the gut microbiome.
Defects in the development and differentiation of epithelial
cells can lead to defects in this barrier function and may con-
tribute to IBD development and progression.**’ The intestinal
lamina propria is comprised of a variety of immune cell popu-
lations that mediate a balance between response to pathogens
and tolerance to host antigens. This is facilitated by cells of the
innate immune system [mainly neutrophils, natural killer (NK)
cells, dendritic cells, macrophages, and innate lymphoid cells]
and adaptive immune system (B, T, and NKT cells). Although
both innate and adaptive immune cells infiltrate the intestinal
mucosa during IBD, the proper development, differentiation,
and activation of T cells seems to be especially important for
maintaining intestinal homeostasis.® * Interestingly, histone
modifications and chromatin-organizing proteins contribute to
the development and function of both the intestinal epithelium
and T cells, as discussed later on.

Intestinal Epithelium

The intestinal epithelium, a single layer of columnar cells
lining the intestinal lumen, is organized into crypt-villus units,
with crypts forming invaginations in the underlying mesenchy-
mal tissue and villi projecting into the lumen. The pluripotent
stem cells of the intestine, also referred to as crypt base colum-
nar cells or CBCs, reside at the bottom of the crypt and divide
frequently to give rise to transit-amplifying (TA) cells, which
migrate upwards in the crypt and eventually differentiate into
absorptive or secretory lineages. The absorptive cells or entero-
cytes are involved in nutrient absorption, whereas the secretory

cells include mucus-secreting goblet cells, hormone-producing
enteroendocrine cells, mechanosensory Tuft cells, and Paneth
cells that produce antimicrobial peptides.*® All of the differen-
tiated cell types except the Paneth cells are located in the upper
crypts or the villi; Paneth cells migrate towards the crypt bot-
toms and are located near the CBCs.

The identity of intestinal cells is defined by specific sig-
nals that act to activate or repress transcription of certain genes;
this is mainly facilitated by coordination of interactions between
transcription factors, promoters, and distal regulatory elements
in loops (Fig. 2). However, cells also need to maintain a certain
level of plasticity in their transcription so they can respond to
various environmental cues and preserve their homeostatic state.
One group of proteins that is instrumental in defining repressed
states of gene expression via epigenetic modifications, while
simultaneously maintaining transcriptional plasticity, are the
Polycomb proteins.*! The Polycomb machinery, which comprises
Polycomb repressive complexes (PRC) 1 and 2, maintains a level
of transcriptional repression in intestinal epithelial stem cells
by facilitating histone modifications such as trimethylation of
H3K27 by PRC2, resulting in a more compact chromatin state
(Fig. 3). Experiments in mice suggest that in the TA zone within
the crypts, PRC2 adds H3K27me3 marks to repress the expres-
sion of terminal differentiation markers such as sucrase-isomal-
tase (SI), and might function to help TA cells maintain their
proliferative state.*> Polycomb repressive complex 1 is essential
for maintaining the pool of LGRS5" intestinal epithelial stem
cells; loss of PRCI leads to a loss of stem cell identity, causing
them to exit their niche prior to expression of differentiation
markers. Importantly, loss of PRC2 leads to impairment in the
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FIGURE 3. Histone modifications help to maintain homeostasis in the intestinal epithelium. Histone methylation induced by Polycomb repressive
complexes are responsible for intestinal stem cell identity and regeneration following epithelial damage, as well as for proliferation of absorptive
and secretory precursors in the transit amplifying (TA) compartments within the intestinal crypt. Histone acetylation and deacetylation play impor-
tant roles in restricting differentiation of absorptive precursors while promoting differentiation of secretory cells. PRC, Polycomb repressive complex;

HDAC, Histone deacetylase; TA, transit-amplifying.

regenerative abilities of the stem cells following extensive dam-
age induced by irradiation.*"** This observation was confirmed
in human intestinal epithelial cells as well; PRC2 depletion in
colon carcinoma cells and in human, primary, intestinal crypt
cells resulted in increased differentiation of stem cells into the
absorptive lineage, along with increased expression of SI pro-
tein. Therefore, in the TA compartment, Polycomb machinery
might facilitate proliferation while inhibiting terminal differenti-
ation.*? This is important in regard to IBD because the catalytic
histone methyltransferase subunit of PRC2, Enhancer of Zeste
Homolog 2 (EZH2), is downregulated in IBD patients com-
pared with non-IBD patients.* Additionally, intestinal epithe-
lial cell-specific knockdown of EZH?2 in mice led to increased
intestinal inflammation following treatments with DSS (dextran
sodium sulfate) or trinitrobenzenesulfonic acid (TNBS), com-
pared with wild-type mice subjected to similar treatments.*
Conversely, overexpression of EZH?2 in intestinal epithelia of
mice conferred protection from inflammation after treatments
with DSS, indicating the importance of Polycomb complexes in
intestinal regeneration after epithelial damage.*
Acetylation/de-acetylation is important for regulat-
ing proliferation and differentiation of both absorptive and
secretory precursor cells in the intestinal epithelium (Fig. 3).
Promoters of genes encoding terminal differentiation markers
like ST are hyperacetylated during absorptive cell differentiation.
The histone deacetylase (HDAC) inhibitors, which promote
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acetylation by blocking removal of acetyl groups from lysines,
phenocopy this effect both in human and murine intestinal epi-
thelial cells.* Furthermore, depletion of HDAC1 and HDAC?2
in the mouse intestinal epithelium, early in development, pro-
motes development of absorptive lineages and represses secre-
tory cell development. Depletion in adults, however, leads to a
loss of crypt cells, as demonstrated by an inability of these cells
to proliferate.*%® Intestinal epithelial-specific dual depletion of
HDAC 1 and 2 increases the severity of DSS-induced colitis*’;
depletion of only HDAC?2 surprisingly leads to a lower severity
of colitis after DSS,* whereas depletion of only HDACI results
in a colitis phenotype similar to wild type mice post treatment
with DSS.#® The HDAC2-deficient mice expressing one Hdacl
allele exhibit normal intestinal architecture but are more sus-
ceptible to DSS-induced colitis, whereas HDAC1-deficient
mice expressing one Hdac2 allele show disruptions to intesti-
nal architecture in addition to increased susceptibility to DSS.#
This suggests that although HDACI may be more important
for maintaining proper intestinal architecture, appropriate lev-
els of both HDAC1 and HDAC?2 are crucial for recovery from
intestinal injury.

Chromosome organizers also contribute to the regu-
lation of epithelial differentiation and barrier function. Loss
of CTCF-binding sites at a specific imprinted locus in mice
resulted in decreased intestinal epithelial cell differentiation.*
While the effects of condensin depletion on the development
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and differentiation of epithelial cells are currently unknown,
new roles were recently discovered for condensins in the reg-
ulation of innate immunity within the intestinal epithelium.
Depletion of condensin II subunit, CAP-D3, in human intes-
tinal epithelial cells infected with enteropathogenic bacteria,
including Salmonella typhimurium, diminished the ability
of cells to clear bacteria.”® Moreover, CAP-D3 was found to
repress the transient upregulation of several genes encoding
proteins that act to block autophagy. In CAP-D3-depleted
cells, these proteins accumulate early in the infection, thus pro-
viding a growth advantage to the bacteria.” These studies also
found that colonic epithelial cells from patients with active UC
exhibit diminished levels of CAP-D3. Given that prior enteric
infections are a risk factor and can predispose towards the
development of IBD,>'- it is possible that the chromatin-or-
ganizing and transcriptional regulatory functions of CAP-D3/
Condensin II may play a role in preventing IBD development
and/or pathogenesis.

T Cells
The CD4" T effector cells, particularly the Th1, Th2, and
Th17 cell subsets, are important for defense against pathogens,
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while CD4" regulatory T cells (Tregs) help to control activity
and proliferation of effector T cells. Inflammatory bowel disease
is commonly associated with hyperactivity of effector CD4* T
cells and/or defects in immune tolerance mediated by defects in
Treg development or Treg immunosuppressive function.*

The JMJD3 (Jumonji Domain-containing protein
3) histone demethylase has been shown to regulate T cell
differentiation and gene transcription in T cells.’**® JMJD3
demethylates H3K27me?2/3, a histone mark that is typically
associated with repression of transcription. Loss of JMJD3
in mice promotes differentiation of Th2 and Th17 cells while
inhibiting Treg and Thl differentiation (Fig. 4A). Therefore,
it is not surprising that introduction of CD4* T cells from
JMIJD3-ablated mice into a Thl-dependent colitis mouse
model leads to milder colitis*® (Fig. 4D). CD4" T cells from
JMIJD3-deficient mice also show higher levels of H3K27
methylation (me2 and me3), consistent with loss of JMJD3-
mediated derepression of gene expression at specific genes
such as Cd44, Ccnd2, Ifng, Irf4, Ccr2 and Fosl2, which could
be important targets for preventing colitis.”® However, JMJD3
has also been shown to inhibit Th17 differentiation but still
acted to protect mice against experimental colitis, suggesting
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FIGURE 4. T cell differentiation and function within the intestinal lamina propria are regulated by histone modifications. A, JIMJD3 H3K27me3
demethylase modulates the differentiation of T-cell subsets. The “?” sign refers to a conflicting study which shows that JMJD3 promotes Th17 differ-
entiation (60). B, During intestinal inflammation, histone lysine methyltransferase G9A restricts TGF-beta-mediated differentiation of Th17 and Treg
cells. C, Transcription factor Helios recruits histone deacetylases to suppress IL-2 expression in Tregs, leading to Treg anergy. D, Loss of mechanisms
that regulate histone modifications can impact the severity of colitis. Loss of JMJD3 caused less severe colitis in mice, whereas depletion of G9A
protects against severe colitis. Loss of Helios leads to increased IL-2 expression in Tregs and loss of anergy, in addition to more severe colitis in mice.
Supporting references are in brackets. JMJD3-Jumonji domain-containing protein 3.
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that absence of JMJD3 might contribute to an overall reduc-
tion in inflammation via suppression of pro-inflammatory T
cell responses.®

Transforming growth factor (TGF)-f, interleukin (IL)-
6, IL-21, and IL-23 are the major cytokines involved in Th17
cell differentiation.®! One study showed that during intes-
tinal inflammation, TGF-f can convert commensal bacterial
antigen-producing Thl cells into IL-17* Th17 cells, thereby
producing pathogenic IL-17*, interferon-gamma (IFN-y*),
CD4* T cells that result in different levels of severity of co-
litis.®> The histone lysine methyltransferase G9A produced by
T cells is required for a response to intestinal inflammation,
and causes methylation at H3K9 at the promoters of //17a,
1117f, Rorc and Foxp3, which restricts TGF-f1 mediated Th17
and Treg differentiation (Fig. 4B). Loss of G9A increased
responses to TGF-1 by increasing chromatin accessibility
in naive T cells, increasing Th17 and Treg differentiation,
and thus protecting from T cell transfer colitis® (Fig. 4D).
Pharmacological inhibition of G9A in T cells caused a similar
effect, leading to increased differentiation into Th17 and Treg
lineages. Therefore, targeting of the H3K9me2 mark either by
GIA inhibition, or by introducing demethylases that can re-
move the H3K9me2 methylation marks could help to manip-
ulate Th cell subset populations, offering a potential therapy
toward the treatment of IBD.

Transcription factor-mediated recruitment of histone
modifiers can also affect T cell function. Helios is an Ikaros
family transcription factor expressed at high levels in Treg cells.
Helios normally represses //2 expression in Tregs by recruiting
HDAC: to the 112 promoter, leading to histone deacetylation
and an anergic phenotype (Fig. 4C). Upon stimulation with
antibodies against CD3 and CD28, Helios-depleted Treg cells
exhibit increased IL-2 expression and decreased forkhead box
P3 (Foxp3) binding to the I/2 promoter.* Transfer of Helios
depleted Tregs into Ragl” mice, where IBD is induced by injec-
tion of CD4*CD25-naive T cells, leads to increased weight loss
and increased severity of colitis (Fig. 4D) as compared with
control groups, thus underscoring the importance of Helios-
mediated HDAC activity in the regulation of Tregs and their
contribution to intestinal inflammation.

In addition to regulating the expression of genes involved
in innate immunity, the genome organizing functions of CTCF
and condensins may also be important for T cell development
and activation. Conditional depletion of CTCF in double posi-
tive thymocytes does not impede peripheral T cell development,
but does impair activation and proliferation following stimula-
tion in vitro.® Similarly, T cell activation is also regulated by
condensins; activation of naive T cells in response to IL-2 and
TCR engagement induces changes in higher order chromatin
structure via CAP-H2 of the condensin II complex. Mutation
of CAP-H2 in mice, therefore, resulted in aberrant chromatin
condensation during T cell development and failure to main-
tain a quiescent state.
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INTESTINAL CYTOKINE PRODUCTION IS
REGULATED BY HISTONE MODIFICATIONS AND
CHROMATIN ORGANIZERS

A balance between pro-inflammatory and anti-inflam-
matory cytokines is essential for the maintenance of intesti-
nal homeostasis. Various cytokines, including IFN-y, tumor
necrosis factor-alpha (TNF-a), IL-12, IL-23, TL-17, IL-13,
IL-5, and IL-9, have been shown to be significantly upregu-
lated in intestinal tissues from IBD patients and IBD mouse
models.® ¢7 In wild type mice, ten-eleven translocation enzyme
2 (Tet2) recruits HDAC?2 to repress pro-inflammatory cytokine
IL-6 expression.® Loss of Tet2 in mice leads to an exacerbated
inflammatory response with higher levels of IL-6 production
compared with controls in mice injected intraperitoneally with
lipopolysaccharide (LPS); Tet2-deficient mice also display an
increased susceptibility to DSS-induced colitis. IkBC is an 1l6
specific transcription factor that recruits Tet2 to the //6 pro-
moter during late stages of response to LPS, suggesting a role
for Tet2 in resolution of inflammation via IL-6.%

Interestingly, chemical inhibition of histone modifica-
tions at the 7/6 promoter also ameliorates colitis symptoms.
Atractylodin, a drug which inhibits the H3K9me3 demethy-
lase KDM4A (lysine specific demethylase 4A), induced H3K9
trimethylation in fibroblasts stimulated with TNF-a, which
impaired binding between NF-kB and the //6 promoter, lead-
ing to decreased intestinal inflammation. Other KDM4A inhib-
itors have also demonstrated similar effects on IL-6 and colitis
symptoms, suggesting that KDM4A could be a novel target to
resolve inflammation during colitis.”

Interleukin-10 (IL-10), secreted by CD4* Th2 cells, mac-
rophages, and dendritic cells, is a major anti-inflammatory cyto-
kine. It modulates the immune response by suppressing effector
activities of Thl, Th17, NK cells, and macrophages, and deple-
tion of IL-10 in mice leads to colitis.”” The lysine acetyltrans-
ferase KAT2B activates IL-10 through promoter acetylation.”
Interestingly, KAT2B is significantly downregulated in the
inflamed colonic mucosa of CD and UC patients compared with
healthy controls and noninflamed mucosa from IBD cases.”!

The receptor for TGF-f, TGFBRII, induces signaling
which leads to polarization of macrophages towards an anti-in-
flammatory M2 phenotype.”? Expression of a defective TGFBRII
in murine macrophages leads to enhanced susceptibility to colitis
following DSS treatment. The zinc finger protein KLF10 (TGF—3
inducible early gene 1) epigenetically regulates TGFSBRII tran-
scription in macrophages by promoter binding and recruitment
of histone acetyl transferase P300/CBP associated factor (PCAF)
to induce H3 acetylation.”” When KLF10 is depleted, colonic
macrophages exhibit lower TGFBRII and IL-10 expression lev-
els, leading to a pro-inflammatory phenotype. Transfer of KLF10
depleted macrophages to WT mice also increases the severity of
DSS-induced colitis, suggesting that transcription factor KLF10
is an important regulator of epigenetics and macrophage anti-in-
flammatory function in the intestine.”
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The global de-regulation of histone acetylation can also
have severe consequences for cytokine production and intestinal
homeostasis. SIRTuins are histone deacetylases known to play
roles in metabolic regulation and aging.” SIRT?2 regulates cyto-
kine production in macrophages and influences bone marrow—
derived macrophage (BMDM) development.” Before the DSS
challenge, both wild-type and SIRT2 KO mice had similar in-
testinal permeability and cytokine production.” After the DSS
challenge, SIRT2 KO mice had higher intestinal permeability
and higher plasma levels of pro-inflammatory cytokines such
as TNF-a and IL-1f3 than wild-type mice treated with DSS.” It
should also be mentioned that SIRT2 is capable of deacetylat-
ing a major regulator of cytokine production, NF-xB; SIRT2
knockout mice show hyperacetylation of the p65 subunit of
NF-xB in macrophages, leading to an inflammatory phenotype
and impaired resistance against DSS colitis.”

The formation of contacts between regulatory elements
and gene promoters at cytokine loci is essential for controlling
cytokine gene expression in various cell types. TNF-a, lym-
photoxin-a (LT-a), and lymphotoxin-f are pro-inflammatory
cytokines whose aberrant expression is linked to several dis-
eases including IBD.”*® The genes encoding these cytokines
are clustered within the human genome. Excitingly, CTCF was
shown to bind to this locus and, following TNF-a stimulation,
to regulate looping of repressive regulatory elements (insula-
tors), allowing for expression of TNF-a and LT-a.8! Cohesin
and CTCF were found to bind at the /FNy locus in primary
CD4+ T cells at both the gene promoter, and at a suspected
enhancer region within the gene.® Experiments showed that ac-
tivated Thl cells possessing increased amounts of CTCF and
cohesin at these binding sites within the /FNy locus physically
associate with one another through CTCF/cohesin-depen-
dent DNA looping, which then activates IFNy expression.®
Interestingly, a similar situation involving DNA looping at cy-
tokine loci occurs within Th2 cells. Following Th2 differentia-
tion, the expression of 1L4, IL5, and IL13 is increased.®! The
Signal Transducer and Activator of Transcription 6 (STAT6)
and GATA binding protein 3 (GATA3) transcription factors
are essential for establishment and/or maintenance of this gene
expression program,®® and recently, Th2 cells from CTCF de-
ficient mice were shown to exhibit significantly reduced levels
of IL4, ILS, and IL13 but normal levels of IFNy. These data
suggest that the ability of CTCF and cohesin to facilitate DNA
looping is very important for regulating the cytokine expression
profiles of differentiated T cell subsets and that the formation
of loops occurs in a cell-type specific manner, possibly involv-
ing regulation by other proteins, as well.

HISTONE READERS AS THERAPEUTIC TARGETS
FORIBD

The recognition of histone modifications by specific
proteins (referred to as histone readers) can lead to activation

of various signaling cascades and immune responses, thus
making these histone readers attractive therapeutic targets.
Bromodomain family (BRD) proteins, BRD2, BRD3, BRD4,
and BRDT, bind acetylated lysines on histone H4 or other pro-
teins to regulate transcription. Bromodomain family members
can also regulate RNA polymerase 11 activity.® These func-
tions of BRD proteins have been shown to lead to activation
of pro-inflammatory cytokines via interactions with NF-xB in
macrophages.® Interestingly, BRD proteins have been shown
to interact with condensin proteins®® and with CTCFE?® mak-
ing them exciting candidates to potentially target the functions
of genome organizing proteins and/or target aberrant DNA
organization.

Currently, several BET (bromodomain and extra-termi-
nal domain) inhibitors are undergoing clinical trials for treat-
ment of various diseases.®® These inhibitors possess functions
ranging from induction of apoptosis and inhibition of tumor
growth to downregulation of pro-inflammatory cytokines and
transcription factors.®® These particular functions also make
them excellent therapeutic candidates for disorders such as IBD
and several autoimmune diseases. Recently, BRD4 was found
to regulate expression of genes important for lineage-specific
progression during naive T cell differentiation into Thl, Th2,
Th17, and Treg cells.*” Specific inhibition and uncoupling of
BRD#4 from key Th17 genes by BET inhibitor MS402 induced
Th17 differentiation inhibition without affecting Thl, Th2,
or Treg differentiation.” Excitingly, MS402 also prevents and
reduces the severity of T cell transfer mediated colitis in mice
by inhibiting pro-inflammatory Th17 differentiation.”® These
findings suggest that MS402 may be a potential therapeutic
for inflammatory disorders like IBD, multiple sclerosis, and
rheumatoid arthritis that are linked to an increase in Th17 cell
development.

Another BRD4 inhibitor, I-BET151, attenuates the mat-
uration and costimulatory potential of dendritic cells in both
humans and mice. Treatment with I-BET151 reduces matu-
ration marker and pro-inflammatory cytokine expression in
dendritic cells and inhibits mature dendritic cell-mediated, anti-
gen-dependent proliferation of naive CD4* T cells.”’ Dendritic
cells treated with I-BET151 remain immature, and this led to
increased generation of immunosuppressive Foxp3* Tregs
in vitro. Disappointingly, mice (Ragl” mice transferred with
CD45RB"¢" sorted T cells) experiencing chronic colitis due to
impaired Treg function displayed only modest improvement in
disease symptoms when treated with I-BET151.°! One explana-
tion could be timing; I-BET151 administration in these mice
occurred after colitis symptoms appeared and after priming
of naive T cells by dendritic cells had already occurred. Since
earlier experiments negatively implicated I-BET151 in dendritic
cell maturation and T cell activation, treatment with I-BET151
at an earlier stage could lead to higher Treg levels by immature
dendritic cells, which might make a difference in ameliorating
colitis.
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In addition to BRD family proteins, other bromo-
domain-containing proteins have been implicated in IBD. The
bromodomain protein SP140 (which also possesses PHD and
SAND domains) is highly expressed in immune cells, reads
methylated histones, and binds DNA. Single nucleotide poly-
morphisms (SNPs) within Sp/40 are associated with CD,*? in
addition to multiple sclerosis and B cell chronic lymphocytic
leukemia. Crohn’s disease—associated Sp/40 SNPs cause defects
in alternative splicing, generating a truncated isoform and
reduced transcript levels.”® Deficiency in SP140 in macrophages
leads to their ineffective maturation through deregulated tran-
scriptional programs, leading to downregulation of several
LPS-induced cytokines, chemokines, and transcription factors
including TNF, IL-6, CXCL10, and NF-kB2. Defective innate
immune responses can be a driving force for intestinal dysbiosis
and inflammation; consequently, peripheral blood mononuclear
cells (PBMCs) of CD patients carrying Sp/40 SNPs had damp-
ened responses to bacterial and viral ligands. Similarly, Sp140
depletion in mice led to increased severity of DSS-induced coli-
tis, suggesting that SP140 is critical for intestinal homeostasis.
In terms of therapy, SP140 levels could potentially be used as a
marker for responsiveness to anti-TNF therapies; lower SP140
levels in CD patients correlate with lower TNF levels due to
defects in innate immune responses, and this consequently leads
to better responses to anti-TNF therapy.”

CHANGES TO THE 3-DIMENSIONAL
ORGANIZATION OF CHROMATIN-
ENCOMPASSING IBD-ASSOCIATED SNPS MAY
INFLUENCE DISEASE PATHOGENESIS

Genome-wide association studies (GWAS) have vastly
increased our knowledge of loci associated with common dis-
eases. However, these studies have their limitations because
they do not provide information on disease mechanisms asso-
ciated with loci or directly identify causal variants associated
with disease due to linkage disequilibrium between variants.**
Genome-wide association studies of IBD have identified over
200 susceptibility loci, with the majority of the SNPs being
located in noncoding regions of the genome.”!' Some of these
SNPs are assumed to be markers for variants within nearby
protein-coding genes. However, as discussed above, noncod-
ing regions are highly associated with the presence of DNA
regulatory elements (REs), including enhancers which can be
looped to facilitate long distance contacts with gene promot-
ers and modulate expression of protein-coding genes.'>°>° The
SNPs identified by GWAS might, therefore, contribute to IBD
pathogenesis by altering the functions of these REs and, conse-
quently, the IBD-specific, protein-coding genes they regulate.”’
In fact, 92 of the known IBD-associated SNPs were recently
shown to localize to potential REs, as evidenced by the pres-
ence of H3K27ac marks.!? The genes that are regulated by these
IBD-associated REs should, therefore, also be considered to be
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IBD candidate genes. Analysis of the 3-dimensional landscape
of chromatin interactions via 3C-derived techniques, such as
chromosome conformation capture-on-chip-seq (4C-seq),
identifies physical interactions between REs and downstream
regulatory genes.””*® 4C-seq was performed in several different
cell types to interrogate the interactions that occurred at the 92
IBD-associated loci containing REs.”” These studies identified
902 novel IBD candidate genes, many of which were reported
to be involved in IBD pathogenesis but had not been identi-
fied through traditional GWAS. We analyzed selected IBD-
associated SNPs identified by Jostins et al’ using a web-based
tool called Capture Hi-C plotter (CHiCP), which helps to visu-
alize interactions between gene promoters and distal regulatory
elements such as enhancers based on promoter capture Hi-C
datasets.” This analysis revealed several novel, potential inter-
actions between gene promoters and DNA REs within these
loci (Table 1). For example, c-Fos, a leucine zipper containing
proto-oncogene, heterodimerizes with c-Jun and forms the
AP-1 complex that can bind DNA at promoters or enhancers
of target genes important in cell proliferation, apoptosis, and
differentiation, leading to their expression.!” The expression
of c-Fos is induced early during inflammation by pro-inflam-
matory cytokines such as TNF-a and IL-6.!" The IBD-specific
SNP, rs4899554, is associated with the promoter region of
c-Fos, suggesting that it might regulate its expression and sub-
sequently impact Fos-mediated, downstream pathways. The
CCAAT/enhancer binding protein beta (C/EBPB), a leucine
zipper containing transcription factor, is activated by various
inflammatory stimuli including LPS and IL-17 and can regulate
expression of a number of inflammatory genes including /6,
114, Il5, and TNFA.'” The IBD-associated SNP, rs913678, inter-
acts with the CEBPB promoter. The promoter of /FNGRI was
associated with IBD GWAS SNP, rs6920220; IFNGRI encodes
the receptor for IFN-y, a pro-inflammatory cytokine that is
highly important in the regulation of antitumor and antiviral
immunity.'”® The IBD GWAS SNP, rs12654812, associates with
the promoter of DD X41, which functions in innate immunity by
recognizing foreign DNA and promoting signaling through the
TBKI1-STING-IRF3 cascade to activate type I interferons,'* 195
Finally, AKNA, an AT-hook transcription factor which medi-
ates inflammation, development, and B cell differentiation!%
may be regulated by contacts with the IBD GWAS SNP,
rs4246905. More evidence that aberrant genome organization
may contribute to IBD pathogenesis comes from where CTCF
was shown to be instrumental in the recruitment of JunD and
PU.1 transcription factors to a CTCF binding site containing
an IBD-associated single nucleotide polymorphism. The gene
closest to this region is ZFP36L1, which has anti-inflamma-
tory activity, and CTCF recruitment of transcription factors
near this gene could alter its expression, which could have sig-
nificance in IBD pathogenesis.** Additionally, elegant studies
performed on colon tissue from CD and non-IBD patients
revealed the existence of 2 clinically relevant CD subtypes
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TABLE 1. Candidate Genes Linked To IBD-Associated SNPs, Identified Via The Capture Hi-C Plotter (CHiCP) (https://

www.chicp.org/). *Confirmed by 4C-seq in (97)

Interacting Gene
Promoters

Chr Position (Mb) SNP

Cell Types With Significant Interactions

5 176.79 1312654812 MXD3

monocytes, erythroblasts, endothelial precursors, naive B, naive CD4, neu-
trophils, total B, total CD4 activated and nonactivated, total CD4 MF,
total CDS8

PRR7 monocytes, naive CDS, total CDS, total B, total CD4 nonactivated
DDX41 monocytes, naive B, total B, naive CDS, total CDS8, naive CD4, total CD4
nonactivated, total CD4 MF
DOK3 monocytes, naive CDS, total CDS, total B
DBNI1 monocytes
LMAN?2 endothelial precursors, M0, M1, M2 macrophages, erythroblasts, mega-
karyocytes, naive B, total B, naive CD4, total CD4 activated and nonacti-
vated, total CD4 MF, naive CD8, total CD8
RGS14 endothelial precursors, M0, M1, M2 macrophages, erythroblasts, mega-
karyocytes, naive B, total B, naive CD4, total CD4 activated and nonacti-
vated, total CD4 MF, naive CD8, total CD8
SLC34A1 erythroblasts, M1 macrophages, megakaryocytes, total CD4 activated
6 138.00 rs6920220 TNFAIP3 monocytes, M1, M2 macrophages, naive CD8, total CDS, total CD4
activated
IFNGRI1 *® monocytes
9 117.55 rs4246905 AKNA monocytes, endothelial precursors, M0, M1, M2 macrophages, naive B, neu-
trophils, total B, total CD4 activated, total CD4 MF, total CDS§
TNFESFS8 endothelial precursors, naive CD4, total CD4 activated
14 75.70 rs4899554 FOS monocytes, M1, M2 macrophages, naive B, neutrophils, total CD4 activated
NEK9 monocytes, erythroblasts, M1 macrophages, neutrophils, naive CD4
TMEDI10 M2 macrophages, naive B, total B, naive CDS, total CDS, total CD4 acti-
vated, total CD4 MF
20 48.95 rs913678 CEBPB monocytes, M2 macrophages, neutrophils

based on their chromatin accessibility and gene expression
profiles.!”” These experiments showed that potential enhancers,
which are typically active in normal ileum, were accessible and
active in CD patient colon tissue, and this correlated with a
more ileal-like gene expression pattern. Further studies will be
necessary to identify the proteins and histone modifications
that facilitate these and other interactions between regulatory
elements and promoters of genes involved in regulating intes-
tinal cellular homeostasis and inflammation, and to elucidate
the downstream effects that loss of these contacts have on IBD
pathogenesis.

Future Directions

IBD is a complex disease with multiple etiological factors
playing a role in its development and pathogenesis. Along with a
hereditary component, environmental factors such as diet, prior
enteric infections, and the microbiome are highly involved in dis-
ease development. Epigenetic modifications have an important
influence on the development of the intestinal epithelium and
lamina propria immune cells, both of which are critical in the

proper functioning and maintenance of the intestine as a whole.
Epigenetic changes can also alter levels of cytokines in the intes-
tinal epithelial milieu, influencing the levels of inflammation.
Thus, efforts should be increased to study the role of epigene-
tic modifications in diseases including IBD. However, there are
several obstacles to consider when studying epigenetics and dis-
ease. First, the presence of an epigenetic modification does not
guarantee, by itself, that transcription of the associated gene will
be affected. Several factors such as the presence of transcription
factors and long-range interactions between promoter-enhancer
elements can also govern expression of a gene, and it is important
to consider these compounding factors when analyzing results
between different individuals with the same disease. Second,
correlating specific epigenetic modifications with disease activ-
ity is often difficult, and large scale, high-throughput studies are
therefore necessary to assess the penetrance of epigenetic mod-
ifications and to be confident of their association with a given
disease. Many labs are now using a technique called Assay for
Transposase Accessible Chromatin-using sequencing (ATAC-
seq) to identify the global changes to chromatin accessibility
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in patient samples.'® Third, many diseased states are typically
associated with multiple epigenetic modifications that might con-
tribute to the disease, making it hard to understand which mod-
ification is rate-limiting in helping to drive disease development.
Lastly, epigenetic modifications can be tissue and/or cell-type
specific, and ideally, drugs targeting these modifications should,
therefore, be administered in a tissue or cell type—specific manner
to induce the desired effects in the tissue/cells of interest, without
causing off-target effects in other tissues in the body.

There are various ways in which current knowledge
about epigenetics can be effectively harnessed to improve both
diagnoses and treatment outcomes for IBD. Several candidate
drugs that can modulate enzymes, including those that are in-
volved in DNA methylation, histone acetylation/methylation,
and bromodomain activity such as Vorinostat, curcumin, and
JQI, are undergoing clinical trials for use in resolving inflam-
mation in several diseases, including IBD.!® " However, many
of these drugs have broad activity, affecting several enzymes
in their target class, leading to serious side effects.'® ' There
is, therefore, a need for drugs that target these enzymes with
higher specificity. In addition to the use of manufactured com-
pounds as potential therapies for chronic inflammation, bacte-
rial metabolites such as butyrate''! and plant-based compounds
such as phenethyl isothiocyanate found in cruciferous vegeta-
bles!''? can in turn have several effects on chromatin via modula-
tion of epigenetic marks. These naturally derived components
have shown promise for reducing inflammation associated with
IBD and promoting healing of the intestinal epithelium.'! '

Finally, the identification of novel biomarkers for UC
and CD using epigenetic profiling methods could improve the
early and accurate diagnosis of these diseases, allowing appro-
priate lines of treatment to be pursued. Recently, very elegant
studies were performed using biopsies from 94 IBD patients,
classified as having active or inactive disease, and non-IBD pa-
tient colons to profile gene expression of epigenetic marks and
identify regulatory elements that could be controlling gene ex-
pression.'"® These studies performed a technique called CAGE
(cap analysis of gene expression), which provides a comprehen-
sive map of genome-wide transcription start sites (TSS) and
promoters of genes by sequencing the 5’-end of capped RNAs
and detects cell-specific enhancers that actively transcribe en-
hancer RNA."* Genes upregulated in IBD patients vs controls
were enriched for functions in the inflammatory response and
cytokine production, along with colon specific functions such
as extracellular matrix remodeling, antimicrobial peptide se-
cretion, and barrier integrity—important in IBD pathogen-
esis. Downregulated genes in IBD patients vs controls were
associated with functions that include steroid/drug processing,
cell cycle and growth, maintaining fluid balance in the colon,
and xenobiotic response. Actively upregulated genes in CD vs
UC were linked to steroid, lipid, and lipoprotein metabolism,
whereas genes upregulated specifically in UC vs CD were in-
volved in barrier function. The CAGE study indicated that the
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inflammatory responses in UC and CD are similar; differences
are mostly seen in genes important for gut and gut epithelial
functions. Based on TSS enrichment data, CAGE also indicated
that both epithelial cells and immune cells had functions in IBD
pathogenesis. Excitingly, the analyses identified TSS that acted
as biomarkers to distinguish between UC, CD, and non-IBD
cases with approximately 85% accuracy. This study represents
an excellent example of how information on gene expression,
epigenetics, and chromatin interactions can be harnessed to im-
prove IBD patient health. Future studies interrogating the roles
of the identified biomarkers and/or the controlling regulatory
elements in IBD mouse models could shed light on whether
they are also important for IBD pathogenesis.

GLOSSARY OF TERMS
Chromatin — Macromolecular complex of DNA, proteins and
RNA that make up the genetic material in the nucleus of cells.
DNA is packaged into the nucleus with the assistance of his-
tones and other proteins.
Histones — Highly basic proteins that bind tightly to acidic
DNA and compact it into nucleosomes.
Nucleosome — Minimal repeating unit of eukaryotic chromatin,
consisting of 147 base pairs of DNA wrapped around a histone
octamer. Presents as “beads on a string” under electron microscopy.
Heterochromatin — Tightly packaged form of chromatin, mak-
ing DNA less accessible to transcription factors and other
DNA-binding proteins. Two types-constitutive and facultative
heterochromatin, exist within the nucleus. Associated with re-
pression of gene expression.
Euchromatin — Less tightly packaged form of chromatin, mak-
ing DNA more accessible to DNA-binding proteins. Associated
with activation of gene expression.
Chromatin remodeling — ATP-dependent process of re-structur-
ing chromatin to alter histone-DNA interactions and re-posi-
tion nucleosomes towards controlling gene expression.
DNA regulatory elements — Include promoters, enhancers,
silencers and insulators which interact with transcription fac-
tors and other proteins to regulate levels of gene expression.
Transcription factors — DNA-binding proteins that regulate
gene expression, either by working alone or in a complex with
other proteins to activate or repress recruitment of RNA poly-
merase that will transcribe DNA to RNA.
Promoters — 100-1000 bp regions of DNA that assist in gene
transcription and located upstream of transcriptional start
sites. Can work in concert with other regulatory elements to
control levels of transcription of a gene.
Enhancers — 501500 bp region of DNA that can be found up
to 1 Mbp upstream or downstream of transcription start sites.
Enhancers bind to transcriptional activators that helps increase
levels of transcription for a particular gene.
Silencers — Region of DNA that binds to transcriptional repres-
sors and inhibits gene transcription. Can be located upstream
of transcriptional start sites, or downstream within an exon or
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intron of the gene or in the 3’-untranslated region.

Insulators — Also known as boundary elements, mediate intra-
and interchromosomal interactions. Regions of DNA that par-
tition the genome into distinct regions of gene expression by
blocking enhancer-promoter interactions and restricting het-
erochromatin spread, thereby confining activities of regulatory
elements to defined regions.

Topologically Associated Domains (TADs) — Self-interacting
chromosomal domains. Promoter-enhancer interactions are
restricted by TAD boundaries, thus affecting gene expression.
DNA loop — DNA loops are created when transcriptional
machinery at promoters interacts with activating proteins at
enhancers, bringing the 2 regulatory elements into close phys-
ical proximity.

Polycomb proteins — Group of proteins that epigenetically si-
lence genes via repressive histone modifications, affecting
cellular processes such as development, proliferation, and
differentiation.

Histone readers — Proteins that contain specialized domains
that can recognize modifications on histones (for example,
Bromodomain-containing proteins that can bind to acetylated
lysines on histones). Downstream regulation of gene expres-
sion depends on the functions carried out by the specific
reader proteins.

Single Nucleotide Polymorphism (SNP) — Variation in a single
nucleotide present at a specific position within the genome.
Single nucleotide polymorphisms can be present in the coding
and noncoding regions of genes, as well as in the intergenic re-
gion between genes, and may or may not affect gene expression.
Single nucleotide polymorphisms can be used as biomarkers to
identify particular traits or diseases.

Genome Wide Association Studies (GWAS) — Study of genetic
variation between individuals with the goal of associating vari-
ants/SNPs with defined traits or diseases.

Chromosome conformation capture (3C) — Technique used to
study the 3-dimensional organization of chromatin within the
nucleus. Explores interactions between 2 specific chromosomal
fragments, such as a promoter-enhancer interaction.
Chromosome conformation capture-on-chip (4C) — Captures
interactions between one defined genomic locus and all other
genomic regions associated with it.

Hi-C - High-throughput sequencing to detect all pairwise inter-
actions between all genomic fragments tested.

Promoter capture Hi-C — Enrichment of promoter-containing
fragments from Hi-C libraries to explore long range chromo-
somal interactions with enhancers, distal regulatory elements
or promoters in nuclear 3D space.
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