INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 53: 55, 2024

Effects of DNA methylation and its application
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Abstract. Inflammatory bowel disease (IBD) is marked by
persistent inflammation, and its development and progression
are linked to environmental, genetic, immune system and gut
microbial factors. DNA methylation (DNAm), as one of the
protein modifications, is a crucial epigenetic process used by
cells to control gene transcription. DNAm is one of the most
common areas that has drawn increasing attention recently,
with studies revealing that the interleukin (IL)-23/IL-12,
wingless-related integration site, IL-6-associated signal trans-
ducer and activator of transcription 3, suppressor of cytokine
signaling 3 and apoptosis signaling pathways are involved
in DNAm and in the pathogenesis of IBD. It has emerged
that DNAm-associated genes are involved in perpetuating
the persistent inflammation that characterizes a number of
diseases, including IBD, providing a novel therapeutic strategy
for exploring their treatment. The present review discusses
DNAm-associated genes in the pathogenesis of IBD and
summarizes their application as possible diagnostic, prognostic
and therapeutic biomarkers in IBD. This may provide a refer-
ence for the particular form of IBD and its related methylation
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genes, aiding in clinical decision-making and encouraging
therapeutic alternatives.
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1. Introduction

Inflammatory bowel disease (IBD) is a chronic, recurrent
inflammatory condition of the intestine associated with an
increased risk of developing colon cancer, and it includes
Crohn's disease (CD) and ulcerative colitis (UC) (1,2).
Increased intestinal epithelial cell (IEC) mortality is a
defining feature of IBD, as it weakens the gut barrier,
stimulates immune cells and leads to further IEC death (3).
IBD can cause abdominal pain, fever, diarrhea, anemia and
weight loss (4,5). Population-based studies have discovered
an increase in IBD cases in recently industrialized nations
in South America, Asia and Africa; the highest percentages
are found in developed countries in North America, Oceania
and Europe, possibly indicating the influence of the environ-
ment on IBD (6). IBD is influenced by environmental (7),
genetic (8), immune (8) and gut microbial factors (9). During
IBD, there is a release of pro-inflammatory cytokines,
such as interleukin (IL)-1p (10), IL-18 (11), tumor necrosis
factor-a (TNF-a), interferon-y (IFN-vy), IL-17F, IL-1a and
1L-25 (12).
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DNA methylation (DNAm) is an epigenetic process used
to control gene transcription, and the functions of DNAm
include cell differentiation and gene expression, which are
essential for the immune response (13). Genes linked to IBD
may have their levels of gene expression considerably altered
by changes in the methylation status, which would affect the
development and progression of the illness (14). The genes
identified in multigene DNAm research in IBD may be highly
variable. Identical pathways have been found to include the
IL-12/IL-23 pathway (15) and genes involved with inflam-
mation (4). In addition, genetic and epigenetic connections
in the IL-23R/IL-17 axis have been shown to be linked to
an increased expression of IL-17 and the pathophysiology of
IBD (16). According to the study by Bae et al (17), the methyl-
ated transcription elongation regulator 1-like gene (TCERGIL),
that is implicated as a biomarker in colorectal cancer (CRC),
is the same gene observed in CD, suggesting that methylated
genes observed in IBD may provide insight into the diagnostic,
prognostic and therapeutic markers for IBD. Additionally, the
methylated gene suppressor of cytokine signaling 3 (SOCS3)
has been found to participate in the onset of the inflammatory
process and the development of CD (18).

DNAm is involved in the etiopathogenesis of IBD and
affects immune, inflammatory and genetic pathways, which
may be similar to IBD development and progression. Although
the specific pathway of DNAm in IBD is not yet well defined,
DNAm is an assayable, dynamic, yet generally stable epigenetic
mechanism, thus rendering it an appealing target for creating
diagnostic and prognostic biomarkers (19,20). Hence, the
present review discusses and summarizes the potential applica-
tions and roles of DNAm-associated genes and categorizes them
as diagnostic, prognostic, and therapeutic markers of IBD.

2. General applications of DNAm in diseases

Statistics on DNAm have grown to be a crucial source of
knowledge for the creation of biomarkers (19); therefore,
DNAm states have been implicated for diagnostic and prog-
nostic purposes for therapeutic relevance (20) due to their
ability to advance precision medicine (21).

DNAm alterations and gene expression changes in tissues
from patients with heart failure (HF) have been identified,
offering potential as diagnostic and therapeutic targets in
HF (22). Additionally, collagen type XII alpha 1 chain has
been acknowledged as a potential druggable site for the treat-
ment of intrahepatic cholangiocarcinoma epigenetic (23).
Again, DNAm alterations in the transcription factor 7-like 2
promoter region have been identified as a possible biomarker
that can predict the diagnosis of type 2 diabetes (24).
Furthermore, the IFN-induced protein 44-like, forkhead box
(FOX)P3 and MX dynamin-like GTPase 1 genes have been
identified as potential biomarkers for systemic lupus erythe-
matosus (25). IBD researchers have identified zinc finger and
BTB domain-containing protein 7B (ZBTB7B) as a possible
biomarker for the detection and management of UC (26).
These are only a few of the numerous DNAm biomarkers
discovered under various circumstances. In light of this,
potential biomarkers with crucial diagnostic and prognostic
roles may offer precision medicine benchmarks for tailored
treatments (27).

3. Enzymes and proteins involved in DNAm and IBD

Enzymes. A methyl group is covalently transferred to the cyto-
sine ring's C-5 position on a DNA strand during the DNAm
process (28). In mammals, DNA methyltransferases (DNMTs)
are the main enzymes responsible for cytosine methylation at
CpG sites of epigenetic gene control (29). DNMT] contributes
to maintenance methylation, while DNMT3A, DNMT3B and
DNMT3L primarily execute de novo methylation (30).

During UC-associated neoplasia development, DNMTT1 is
significantly expressed, according to Fuji ef al (31). Similarly,
Saito et al (32) found that in patients with UC with active
mucosal inflammation, DNMT 1 and 3B were significantly
manifested in colon epithelial cells. Moreover, it is documented
that the expression of DNMTI1 and DNMT?3A is consider-
ably higher in UC-related carcinogenesis when compared
with non-inflammatory colorectal carcinogenesis (33).
Additionally, Ueda et al (34) found that the neoplastic rectal
epithelium exhibited a higher expression of DNMT3B than the
non-neoplastic epithelium, and superior results in differenti-
ating UC-associated neoplastic lesions have been linked to an
immunohistochemical examination of DNMT3b expression.
Furthermore, it has been discovered that alpinetin reduces
colitis in mice and that the ameliorative activity of this flavo-
noid compound prevents DNMT1 from being expressed (35).
Hence, this may imply that the expression of DNMTI is
increased in colitis. These suggest that the pathogenesis of IBD
and associated complications (cancer) may involve DNMTs.

It has been shown that inflammatory colon tumors have
a higher expression of DNMT]1 and that there is a positive
connection between tumor DNMT1 and CD68 (36). Through
DNMTI, IL-6 causes DNA cytosine methylation in colon
cancer cells (36). The signal transducer and activator of tran-
scription (STAT)3 activates DNMT1 expression in malignant
T-cells by interacting with the DNMTI gene promoter and
enhancer 1, and DNMTI1 expression in these cells has the
effect of preserving the ongoing activation of STAT3 (37). This
may explain the role of DNMT1 in preserving the activation of
STAT?3 to cause malignant cell changes. This provides evidence
of a direct association between oncogenic, abnormal cell
signaling and epigenetic gene silencing, which often impacts
tumor-suppressor genes (37). Moreover, with DNMT1, STAT3
may induce the epigenetic silencing of Src homology region 2
domain-containing phosphatase 1, which could partially trans-
form cells (38). This evidence further corroborates the role of
DNMTI and STATS3 in the pathogenesis of IBD-associated
cancer. In other studies, 28.6% of type 1 cases and all type 2
cases of intraductal papillary neoplasms of the bile duct have
high expression levels of the DNMT1 protein (39). However, it
has been revealed that the epithelial cells of patients with IBD
have lower levels of DNMT?3A, and IECs that lack functional
DNMT?3A are more vulnerable to experimental colitis (40).
This further corroborates other findings by Li er al (41), who
found that DNMT3A protein expression was reduced in the
prefrontal cortex, hippocampus and cerebellum of rats with
valproic acid-induced autism spectrum disorder.

Ten-eleven translocation (TET) enzymes, which regulate
methylation patterns, have the ability to reverse DNAm in active
genomic areas (42). The TET family of DNA dioxygenases
oxidizes 5-methylcytosine (SmC) to 5-hydroxymethylcytosine
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(5hmC), 5-formylcytosine (5fC),and 5-carboxylcytosine (5caC)
in that order (43), promoting demethylation both passively
and actively (42). DNA base-excision repair components can
remove 5fC and 5caC, resulting in unaltered cytosines (43).

TET3 plays a crucial role in maintaining tissue homeo-
stasis by controlling the transcriptome and DNA methylome
of the gut epithelium, particularly in response to luminal
stresses (43). Recent research has suggested epigenetic mech-
anisms modulating DNAm in the pathophysiology of various
inflammatory and cancerous diseases, and the TET-2 enzyme
has been shown to catalyze the demethylation, thereby
controlling the activity of numerous genes that promote and
repress tumors (44). Additionally, comparing normal colon
tissues to those with IBD and colon cancer, the expression of
TET?2 and its epigenetic mark ShmC is significantly down-
regulated in the latter two conditions (45). This may suggest
that the upregulation of TET2 may prevent IBD and colon
cancer. In human tissues, aberrant methylation induction is
caused by DNMT activation owing to nitric oxide generation
and TET inhibition due to nuclear factor kB activation (46).
The expression of a protein called connexin 43 (Cx43),
which is involved in gap junction complexes and intercel-
lular communication, is altered in pathological diseases,
such as cancer and IBD (44). The levels of Cx43 and the
demethylating enzyme TET-2 are increased in inflammatory
situations. However, in sporadic colon adenocarcinomas,
Cx43 expression is downregulated when TET-2 levels are
low, which suggests that TET-2 functions to inhibit Cx43
and its potential to reduce tumors (44). In a different study,
in vitro analyses revealed that TET2 overexpression and
DNMT?3A knockdown prevented oral squamous cell cancer
from proliferating and migrating (47). The TET2/3 dele-
tion also affects the microbiota, making the intestine more
susceptible to inflammation during homeostasis and acute
inflammation-induced mortality (48). These findings may
provide evidence of the role of TET enzymes in preventing
inflammation and tumors.

Proteins. Methyl-CpG-binding domain (MBD)-containing
proteins bind at 5 mC and translate the information about meth-
ylation patterns into the proper functional cellular states (49).
Ludwig et al (50) reported that methyl-CpG binding protein 2
and MBD?2 play a crucial physiological function as keepers
of the epigenome. The expression of MBD2 and DNMT3B
is suppressed by black raspberries in dextran sodium sulfate
(DSS)-induced UC (51), and this may imply that MBD2
expression is increased during IBD. However, there are only
a limited number of studies available on this topic; hence,
further studies are required to explore the interactions between
DNMT, TET and MBD2 in DNAm and IBD pathogenesis.
This may provide additional therapeutic strategies for the
treatment of IBD.

4. Common signaling pathways involved in DNAm and
IBD

IL-12/IL-23 pathway. Of particular interest is the discovery
of a number of methylation loci connected to IBD that are
part of the IL-12/IL-23 pathway, as this is a crucial regu-
lator in the emergence of intestinal inflammation and the

pathogenesis of IBD (15,52). IL-12 and IL-23 are produced by
macrophages, which share the p40 subunit encrypted by the
IL-12B gene as a heteromer partner to promote T helper (Th)1
and Th17 specialization, which mediates the development of
IBD; hence, blocking p40 can be an effective treatment for
IBD (53). Moreover, it is noteworthy that the disease-associ-
ated methylated gene p40 is jointly mediated by both IL-12
and IL-23 and that BCL3 transcription coactivator, STAT3,
oncostatin M and STATS5 are a few of the methylation loci
that are implicated in the control or downstream signaling of
the IL-23 pathway (14) (Fig. 1). To add to the premise that the
IL23R gene is involved in IBD, Duerr et al (54) discovered
an extremely significant correlation between CD and the
IL23R gene on chromosome 1p31, which codes for a portion
of the receptor for the proinflammatory cytokine IL-23, and
this further increases the evidence that the IL-23 pathway is
harmful in human illnesses, as suggested by the genome-wide
association studies (GWAS) findings (55). The IL23R gene is
significantly associated with psoriasis and IBD using GWAS
in several populations, indicating that the pathophysiology
of these diseases may be affected by disruption of the IL-23
signaling pathway (55). These findings support the premise
that the methylation genes may use the IL-12/IL-23 pathway
to exacerbate or control IBD.

Wnt signaling axis. Wnt signaling gene methylation
increases in IBD and IBD-associated neoplasia (56).
Dhir et al (56) found that there was a frequency of Wnt
signaling genes, such as adenomatous polyposis coli (APC)
regulator of WNT signaling pathway (APC)IA, APC2,
secreted frizzled-related protein (SFRP)I and SFRP2 being
methylated in IBD and IBD-associated neoplasia. The Wnt
signaling pathway, which is necessary for epithelial forma-
tion, is controlled by the tumor suppressor gene (TSG)
APC (57). APC inactivation or silencing promotes CRC (57).
Additionally, according to reports, SFRP regulates Wnt
signaling, which is considered to have a crucial function in
the development of tumors (58). There is hypermethylation
of all SFRP (1, 2, 3, 4 and 5) genes during malignancy,
causing gene silencing (59). Therefore, the increased meth-
ylation of SFRPI, SFRP2 and SFRP5 in patients with CD,
as discovered by Kim ez al (60), may be involved in the Wnt
signaling pathway.

IL-6/STAT3/SOCS3 signaling. The initiation of the expression
of DNMTT1 in persistent colonic inflammation may unleash IL-6
signaling towards STAT3 from suppression through SOCS3,
increasing the likelihood of a cancerous transformation (61).
Additionally, SOCS3 discovered in intestinal tissues increases
the vulnerability to CD, according to Sanati et al (18). They
stated that the inflammatory state of the mucosa was connected
to the abnormal methylation of the CpG islands within the
promoter zones of the SOCS3 gene in the colonic mucosa in
CD. This helps provide knowledge of the mechanisms through
which methylation affects the inflammatory process and the
formation of CD (18). The higher methylation of the SOCS3
gene (18) may have led to the inability of the gene to suppress
cytokines, leading to CD. These findings suggest the function
of IL-6, STAT3 and SOCS3 signaling in the progression of
IBD and IBD-associated neoplasia.
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Figure 1. Disease-related DNAm in B cells from patients with IBD. The blue star symbol indicates genes with DNAm loci connected to IBD. IBD, inflam-
matory bowel disease; DNAm, DNA methylation; BCL3, BCL3 transcription coactivator; IFN-y, interferon-y; IL, interleukin; JAK?2, Janus kinase 2; OSM,
oncostatin M; R, receptor; STAT3, signal transducer and activator of transcription 3; TH1, T-helper 1; TNF-a, tumor necrosis factor-a; TYK2, tyrosine

kinase 2.

Apoptosis signaling pathway. Another study revealed that the
BAD gene (downregulated and hypermethylated) was involved
in the apoptosis signaling pathway in DNAm, providing a novel
therapeutic approach for managing colitis-associated cancer
(CAC) (62). BAD engages in cell cycle arrest and apoptosis (63);
thus, the hypermethylation and downregulation of the BAD
gene may hinder the apoptotic activity of the gene, thereby
increasing the proliferation of tumors in IBD, leading to CAC.
This supports the research by Huang et al (63), who found
that BAD upregulation suppressed cell growth in CRC tissues
when Ras-related C3 botulinum toxin substrate 1 was silenced,
suggesting that BAD downregulation may promote CRC.

5. Samples and tools for detecting the DNAm status in IBD

The most prevalent samples used to study DNAm include
whole blood, serum, colon biopsies and stool. However, it has
been demonstrated that DNAm patterns related to CD observed
in blood samples are a consequence of the inflammatory
characteristics of the disease and are less likely to contribute
to disease genesis or progression (64). Although a fraction of
blood-derived methylation quantitative trait loci may be impli-
cated in CD-related activities, the vast majority are common
across individuals (65). Methylation trends observed in blood
specimens from patients with CD accompany acute inflam-
mation, and after receiving therapy, they shift to methylation
patterns similar to those seen in individuals without intestinal
inflammation (64). Since IBD is a chronic, recurrent disease,

this could signal that a blood sample may not be sufficient as a
DNAm specimen. Therefore, further research using immuno-
logical and epithelial samples obtained from mucosal biopsies
is needed to confirm these findings (64). As a result, using
both blood and tissue from biopsies may suffice for a DNAm
specimen.

Although tissue samples from a mucosal biopsy are ideal
for DNA analysis, their clinical utility as indicators may be
limited. It is challenging to recover high-quality DNA from
formalin-fixed and paraffin-embedded tissue (FFPET) due to
the DNA degradation caused by formalin and the impediment
of paraffin for DNA extraction (66). As a result, the low quality
of genetic material recovered from FFPE samples may have an
impact on the feasibility and reliability of sequencing data (67)
in the clinical setting. However, other alternatives may be
used to improve the quality of the DNA. Glyoxal acid-free
and acid-deprived formalin fixation), two acid-deprived fixa-
tives, provide the optimal DNA preservation and sequencing
results, enabling more intricate molecular profiling of tissue
samples (67). Despite research demonstrating that tissues can
be used for DNAm testing in IBD, other studies have shown
that the use of tissue biopsies can predict the occurrence of
cancer, and these studies have reported that they could be used
for the early detection of CRC in patients with IBD who are
at an increased risk (68,69). For patients with IBD with tiny
adenomas and serrated lesions, specific DNA markers associ-
ated with progressive IBD neoplasia can also be found in their
tissues and feces (70). Fecal samples are also emerging as DNA
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Figure 2. Association between methylation status and gene expression or suppression in IBD. An unmethylated gene becomes methylated by DNMTs, affecting
gene function and leading to IBD. TET enzymes help to reverse aberrant DNAm. Methylation status and gene expression or suppression may be used as
biomarkers for IBD and associated neoplasia. IBD, inflammatory bowel disease; DNAm, DNA methylation; AD, active demethylation; c, cytosine; caC,
carboxylcytosine; DNMTs, DNA methyltransferases; fc, formylcytosine; hmC, hydroxymethylcytosine; mC, methylcytosine; PD, passive demethylation; TDG,

thymine DNA glycosylase; TET, ten-eleven translocation.

specimens. Therefore, it will be possible to use fecal DNAm
as a marker for IBD and CRC (71). Kisiel et al (72) demon-
strated the testing viability of stool DNA for the non-invasive
identification of colorectal neoplasia linked to IBD.

In addition, DNAm data utilization for new clinical appli-
cations, IBD diagnosis and treatments may have resulted from
the study by Kang et al (73), who employed tissue samples for
DNAm in IBD. Gene expression profiles from tissue samples
from patients with IBD and drug-treated IBD cell cultures can
be correlated, potentially leading to the identification of novel
molecular target genes for IBD treatment and drug develop-
ment (74). These findings suggest that tissues and stool may
be used to identify CRC in patients with IBD and for drug
development and treatment.

Some of the current tools for assessing changes in or the
status of DNAm include the Illumina HumanMethylation
EPIC BeadChip array (75), Illumina arrays (76), Illumina
MethylationEPIC and Illumina Multi-Ethnic arrays (65),
[Mlumina EPIC Beadchip (v1.0) (77) and the Infinium
MethylationEPIC BeadChip (Illumina) (78).

6. Roles of DNAm in IBD

As adiverse condition with a complex etiology, only a tiny frac-
tion of the IBD disease variance can be attributed to genetic

variation, according to quantitative genetic studies, suggesting
that differential epigenetic regulation may be associated with
the etiology of IBD (79). A growing body of research suggests
that alterations in the methylation status of IBD-related genes
may impact gene expression levels and may be involved in the
development and progression of the illness (18). Researchers
have identified several genes for promising diagnostic and
prognostic uses in this complex disease. These genes are meth-
ylated (hypermethylation or hypomethylation) and specific
to IBD, leading to reduced or overexpressed genes. The
reduced or increased methylation of the genes stimulates or
represses their functions, leading to IBD pathogenesis (Fig. 2).
Additionally, a few of these genes are potential biomarkers for
IBD and IBD-neoplasia.

Contribution to the etiology, development and disease
activity. McDermott et al (79) identified that the tripartite
motif-containing 39-ribonuclease P/MRP subunit p21
(TRIM39-RPP21) promoter region was markedly hypometh-
ylated. In addition, TNF receptor-associated factor 6 (TRAF6)
was hypermethylated, and a decrease in TRAF6 gene expres-
sion in pediatric patients with IBD was also found in peripheral
blood mononuclear cells, indicating their contribution to the
pathological process and activity of IBD (79). Surprisingly,even
though the precise mechanism is unknown, this was the first
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study to link abnormal DNAm and TRAF6 gene expression to
the pathogenesis or pathophysiology of IBD (79). According to
a different study, animals lacking TRAF6 in IECs have more
pronounced DSS-induced inflammatory reactions, causing
chronic intestinal inflammation to develop (80). This further
corroborates the notion that the TRAF6 gene may contribute to
the pathological activity of IBD. Also, a recognized modulator
of the interferon response, the TRIM39/RPP21 read-through
transcript, is an essential pathway in the pathophysiology of
systemic lupus erythematosus and cutaneous lupus erythema-
tosus (81). Additionally, Arabian foals with juvenile idiopathic
epilepsy have been discovered to have genetic variations
within TRIM39-RPP21 (82). Thus, the mechanisms through
which TRIM39-RPP21 contributes to IBD are unknown.
However, based on the aforemtioned findings, it is likely that
TRIM39-RPP21 may contribute to the etiology and activity of
IBD when genetically expressed (i.e., hypomethylated).

Moreover, Nimmo et al (83) also investigated the meth-
ylation level among patients with CD and controls. It was
found that there are substantial methylation changes in genes
involved in immune activation, such as /L-2/R, in patients
with CD. This offers crucial information about the role of
epigenetic pathways in the etiology of CD (83). In addition,
the cellular environment of giant cell arteritis arteries exhibits
hypomethylation of /L2171 (84). It is well known that patients
with IBD have higher serum levels of IL-21, indicating
that the etiology of IBD may be impacted by IL-21/IL-21R
signaling (85). Therefore, the hypomethylation of /L-2/R may
lead to an increased gene expression of the IL-21/IL-21R
pathway, leading to the increased discharge of IL-21 in CD.
This supports the research of Holm ez al (86), who discov-
ered that IL-21 and IL-21R were significantly expressed in
the guts of patients with CD and that neutralizing IL-21 in
experimental T-cell-driven colitis resulted in a decline in
pathological and clinical manifestations. Recently, another
study also revealed an elevated expression of IL-21 in the
CD and UC categories (87). Another study discovered that
IL-21/IL-21R enhances macrophage pro-inflammatory
responses during a respiratory Chlamydia muridarum infec-
tion (88). Previously, Wang et al (85) demonstrated that Thl
suppression and Th2, Th17 and Treg activation in mice were
two mechanisms through which IL-21/IL-21R signaling
protected against DSS-induced acute colitis. However, a recent
study by Holm er al (86) demonstrated that IL-21 and IL-21R
expression may contribute to the pathogenesis of IBD.

In the study by Sanati et al (18), the DNAm status in the
promoter zone of the human SOCS3 gene of intestinal samples
from 15 patients with CD and 15 age- and sex-matched healthy
controls was analyzed. The SOCS3 gene promoter region was
found to be more methylated in patients with CD than in the
healthy controls, indicating that the abnormal methylation
of the CpG islands within the promoter area of the SOCS3
gene in CD colonic mucosa is linked to a mucosal inflamma-
tory status (18). This sheds light on the mechanisms through
which methylation may be involved at the beginning of the
inflammatory process and in the development of CD (18). The
primary physiological regulator of cytokine-mediated STAT3
signaling is the SOCS3 protein (89). It has been documented
that SOCS3 deficiency in myeloid cells aggravates colitis
caused by DSS, and it also keeps the immune system from

being overtly activated in patients with IBD (90). The loss of
SOCS3 in myeloid cells leads to an enhanced infiltration of
monocytes and neutrophils in the colon and higher numbers
of monocytes and neutrophils in the spleen (90). This suggests
that SOCS3 suppresses cytokines when in abundance or
activated. Therefore, the loss of SOCS3 activity due to hyper-
methylation may have increased the release of inflammatory
cytokines that led to CD. The physiological processes by which
long-term inflammatory reactions in the colon may encourage
CRC remain unclear; they may involve the decreased negative
control of IL-6 signaling toward STAT3 activations through
the loss of SOCS3 expression, releasing the full toxic potential
of this transcription factor (61). It has also been discovered
that hepatocellular carcinoma (HCC) linked to the hepatitis B
virus is associated with SOCS3 hypermethylation (91).

IFNG DNAm in the mucosal compartment has been
examined in both normal and IBD populations and compared
with its peripheral counterparts. Lamina propria T-cells had
considerably lower overall IFNG methylation (across eight
CpG sites) than peripheral blood T-cells (92). According to
this research, IFNG expression roughly triples in response to a
5% reduction in promoter methylation status. Hence, cytokine
production in the mucosa may be modulated by /FNG in a
mechanistic manner (92). IFNG has been well-established to
be associated with IBD; however, its allele is yet to be under-
stood. However, Gonsky et al (93) found that improved IFN-y
release in IBD is related to the IFNG rs1861494 T allele. In
CD, it is associated with a complex disease, and this gene may
indicate the severity of IBD (93). In other studies, CpG site
methylation levels and functional polymorphisms in the IFNG
gene have been linked to the pathophysiology and prognosis
of autoimmune thyroid diseases, particularly Graves' disease
intractability (94). Furthermore, genetic variations in IFNG
could act as hereditary determinants for chronic prosta-
titis/chronic pelvic pain syndrome vulnerability (95). These
findings indicate that /FNG may contribute to the pathogenesis
of a number of diseases, including IBD.

Surveillance or monitoring of the progression of IBD to
cancer. Specific genes are isolated during IBD progression to
neoplasms and at the early stage of the disease. Hence, these
markers may predict the outcome of an initial IBD diagnosis,
the progression to cancer, and the need for further intervention.
Of note, although FOXEI, spectrin repeat-containing nuclear
envelope protein 1 (SYNEI), TCERGIL and other genes have
been identified as promising biomarkers of neoplasia in IBD,
they may be used as markers for cancer surveillance and
monitoring in IBD patients.

Papadia et al (96) examined the methylation status of
FOXEI and SYNEI in 93 patients with chronic IBD under-
going a cancer monitoring program and 30 healthy controls.
It was discovered that there was an increase in methylation of
FOXEI or SYNEI, leading to the epigenetic silencing of these
genes in a region of dysplasia in patients with IBD compared
with controls; hence, these genes can predict neoplasia in
chronic IBD (96). At least one of the FOXEI and SYNEI genes
may experience epigenetic suppression or an epigenetic altera-
tion, such as methylation before aberrant new growth or cancer
is visible (96). SYNET has also been discovered to be regularly
methylated in the majority of premalignant adenomas, and this
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makes it a helpful biomarker in the early identification of these
adenomas and CRCs (97). Therefore, under colonoscopic
surveillance, a patient at a higher risk than the average may
be identified through the CAC recording of hypermethylation
of SYNEI and FOXEI (96). The increased DNAm of FOXE]
has also been observed in breast cancer (98) and cutaneous
squamous cell carcinoma (99). A higher methylation rate
of the SYNEI promoter region has also been observed in
gastric cancer (GC) tissues compared to adjacent normal
tissues (100).

Additionally, patients with CD have elevated methylation
levels in the TCERGIL gene (17). It was also implicated previ-
ously as being frequently methylated (hypermethylated) and
silenced in colon tumors during the initial identification of
colon cancer patients and selected as a biomarker for colon
cancers (17,101). Hence, the methylation status of the TCERGIL
gene may have the capability of developing into a risk indicator
for the progression of severe disease. It is proposed that routine
colonoscopic monitoring with sensitive DNAm markers in
serum samples may identify patients with CD, which may help
reduce the risk or prevent the advancement of severe stages of
the illness (17). Furthermore, although the frequent methyla-
tion of TCERGIL has been observed in UC, it has been shown
that TCERGIL is substantially methylated more prominently
in patients with CRC than in patients with UC (102). Regular
colonoscopic surveillance may help combat the development
of severe disease in patients with UC by evaluating their
TCERGIL gene methylation (102). This further corroborates
the findings of TCERGIL as an indicator of CD and UC
progression to cancer or for cancer monitoring.

According to Scarpa et al (33), APC, h-cadherin (CDH13),
O°-methylguanine-DNA methyltransferase (MGMT),
mutL homolog 1 and the runt-related transcription factor 3
(RUNX3) methylation status in the non-neoplastic mucosa
may be utilized as a marker of CRC. These may enable the
modification of a patient's surveillance interval and the identi-
fication of patients with UC who require close monitoring (33).
According to Alafaria and Jalal (103), MGMT may be a
predictive biomarker for non-invasive oral cancer screening
and early tongue squamous cell carcinoma diagnosis in the
clinical setting. Nonetheless, APC gene promoter methyla-
tion, identified as a possible marker in lung cancer, may not
be appropriate for screening individuals for lung cancer in
general due to its low sensitivity (104). Other methylated genes,
such as RUNX3 (105) and CDH13 (106), have been found to
play a role in gallbladder cancer and colorectal tumorigenesis,
respectively.

Again, Kim et al (107) found the hypermethylation of the
fragile histidine triad (FHIT) gene in samples from patients
with CD compared with normal controls. It is noteworthy that
the FHIT gene also functions as a TSG. It is frequently methyl-
ated in tumor growth, although its function as a TSG is lost
due to epigenetic alterations (108). Hence, the hypermethyl-
ation of the gene in CD may lead to gene suppression, leading
to a loss of function in its TSG ability to suppress tumors. This
may increase the risk of tumor formation in CD. In a different
study, the risk of liver cancer was substantially correlated with
hypermethylation of the FHIT gene (109). Additionally, FHIT
hypermethylation and inactivation of the FHIT gene contribute
significantly to the development of cancer and might act as

a possible sign for diagnosis (110). Therefore, the FHIT gene
may be helpful for the clinical monitoring of the progression
to cancer in patients with CD (107).

It has been documented that the tissue factor pathway
inhibitor (TFPI)2 gene has an age-dependent increase in
methylation frequency with IBD progression. Again, IBD,
precancerous and malignant tissues have also been found to
have increased integrin subunit alpha (/ITGA)4 methylation
frequencies (111). However, ITGA4 and TFPI2 are completely
unmethylated in controls (111). Moreover, methylated ITGA4
exhibits incredible potential as a marker gene for the timely
identification of colonic cancers (112). Additionally, it has
been discovered that TFPI2 is a potent inhibitor of extracel-
lular matrix breakdown, preventing the growth of metastases
and tumor cell invasion (113). Hence, the methylation markers
ITGA4 and TFPI2 are transcriptionally repressed after
increasing methylation, and reduced expression may lead to
the loss of function of these genes. These make them accept-
able risk factors for inflammation-associated colon cancer and
could be helpful in the future for CRC screening (111).

Function as biomarkers in IBD

Potential diagnostic markers in UC. It has been well-docu-
mented that the model of DSS-induced colitis has been used to
investigate the molecular mechanisms underlying the develop-
ment of UC as regards ZBTB7B. DNA alterations have also
been found by comparing UC tissues with those from healthy
volunteers as controls. It has been shown that the epigenetic
DNA hypomethylation and overexpression of ZBTB7B drive
CD4" T-cell maturation and suppress CD4*CD8* T-cell differ-
entiation, leading to the generation of inflammatory cytokines
and colonic inflammation in UC. Therefore, ZBTB7B may
serve as a biomarker for both the diagnosis and treatment of
UC (26). ZBTB7B plays a crucial role in regulating the growth
of natural killer T (NKT)-cell subsets identified by the expres-
sion of CD4 and CD8 on their cell surfaces (114). ZBTB7B
closely regulates CD4 expression, to an extent that even a
slight decrease in the expression of this factor reduces CD4*
NKT-cells; CD8+ NKT-cells only appear when ZBTB7B is
absent (114). ZBTB7B inhibits RUNX-mediated CD4 repres-
sion to increase CD4 expression (115), and this may imply why
the increased expression of ZBTB7B drives the maturation of
CD4" T-cells, which leads to the production of cytokines and
hence, its use as a diagnostic marker of UC.

Furthermore, Kang ef al (73) examined the DNAm changes
in 79 patients with UC, and found that patients with UC had
hypermethylated versions of the genes for the family with
sequence similarity 217 member B (FAM217B), KIAA1614
and R/B43A domain with coiled-coils 2 (RIBC2) compared to
the controls. These genes were found to be transcriptionally
repressed in specimens from patients with UC using reverse
transcription-quantitative PCR, suggesting that their silencing
corresponds with promoter hypermethylation. Therefore, it
was proposed that these genes can provide fresh clinical data
that can be applied to the diagnosis and effective therapy of
IBD (73). Although the mechanisms through these genes cause
disease are unclear, FAM?217B has been identified as a protein
biomarker for syndromic CLN3-Batten (116). In addition,
differentially expressed RIBC?2 is a prognostic biomarker in
cervical cancer (117). The progression of CD appears to be



8 AKANYIBAH et al: DNA METHYLATION IN IBD

associated with nine single-nucleotide polymorphisms close
to KIAAI1614 (118). This implies that these genes may be
involved in the pathogenesis of IBD and have been suggested
as biomarkers for the disease.

In aprevious study, the DNAm status in untreated, left-sided
colonic biopsy specimens from 22 controls, 15 untreated CD
clients and 9 untreated UC clients was examined. It was found
that the interferon-induced transmembrane protein 1 (IFITM]I),
integrin subunit beta 2 (ITGB2), S100 calcium-binding
protein A9, secretory leukocyte peptidase inhibitor, serum
amyloid Al (SAAI) and STAT3 genes had an altered epigenetic
gene expression associated with immunological and defen-
sive reactions in the colonic mucosa, indicating their use as
etiologic, diagnostic and therapeutic markers for UC (119).
Similarly, other studies have validated the inflammation-asso-
ciated increased gene expression of SAA/ (120), ITGB2 and
IFITM1 (121) in UC. In a previous study, DNAm analysis
performed on 240 newly diagnosed IBD cases and 190 healthy
controls also found deferentially methylated regions linked to
IBD as ITGB2 (122). That study was performed on a larger
sample. In other studies, /TGB2 methylation in the blood (123)
and ferroptosis- and immune-related-differentially expressed
genes (IFITM1) (124) were documented as possible biomarkers
for coronary heart disease detection and kidney renal clear cell
carcinoma diagnosis and prognosis, respectively.

Potential diagnostic markers in CD. The promoter
methylation status of TSGs [SFRPI, SFRP2, SFRPS, TFPI2,
SRY-box transcription factor 17 (SOX17) and GATA binding
protein 4 (GATA4)] in patients with CD has also been
examined. It was discovered that the TSGs were strongly
hypermethylated, which suggests their probable clinical uses
for the non-invasive diagnosis and prognosis of patients with
IBD (60). TFPI2 methylation has been detected in upper
gastrointestinal cancer (UGC) (125) and in HCC (126) and
is suggested as a biomarker for early detection of UGC and
the prognosis of HCC. Similarly, methylation of SOX-17 has
been found in advanced GC (127) and HCC (128). SOX-17 has
also been identified as a marker for the non-invasive detec-
tion of pancreatic precursor neoplasms (129). It is known
that GATA-4 promoter hypermethylation and transcriptional
suppression are common in CRC and GC (130). GATA-4
upregulates genes that could be anticancer targets (130),
implying that its silencing may lead to tumor progression
in CRC and GC. Moreover, all five SFRP genes, namely 1,
2,3, 4 and 5, are hypermethylated during tumor formation,
which results in transcriptional suppression (59). The frequent
hypermethylation of TSGs, which silences genes, has already
been documented. The loss of TSG function may promote the
development of CD into neoplasia, suggesting that it may be
useful as a diagnostic and prognostic marker in CD.

According to the findings from the study by Bae et al (17),
colon cancer cell lines had a substantially greater TCERGIL
methylation level than CD patient blood and tissue samples.
Furthermore, they revealed that TCERGIL was sufficiently
sensitive for detecting inflammatory illness in tissue and
blood samples from patients with CD (17). The promoter DNA
hypermethylation of the TCERGIL gene and its silencing in
CRC tumors may be a superior biomarker for the early detec-
tion of CRC (101). Therefore, the TCERGIL gene may be used
to diagnose CD progression to cancer.

Potential diagnostic markers in IBD (CD and UC).
Previously, Karatzas et al (131) found five hypermethylated
genes [C-X-C motif chemokine ligand (CXCL)I4, CXCLS5,
GATA-3,IL17 and IL4R] in patients with UC; however, patients
with CD did not have hypermethylated genes when compared
to healthy controls. Hence, these genes have been suggested for
use as a non-invasive marker for the diagnosis and prognosis
of IBD patients due to the specific DNAm signatures CD and
UC exhibit (131). However, Taman et al (132) examined the
genome-wide DNAm and gene expression of patients with UC
who had not yet received any medication and controls. They
found the hypomethylation of genes involved in the immune
response, such as chemokines and interleukins (132). These
differences in chemokine methylation patterns may require
further investigation to confirm their methylation statuses and
allow treatment strategies in larger cohorts. Epithelial cells
of the intestinal mucosa of patients with CD, UC and acute
appendicitis have been shown to express CXCLS5, a significant
CXC chemokine (133). Furthermore, Friedrich et al (134)
demonstrated that elevated levels of IL17C played a role in the
pathophysiology of IBD. These findings further affirm those
from the study by Taman et al (132), since hypomethylation
leads to increased gene expression. In IBD, a decreased
production of IL-4 may lead to compromised immunosuppres-
sive and anti-inflammatory processes, which could promote
the pathophysiology of the disease (135). Notably, the degree
of CXCLI14 expression could be a helpful adjuvant parameter
in CRC prognosis prediction in GC (136). Tumor site, clinico-
pathological stage and lymph metastasis have all been linked
to CXCL14 expression downregulation (136). It has been
documented that hypermethylation leads to decreased gene
expression. Hence, the downregulation of CXCLI14 in gastric
tumors and its association with metastasis further confirm
the findings of the study by Karatzas et al (131). Furthermore,
the CpGs of CXCL5 and CXCLI14 have been shown to be
associated with the prognosis of patients with pancreatic
adenocarcinoma (137). These differences may imply that
DNAm may have methodological differences contributing to
the challenges of the study of DNAm.

Furthermore, the diagnostic utility of transforming
growth factor beta 1 (TGF-f1) in differentiating UC and CD
among patients who have never received treatment has been
evaluated. Patients with CD and controls were differentiated by
14 TGF-B1 CpG locations; UC and control patients were also
distinguished by nine TGF-f31 CpG locations; three TGF-31
CpG locations distinguished between CD and UC; and six
TGF-p1 CpG locations distinguished colonic CD from UC.
According to reports, it has been suggested that CpG meth-
ylation in the TGF-f1 gene's promoter zone can effectively
distinguish between CD and UC and may serve as an essential
diagnostic marker in kids with IBD (138). IBD and CAC have
both been linked to TGF-f signaling abnormalities (139). In
patients with IBD, there is deficient TGF-f31/Smad signaling
due to elevated Smad?7, a suppressor of TGF-B1 activity (140).
In isolated lamina propria mononuclear cells from individuals
with CD, TGF-f1 cannot block the generation of pro-inflam-
matory cytokines; however, the inhibition of Smad7 restores
TGF-p1 signaling and allows TGF-p1 to inhibit cytokine
production (141). Although the methylation status is not speci-
fied, Smad7 expression may be elevated, inhibiting TGF-31
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signaling activity during DNAm. Therefore, further studies
may be required to discover the mechanisms involved. In other
research, the increased expression of TGF-f1 was shown to
be a potential marker of early cardiac fibrosis, observed even
before hypertrophy, as it indicates that the chronic inflamma-
tory state contributes to myocardial fibrosis in patients with
Fabry disease (FD) (142). Therefore, in patients with FD,
TGF-B1 biomarkers may be useful as predictive markers for
unfavorable cardiovascular outcomes (142). Similarly, urine
TGF-p1 has been identified as a possible marker of early kidney
damage in sickle cell disease (143). Additionally, TGF-p1 is a
potential biomarker for bone non-union (144). These findings
provide further evidence of the use of TGF-f31 a biomarker for
several conditions, including IBD.

Azuara et al (68) also found that patients with IBD with
an increased likelihood of dysplasia or cancer have higher
methylation of slit guidance ligand 2 (SLIT2) and transmem-
brane protein with EGF-like and two follistatin-like domains 2
(TMEFF2) than those with low risk. Therefore, when high-risk
patients with IBD have colorectal dysplasia or cancer, meth-
ylation markers may help detect these conditions early (68).
In chronic myeloid leukemia, the hypermethylation of the
SLIT2 promoter is associated with the advancement of the
illness (145). In addition, TMEFF2 DNAm is a useful predic-
tive marker for adult diffuse gliomas and may be linked to the
progression of glioma tumors (146). During the hypermeth-
ylation of these genes (TSGs), there may be a suppression of
their capability to regulate cell growth (loss of TSG function),
hence increased tumor growth in these conditions. Therefore,
SLIT2 and TMEFF?2 may be potential diagnostic biomarkers
in IBD-associated CRC.

The methylation markers ITGA4 and TFPI2 (111) have
been discussed above as markers for CRC screening in
patients with IBD; nonetheless, it has been documented that
the methylation of /ITGA4 and TFPI2 is a viable epigenetic
marker for the early detection of cancer associated with
IBD (111). In a related study, /TGA4 demonstrated potential as
a pancreatic cancer diagnostic marker (147). In addition, one
potential diagnostic biomarker for GC and CRC may be TFPI2
hypermethylation (148). Therefore, these genes may be helpful
as diagnostic biomarkers for IBD-associated neoplasia.

Cell specificity of DNAm in IBD. DNAm cell specificity has
also been found to play a critical role in the pathophysiology
of IBD and has been identified as a biomarker of IBD. For
instance, it has been discovered that clinical outcomes in
adults with IBD correspond with the cell-specific DNAm of
the CD8* T-cell gene; however, only the initial cohort of adult
patients with IBD had the previously described CD8* T-cell
prognostic expression and exhaustion markers (149). Recently,
Gasparetto et al (149) found that children with IBD and a
second cohort of adults with IBD did not exhibit CD8" T-cell
prognostic expression. At the time of diagnosis and during
the illness, CD8* T-cells were extracted for genome-wide
transcription and DNAm profiling (149). This suggests that the
gene may only be applied to the diagnoses of children, and
not prognoses. This further affirms the findings of the study
by Venkateswaran et al (150) that revealed that at the time
of diagnosis, the UC rectal mucosa displays a higher number
of immune cells than fibroblasts and epithelial cells, along

with variations in the DNAm pattern (150). Additionally, the
severity and prognosis of UC are associated with cell-specific
epigenetic alterations in the rectal mucosa (150). UC-associated
CDS8* effector T-lymphocytes can cause tissue lysis and release
TNF-a, while post-effector cells develop inherent markers to
take on regulatory roles that could reduce excessive inflam-
mation (151). Furthermore, Li Yim et al (152) demonstrated
that the illness status and activity differences of patients with
CD can be revealed by whole-genome DNAm profiling for
CD14* monocytes. Patients with active CD have larger subsets
of peripheral monocytes with a more mature phenotype (153).
Monocytes enter the irritated mucosa during inflammation and
eventually mature into pro-inflammatory macrophages (152).
A distinguishing feature of CD-associated intestinal CD4*
cells is the hypomethylation of Thl7-related genes linked to
open chromatin regions and CCCTC-binding factor (CTCF)
binding sites (154). Moreover, Howell et al (155) also discov-
ered specific variations in the DNAm and transcriptome
patterns of IECs from pediatric patients newly diagnosed with
IBD compared to the controls. Only IECs from patients with
CD had an altered transcription and DNAm patterns in the
terminal ileum epithelium (155).

Of note, the majority of research on DNAm in
IBD (60,119,131,138,149) used smaller sample sizes; however,
large samples may also be required to further validate the
results from these cohorts. However, some whole genome
analyses with larger sample sizes have been conducted. Further
substantial investigations need to be conducted to verify these
biomarkers, even if only a limited number of whole genome
studies have been performed in this context of methylation
status and associated biomarkers in IBD.

7. DNAm as a potential therapeutic marker (strategy) in
IBD

Since epigenetic mechanisms play a role in the pathogenesis
of IBD and associated neoplasia, therapies have been created,
and moderate doses of the DNMT-inhibiting drugs decitabine
(DAC) and azacitidine (AZA) have been demonstrated to have
potent anticancer effects in CAC (62). Several methylated
genes have been identified in the pathogenesis of IBD and
IBD-associated neoplasia for therapeutic relevance; however,
only a limited number of genes have been reprogrammed
using genetic editing. Examining the mechanisms underlying
gene regulation can be advanced through targeted modifica-
tion of gene expression (156). It can be used therapeutically to
selectively alter a disease-causing gene's aberrant expression
or to give the target cells a new purpose (156). Notably, adap-
tive immunity against viruses and plasmids is provided by
the clustered regularly interspaced short palindromic repeats
(CRISPR) or CRISPR-associated (Cas) systems, which
use CRISPR RNAs to direct the silence of invasive nucleic
acids (157). Transcription activator-like effectors (TALEs)
are organically or synthetically created proteins that regulate
the transcription of genes, and they were first discovered in
Xanthomonas bacteria (158).

Human genes have been effectively targeted using
synthetic TALEs (158). Consequently, the CRISPR/Cas9
and TALE systems have been successfully applied to gene
editing (53,159). Therefore, it is simple to build transcription
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Figure 3. A model for the therapeutic strategy for IBD and its associated neoplasia. (A) Hypo- and hypermethylated genes that have been expressed and
suppressed/silenced respectively may undergo epigenetic editing to reverse their altered expression levels that will reduce or prevent IBD. The star-shaped
symbols indicate genetic editing tools. (B) Therapeutic strategy of ILI/2B gene in IBD. Active catalytic domains of epigenetic enzymes are combined with
the synthesized TALE DNA-binding domain, and the /L-/2B promoter is targeted by the expressed engineered enzymes (TALE-DNMT3A). IBD, inflam-
matory bowel disease; NLS, N-terminal with a nuclear localization signal; IL, interleukin; TALE, transcription activator-like effectors; DNMT3A, DNA

methyltransferase 3A.

activator-like effector nucleases (TALENSs) to bind to a
particular genomic location, allowing for the insertion of
precise genetic changes such as gene knockouts and addi-
tions (160). Recently, designer epigenome modifiers (DEMs)
have been developed by Mlambo ef al (156) to create a
novel platform for precise epigenome editing. It has been
discovered that DEMs may be utilized successfully and with
astonishingly high specificity to mute target gene expression
in essential human cells, opening the door for the emergence
of a possible new class of medicines (156). DEMs merge a
DNA binding domain based on highly specialized TALEs
with several effector domains that can locally change the
chromatin structure and induce DNAm to suppress the
expression of a target gene (156).

The epigenetic silencing of TSGs during carcinogenesis is
reversed by engineering sequence-specific epigenome editing
tools (161). Garcia-Bloj ef al (161) found that CRISPR/dCas9
VP64 with synergistic activation mediator (SAM) upregulated
the TP53-dependent G2 arrest mediator candidate, reprimo,
leading to phenotypic reprogramming in GC and improving
the activation of highly silenced TSGs to their tumor suppres-
sive function. Hence, editing techniques to revive heavily
methylated TSGs can serve as a promising treatment for
conditions like cancer and others (161).

Chen et al revealed that methylating the DNA on the
IL-12B promoter can be used as an epigenetic editing tech-
nique that can be used to cure IBD. It was further revealed
that the functioning catalytic domains of epigenetic enzymes
were combined with the synthesized TALE DNA-binding
domain, and the /L-12B promoter is targeted by the expressed
engineered enzymes (TALE-DNMT3A), thereby inducing
locus-specific DNA and downregulating /L-12B expres-
sion (53) (Fig. 3). Hence, this may prevent or reduce the
proinflammatory cytokine release by /L-12B. This implies
that genetic engineering of genes may reduce IBD, thus its
usefulness as a therapeutic marker.

Although there are a limited number of DNAm genes in
digestive organs that have gone through these gene editing
technologies, these technologies (CRISPR/Cas9 and TALEs)
have been employed in other genes for effective outcomes.
As demonstrated in the study by Bernstein er al (162),
cyclin-dependent kinase inhibitor 2A (CDKN2A) expression
was decreased and primary human fibroblast replication
was increased when directed DNAm with a TALE-DNMT
was used to target the CDKN2A locus, which encodes the
cyclin-dependent kinase inhibitor pl6. Additionally, the
Cynomolgus monkey (Macaca fascicularis), which has bial-
lelic microcephalin 1 mutations, recapitulates the majority
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Table I. Potential diagnostic, prognostic and therapeutic markers for IBD and related complications.

Type of Type of Diagnostic Prognostic Potential in
Marker IBD tissue/specimen potential potential therapeutics (Refs.)
TCERGIL CD Serum v (17)
SFRPI, SFRP2, SFRPS5, CD Colon v v (60)
TFPI2, SOX17, GATA4
IFITM1, ITGB2, S100A9, uc Colon v (119)
SLPI, SAAI, STAT3
FAM217B, KIAAIG14, uC Colon v (73)
RIBC2
ZBTB7B ucC Colon, serum v (26)
CD8T-cell CD, UC Blood v (149)
CXCLI4, CXCLS5, CD, UC Blood, tissue v v (131)
GATA3, IL17C, IL4R biopsy
TGFp1 CD, UC Blood v (138)
ILI2B* IBD Plasmid, cells v (53)
SLIT2, TMEFF2 CRC in IBD Colon, stool v (68)
ITGA4, TFPI2 CAC Colon v (111)

*Genetically engineered with transcription activator-like effectors. IBD, inflammatory bowel disease; CAC, colitis-associated cancer; CD,
Crohn's disease; UC, ulcerative colitis; CRC, colorectal cancer; CXCL, C-X-C motif chemokine ligand; FAM, family with sequence similarity;
IFITM, interferon induced transmembrane protein; /L, interleukin; /TGA, integrin subunit alpha; RIBC2, RIB43A domain with coiled-coils 2;
S§100, S100 calcium binding protein; TCERGIL, transcription elongation regulator 1 like; SAA, serum amyloid A; SFRP, secreted frizzled
related protein; SLIT, slit guidance ligand; SLPI, secretory leukocyte peptidase inhibitor; SOX17, sry-box transcription factor 17; STAT3, signal
transducer and activator of transcription 3; TGFf1, transforming growth factor 31; TMEFF, transmembrane protein with EGF like and two
follistatin like domains; ZBTB7B, zinc finger and BTB domain containing 7b.

of the significant clinical traits seen in humans with micro-
cephaly using TALEN (163). Hence, further studies on the
epigenetic editing of IBD and IBD-associated neoplasia genes
are warranted to further enhance therapeutic options. The
potential applications of DNAm markers in IBD and related
complications are summarized in Table I.

8. Challenges of DNAm

DNAm in immune-mediated disorders is underexplored
due to the technical difficulties of the methylation typing
methods, statistical concerns and experimental design
constraints. Due to these reasons, research on disease-related
alterations in DNAm has been limited, with few conclusive
results, and it has become challenging to compare studies
for the same illness (164). DNAm in IBD and cancer is one
of the areas that has recently drawn attention, and extensive
research is being carried out to identify more reliable and
sensitive markers for DNAm in these diseases. Despite recent
successes, there are still some challenges encountered during
DNAm.

It has been documented that patterns of methylation
observed in blood specimens in IBD may be due to the acute
phase of inflammation; hence, these methylation patterns
resemble those of a typical patient after treatment, implying
that blood as a specimen may not be a reliable sample for
DNAm in IBD. Therefore, Somineni et al (64) proposed
that further research using immunological and epithelial
samples obtained from mucosal biopsies is necessary to

confirm these findings. Although tissue samples from a
mucosal biopsy are ideal for DNA analysis, the quality of
the genetic material due to DNA degradation caused by
formalin and the impediment of paraffin for DNA extrac-
tion may impact the feasibility and reliability of sequencing
data (67). A biopsy is an invasive test that has limitations
due to trauma, accessibility issues, complications and
ethical issues (165). In addition to being uncomfortable,
expensive, time-consuming, and risky for the patient, tissue
biopsies may not accurately reflect the heterogeneity of the
tumor (166,167). Notably, in cancer, blood biopsies using
circulating cell-free DNA (cfDNA) offer serial samples
for the real-time longitudinal tracking of tumor genomic
evolution, surpassing the limitations of tissue biopsies (166).
Physicians can efficiently match patients to the appropriate
treatment for the proper target by using blood biopsy-based
testing to determine drug resistance, metastasis and recur-
rence, and guarantee treatment efficacy (166). This may be
helpful for IBD-associated cancer.

In addition, despite decades of research on methylation
patterns in IBD, no standardized database of methylated genes
in IBD yet exists (165), and there is no unified database of
methylation genes in IBD, even though genes from numerous
biochemical pathways have been examined (168).

Another challenge is the use of small sample sizes for
DNAm in IBD. It may be challenging to develop diagnostic and
prognostic biomarkers for patients with IBD and cancer due to
smaller sample sizes; hence, several studies recommend the
validation of these biomarkers in large, independent cohorts
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before clinical application (138,149). This may be the reason
why there are fewer concrete biomarkers for DNAm in IBD,
although some studies have suggested potential biomarkers for
IBD and its associated neoplasia.

Using bisulfite treatment, PCR amplification, restriction
enzyme digestion, or sequencing, the methylation analysis
of genomic DNA cytosines can be quantitatively evaluated.
Nevertheless, after bisulfite conversion, the sequences of meth-
ylated and unmethylated molecules diverge. This may cause
bias in some sequences during PCR amplification, resulting
in an incorrect methylation estimate (169). Additionally, it is
challenging to prepare libraries for whole genome bisulfite
sequencing, since the bisulfite procedure causes significant
DNA damage as a side-effect (170).

9. Conclusion and future perspectives

IBD, which includes CD and UC, is a complex disease whose
mechanism remains unknown. DNAm has been linked to
the pathogenesis of IBD and is reversed by TET enzymes.
DNAm is one of the most common areas that has recently
drawn increasing attention, with studies revealing that the
IL-12/IL-23, Wnt, IL-6-associated STAT3/SOCS3, and
apoptosis signaling pathways are involved in DNAm and
IBD pathogenesis. Stool, colon biopsies, serum, and whole
blood are often utilized as samples for DNAm research.
However, it has been demonstrated that using blood as a
specimen for DNAm testing may not be appropriate. As a
result, tissue biopsies have been suggested to corroborate the
findings of research that used blood samples. Surprisingly,
tissue biopsies may pose challenges such as ethical concerns,
injuries, discomforts, dangers and complications, costs, and
inaccuracies in tumor heterogeneity measurements in the
clinical setting. In addition, formalin-induced DNA degrada-
tion and paraffin extraction hindrance may degrade genetic
material quality and compromise the viability and accuracy
of sequencing results. Several methylated genes are involved
in perpetuating IBD, and these genes are being explored as
potential diagnostic, prognostic, and therapeutic markers
of IBD. This may aid clinical decision-making and provide
direct therapeutic alternatives.

Moving forward, further studies are required to focus
on identifying discriminatory genes that can be used to
differentiate between UC and CD and as prognostic and
therapeutic markers for IBD. Further research with larger
sample sizes, independent cohorts, and whole genome-wide
studies should be conducted to advance the validation of
these genes as biomarkers for clinical use. The multi-omics
profiling methodology also used by Howell ez al (155) may be
used to collect large sample sizes for DNAm. Immunological
and epithelial samples obtained from mucosal biopsies and
blood samples may be used to study DNAm, with the tissue
samples validating the outcomes of the blood samples.
Stool samples are also emerging as specimens for DNAm
and can be employed to study DNAm in IBD clinically. In
addition, employing acid-deprived fixatives would provide
the best DNA preservation and sequencing results for more
intricate molecular profiling of tissue samples. This may
aid clinicians with the correct diagnosis and therapeutic
response of IBD patients. Moreover, enzymatic techniques

in place of bisulfite conversion in new procedures may
address some of the issues brought on by significant DNA
degradation and enable the measurement of DNA meth-
ylation at lower input levels (171). Blood biopsies using
cfDNA may also be employed in IBD-associated neoplasia.
Additionally, epigenome modifiers that directly and selec-
tively alter the aberrant expression of a disease-causing
gene or may provide target cells with a new purpose can
be explored clinically in addition to IBD drugs for effective
outcomes.

Acknowledgements
Not applicable.
Funding

The present study was funded by the National Natural Science
Fund of China (grant no. 82250410378), the 2022 Jiangsu
Excellent postdoctoral program (grant no. 20227ZB634),
the open project of the clinical medical research center of
Gynecology and Traditional Chinese Medicine of Zhenjiang
(grant no. SS202204-KFCO01), the Key Projects of Natural
Fund for colleges and universities of Anhui Education
Department (grant no. KJ2020A0857), the Anhui Province
quality engineering project ‘Human anatomy’ teaching team
(grant no. 2021jxtd141) and the Zhenjiang key research and
development plan (social development) (grant nos. SH2022062,
SH2022091 and SH2023050).

Availability of data and materials
Not applicable.
Authors' contributions

FM and FAA were involved in the conceptualization of
the study. FM and ANF were involved in funding acquisi-
tion and project administration. DKWO and AW provided
the software used in the present review [Reference
manager software (EndNote), grammar editing software
(QuillBot/Grammarly), and software for drawing figures
(Adobe Illustrator)]. YX was involved in visualization. FAA
and YZ were involved in the writing of the original draft
of the manuscript. DKWO was involved in the writing,
reviewing and editing of the manuscript. All authors have
read and agreed to the final version of the manuscript. Data
authentication is not applicable.

Ethics approval and consent to participate
Not applicable.

Patient consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests.



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 53: 55, 2024

References

13.

14.

16.

17.

18.

19.

20.

. Rajamiki K, Taira A, Katainen R, Vilimiki N, Kuosmanen A,

Plaketti RM, Seppidld TT, Ahtiainen M, Wirta EV,
Vartiainen E, et al: Genetic and epigenetic characteristics of
inflammatory bowel Disease-associated colorectal cancer.
Gastroenterology 161: 592-607, 2021.

. Yang L, Wu G, Wu Q, Peng L and Yuan L: METTL3 overexpres-

sion aggravates LPS-induced cellular inflammation in mouse
intestinal epithelial cells and DSS-induced IBD in mice. Cell
Death Discov 8: 62,2022.

. Patankar JV, Miiller TM, Kantham S, Acera MG, Mascia F,

Scheibe K, Mahapatro M, Heichler C, Yu Y, Li W, et al: E-type
prostanoid receptor 4 drives resolution of intestinal inflammation
by blocking epithelial necroptosis. Nat Cell Biol 23: 796-807,
2021.

. Li Yim AYF, Duijvis NW, Zhao J, de Jonge WJ, D'Haens GRAM,

Mannens MMAM, Mul ANPM, Te Velde AA and Henneman P:
Peripheral blood methylation profiling of female Crohn's disease
patients. Clin Epigenetics 8: 65, 2016.

. Nobrega VG, Silva INN, Brito BS, Silva J, Silva M and

Santana GO: The onset of clinical manifestations in inflamma-
tory bowel disease patients. Arq Gastroenterol 55: 290-295,2018.

. NgSC,ShiHY,HamidiN, Underwood FE, Tang W,Benchimol EI,

Panaccione R, Ghosh S, Wu JCY, Chan FKL, et al: Worldwide
incidence and prevalence of inflammatory bowel disease in the
21st century: A systematic review of population-based studies.
Lancet 390: 2769-2778, 2017.

. Gearry RB: IBD and environment: Are there differences between

east and west. Dig Dis 34: 84-89, 2016.

. Park SC and Jeen YT: Genetic studies of inflammatory bowel

Disease-focusing on Asian patients. Cells 8: 404, 2019.

. Matsuoka K and Kanai T: The gut microbiota and inflammatory

bowel disease. Semin Immunopathol 37: 47-55, 2015.

. Rindflesch TC, Blake CL, Cairelli MJ, Fiszman M, Zeiss CJ

and Kilicoglu H: Investigating the role of interleukin-1 beta and
glutamate in inflammatory bowel disease and epilepsy using
discovery browsing. J Biomed Semantics 9: 25, 2018.

. Bank S, Julsgaard M, Abed OK, Burisch J, Broder Brodersen J,

Pedersen NK, Gouliaev A, Ajan R, Nytoft Rasmussen D,
Honore Grauslund C, er al: Polymorphisms in the NFkB,
TNF-alpha, IL-1beta, and IL-18 pathways are associated with
response to anti-TNF therapy in Danish patients with inflamma-
tory bowel disease. Aliment Pharmacol Ther 49: 890-903, 2019.

. Liu Z and Wang H: Probiotics alleviate inflammatory bowel

disease in mice by regulating intestinal microorganisms-bile
acid-NLRP3 inflammasome pathway. Acta Biochim Pol 68:
687-693, 2021.

Cooke J, Zhang H, Greger L, Silva AL, Massey D, Dawson C,
Metz A, Ibrahim A and Parkes M: Mucosal genome-wide meth-
ylation changes in inflammatory bowel disease. Inflamm Bowel
Dis 18: 2128-2137,2012.

Lin Z,Hegarty JP, Yu W, Cappel JA, Chen X, Faber PW, Wang Y,
Poritz LS, Fan JB and Koltun WA: Identification of disease-asso-
ciated DNA methylation in B cells from Crohn's disease and
ulcerative colitis patients. Dig Dis Sci 57: 3145-3153, 2012.

. Wang K, Zhang H, Kugathasan S, Annese V, Bradfield JP,

Russell RK, Sleiman PM, Imielinski M, Glessner J, Hou C, et al:
Diverse genome-wide association studies associate the 1L12/1L23
pathway with Crohn disease. Am J Hum Genet 84: 399-405, 2009.
Kim SW, Kim ES, Moon CM, Park JJ, Kim TI, Kim WH and
Cheon JH: Genetic polymorphisms of IL-23R and IL-17A and
novel insights into their associations with inflammatory bowel
disease. Gut 60: 1527-1536, 2011.

Bae JH, Park J, Yang KM, Kim TO and Yi JM: Detection of
DNA hypermethylation in sera of patients with Crohn's disease.
Mol Med Rep 9: 725-729, 2014.

Sanati G, Jafari D, Noruzinia M, Ebrahimi Daryani N,
Ahmadvand M, Teimourian S and Rezaei N: Association of aber-
rant promoter methylation changes in the suppressor of cytokine
signaling 3 (SOCS3) gene with susceptibility to Crohn's disease.
Avicenna J Med Biotechnol 14: 165-169, 2022.

Yousefi PD, Suderman M, Langdon R, Whitehurst O,
Davey Smith G and Relton CL: DNA methylation-based predic-
tors of health: Applications and statistical considerations. Nat
Rev Genet 23: 369-383,2022.

Wang S, Fu J and Fang X: A novel DNA methylation-related gene
signature for the prediction of overall survival and immune char-
acteristics of ovarian cancer patients. J Ovarian Res 16: 62,2023.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

13

Pan'Y,Liu G,Zhou F, Su B and Li Y: DNA methylation profiles in
cancer diagnosis and therapeutics. Clin Exp Med 18: 1-14, 2018.
Glezeva N, Moran B, Collier P, Moravec CS, Phelan D,
Donnellan E, Russell-Hallinan A, O'Connor DP, Gallagher WM,
Gallagher J, et al: Targeted DNA methylation profiling of human
cardiac tissue reveals novel epigenetic traits and gene deregula-
tion across different heart failure patient subtypes. Circ Heart
Fail 12: e005765, 2019.

Tang Z, Yang Y, Zhang Q and Liang T: Epigenetic dysregula-
tion-mediated COL12A1 upregulation predicts worse outcome in
intrahepatic cholangiocarcinoma patients. Clin Epigenetics 15:
13,2023.

Smail HO and Mohamad DA: Identification of DNA methylation
change in TCF7L2 gene in the blood of type 2 diabetes mellitus
as a predictive biomarker in Iraq Kurdistan region by using
methylation-specific PCR. Endocr Regul 57: 53-60, 2023.
Ehtesham N, Habibi Kavashkohie MR, Mazhari SA, Azhdari S,
Ranjbar H, Mosallaei M, Hazrati E and Behroozi J: DNA meth-
ylation alterations in systemic lupus erythematosus: A systematic
review of case-control studies. Lupus 32: 363-379, 2023.

Xu HM, Xu J, Yang MF, Liang YJ, Peng QZ, Zhang Y, Tian CM,
Nie YQ, Wang LS, Yao J and Li DF: Epigenetic DNA methylation
of Zbtb7b regulates the population of double-positive CD4*CD8*
T cells in ulcerative colitis. J Transl Med 20: 289, 2022.

Lin Y, Lin L, Yang Y, Guo Q, Long Y, He H, Bao Y, Lin T,
Chen J, Chen Z, et al: DNA methylation architecture provides
insight into the pathogenesis of upper tract urothelial carci-
noma: A systematic review and Meta-Analysis. Clin Genitourin
Cancer 21: 32-42,2023.

Aquino EM, Benton MC, Haupt LM, Sutherland HG, Griffiths LR
and Lea RA: Current understanding of DNA methylation and
age-related disease. OBM Genetics 2: 1-16, 2018.

Lin CC, Chen YP, Yang WZ, Shen JCK and Yuan HS: Structural
insights into CpG-specific DNA methylation by human DNA
methyltransferase 3B. Nucleic Acids Res 48: 3949-3961, 2020.
Uysal F, Sukur G and Cinar O: DNMT enzymes differentially
alter global DNA methylation in a stage-dependent manner
during spermatogenesis. Andrologia 54: 14357, 2022.

Fujii S, Katake Y and Tanaka H: Increased expression of DNA
methyltransferase-1 in non-neoplastic epithelium helps predict
colorectal neoplasia risk in ulcerative colitis. Digestion 82:
179-186, 2010.

Saito S, Kato J, Hiraoka S, Horii J, Suzuki H, Higashi R, Kaji E,
Kondo Y and Yamamoto K: DNA methylation of colon mucosa
in ulcerative colitis patients: Correlation with inflammatory
status. Inflamm Bowel Dis 17: 1955-1965, 2011.

Scarpa M, Scarpa M, Castagliuolo I, Erroi F, Kotsafti A,
Basato S, Brun P, D'Inca R, Rugge M, Angriman I and Castoro C:
Aberrant gene methylation in non-neoplastic mucosa as a predic-
tive marker of ulcerative colitis-associated CRC. Oncotarget 7:
10322-10331, 2016.

Ueda H, Tanaka H, Ichikawa K, Itabashi M, Kameoka S,
Fujii S, Saito N, Kimura R, Shida Y, Fujimori Y, et al:
Immunohistochemical analysis of the DNA methyltransferase
3b expression is associated with significant improvements in the
discrimination of ulcerative colitis-associated neoplastic lesions.
Surg Today 43: 1275-1280, 2013.

Lv Q, Shi C, Qiao S, Cao N, Guan C, Dai Y and Wei Z: Alpinetin
exerts anti-colitis efficacy by activating AhR, regulating
miR-302/DNMT-1/CREB signals, and therefore promoting Treg
differentiation. Cell Death Dis 9: 890, 2018.

Foran E, Garrity-Park MM, Mureau C, Newell J, Smyrk TC,
Limburg PJ and Egan LJ: Upregulation of DNA methyltrans-
ferase-mediated gene silencing, anchorage-independent growth,
and migration of colon cancer cells by interleukin-6. Mol Cancer
Res 8: 471-481, 2010.

Zhang Q, Wang HY, Woetmann A, Raghunath PN, Odum N
and Wasik MA: STAT3 induces transcription of the DNA
methyltransferase 1 gene (DNMT1) in malignant T lymphocytes.
Blood 108: 1058-1064, 2006.

Zhang Q, Wang HY, Marzec M, Raghunath PN, Nagasawa T
and Wasik MA: STAT3- and DNA methyltransferase 1-medi-
ated epigenetic silencing of SHP-1 tyrosine phosphatase tumor
suppressor gene in malignant T lymphocytes. Proc Natl Acad Sci
USA 102: 6948-6953, 2005.

Doi R, Fukumura Y, Lu R, Hirabayashi K, Kinowaki Y,
Nakanuma Y, Kanai Y, Nakahodo J, Sasahara N, Saito T and
Yao T: DNMTI1 expression and DNA methylation in intra-
ductal papillary neoplasms of the bile duct. Anticancer Res 42:
2893-2902, 2022.



14

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

AKANYIBAH et al: DNA METHYLATION IN IBD

Fazio A, Bordoni D, Kuiper JWP, Weber-Stiehl S, Stengel ST,
Arnold P, Ellinghaus D, Ito G, Tran F, Messner B, et al: DNA
methyltransferase 3A controls intestinal epithelial barrier
function and regeneration in the colon. Nat Commun 13: 6266,
2022.

LiY,MaL,Deng Y,DuZ,Guo B, Yue J, Liu X and Zhang Y: The
Notchl/Hesl signaling pathway affects autophagy by adjusting
DNA methyltransferases expression in a valproic acid-induced
autism spectrum disorder model. Neuropharmacology 239:
109682, 2023.

Lio CJ and Rao A: TET Enzymes and ShmC in adaptive and
innate immune systems. Front Immunol 10: 210, 2019.
Gonzalez EA, Liu Y, Wang D, Jeziorek M, Bandyopadhyay S,
Rao A, Gao N and Etchegaray JP: TET3-mediated DNA oxida-
tion is essential for intestinal epithelial cell response to stressors.
Proc Natl Acad Sci USA 120: €2221405120, 2023.

El-Harakeh M, Saliba J, Sharaf Aldeen K, Haidar M, El Hajjar L,
Awad MK, Hashash JG, Shirinian M and El-Sabban M:
Expression of the methylcytosine dioxygenase ten-eleven trans-
location-2 and connexin 43 in inflammatory bowel disease and
colorectal cancer. World J Gastroenterol 28: 5845-5864, 2022.
Sharaf Al Deen K: TET2 Expression as a function of Cx43 regu-
lation: An in-vitro and archival tissue study of IBD and human
colon cancer. 2020 URI: http://hdl.handle.net/10938/21961.
Takeshima H, Niwa T, Yamashita S, Takamura-Enya T, lida N,
Wakabayashi M, Nanjo S, Abe M, Sugiyama T, Kim YJ and
Ushijima T: TET repression and increased DNMT activity syner-
gistically induce aberrant DNA methylation. J Clin Invest 130:
5370-5379, 2020.

LiX,LiZ,Gao Q,Peng Y, Yu Y,Hu T and Wang W: Correlation
of DNA methylation of DNMT3A and TET2 with oral squamous
cell carcinoma. Discov Oncol 15: 15, 2024.

Ansari I, Solé-Boldo L, Ridnik M, Gutekunst J, Gilliam O,
Korshko M, Liwinski T, Jickeli B, Weinberg-Corem N,
Shoshkes-Carmel M, et al: TET2 and TET3 loss disrupts small
intestine differentiation and homeostasis. Nat Commun 14: 4005,
2023.

Gupta T, Morgan HR, Bailey JA and Certel SJ: Functional
conservation of MBD proteins: MeCP2 and Drosophila MBD
proteins alter sleep. Genes Brain Behav 15: 757-774, 2016.
Ludwig AK, Zhang P, Hastert FD, Meyer S, Rausch C, Herce HD,
Miiller U, Lehmkuhl A, Hellmann I, Trummer C, ef al: Binding
of MBD proteins to DNA blocks Tetl function thereby modu-
lating transcriptional noise. Nucleic Acids Res 45: 2438-2457,
2017.

Wang LS, Kuo CT, Stoner K, Yearsley M, Oshima K, Yu J,
Huang TH, Rosenberg D, Peiffer D, Stoner G and Huang YW:
Dietary black raspberries modulate DNA methylation in
dextran sodium sulfate (DSS)-induced ulcerative colitis.
Carcinogenesis 34: 2842-2850, 2013.

McGovern D and Powrie F: The IL23 axis plays a key role in the
pathogenesis of IBD. Gut 56: 1333-1336, 2007.

Chen M, Zhu H, Mao YJ, Cao N, Yu YL, Li LY, Zhao Q, Wu M
and Ye M: Regulation of IL12B expression in human macro-
phages by TALEN-mediated epigenome editing. Curr Med
Sci 40: 900-909, 2020.

Duerr RH, Taylor KD, Brant SR, Rioux JD, Silverberg MS,
Daly MJ, Steinhart AH, Abraham C, Regueiro M,
Griffiths A, et al: A genome-wide association study identifies
IL23R as an inflammatory bowel disease gene. Science 314:
1461-1463, 2006.

Pidasheva S, Trifari S, Phillips A, Hackney JA, Ma Y, Smith A,
Sohn SJ, Spits H, Little RD, Behrens TW, et al: Functional
studies on the IBD susceptibility gene IL23R implicate reduced
receptor function in the protective genetic variant R381Q. PLoS
One 6: 25038, 2011.

Dhir M, Montgomery EA, Glockner SC, Schuebel KE,
Hooker CM, Herman JG, Baylin SB, Gearhart SL and Ahuja N:
Epigenetic regulation of WNT signaling pathway genes in inflam-
matory bowel disease (IBD) associated neoplasia. J Gastrointest
Surg 12: 1745-1753, 2008.

Yoshimi K, Tanaka T, Serikawa T and Kuramoto T: Tumor
suppressor APC protein is essential in mucosal repair from
colonic inflammation through angiogenesis. Am J Pathol 182:
1263-1274, 2013.

Li H, Zhao J, Sun J, Tian C, Jiang Q, Ding C, Gan Q, Shu P,
Wang X, Qin J and Sun Y: Demethylation of the SFRP4 promoter
drives gastric cancer progression via the Wnt pathway. Mol
Cancer Res 19: 1454-1464, 2021.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Deshmukh A, Arfuso F, Newsholme P and Dharmarajan A:
Epigenetic demethylation of sFRPs, with emphasis on sFRP4
activation, leading to Wnt signalling suppression and histone
modifications in breast, prostate, and ovary cancer stem cells. Int
J Biochem Cell Biol 109: 23-32,2019.

Kim TO, Han YK and Yi JM: Hypermethylated promoters
of tumor suppressor genes were identified in Crohn's disease
patients. Intest Res 18: 297-305, 2020.

Li Y, Deuring J, Peppelenbosch MP, Kuipers EJ, de Haar C and
van der Woude CJ: IL-6-induced DNMT1 activity mediates
SOCS3 promoter hypermethylation in ulcerative colitis-related
colorectal cancer. Carcinogenesis 33: 1889-1896, 2012.

LiJ,Su X, Dai L, Chen N, Fang C, Dong Z, FuJ, Yu Y, Wang W,
Zhang H, et al: Temporal DNA methylation pattern and targeted
therapy in colitis-associated cancer. Carcinogenesis 41: 235-244,
2020.

Huang YS,JieN,Zhang YX,Zou KJand Weng Y: shRNA-induced
silencing of Ras-related C3 botulinum toxin substrate 1 inhibits
the proliferation of colon cancer cells through upregulation
of BAD and downregulation of cyclin DI. Int J] Mol Med 41:
1397-1408, 2018.

Somineni HK, Venkateswaran S, Kilaru V, Marigorta UM, Mo A,
Okou DT, Kellermayer R, Mondal K, Cobb D, Walters TD, et al:
Blood-Derived DNA methylation signatures of Crohn's disease
and severity of intestinal inflammation. Gastroenterology 156:
2254-2265.e3, 2019.

Venkateswaran S, Somineni HK, Kilaru V, Katrinli S, Prince J,
Okou DT, Hyams JS, Denson LA, Kellermayer R, Gibson G, et al:
Methylation quantitative trait loci are largely consistent across
disease states in Crohn's disease. G3 (Bethesda) 12: jkac041,
2022.

Tan ZY and Ding M: DNA extraction from formalin fixed and
paraffin embedded tissues. Fa Yi Xue Za Zhi 22: 455-458, 2006
(In Chinese).

Berrino E, Bellomo SE, Chesta A, Detillo P, Bragoni A,
Gagliardi A, Naccarati A, Cereda M, Witel G, Sapino A, et al:
Alternative tissue fixation protocols dramatically reduce the
impact of DNA artifacts, unraveling the interpretation of
clinical comprehensive genomic profiling. Lab Invest 104:
100280, 2024.

AzuaraD,Rodriguez-Moranta F,de OcaJ,Sanjuan X, GuardiolaJ,
Lobaton T, Wang A, Boadas J, Piqueras M, Monfort D, et al:
Novel methylation panel for the early detection of neoplasia in
high-risk ulcerative colitis and Crohn's colitis patients. Inflamm
Bowel Dis 19: 165-173, 2013.

Azuara D, Auss6 S, Rodriguez-Moranta F, Guardiola J,
Sanjuan X, Lobaton T, Boadas J, Piqueras M, Monfort D,
Guiné E, et al: New methylation biomarker panel for early diag-
nosis of dysplasia or cancer in High-risk inflammatory bowel
disease patients. Inflamm Bowel Dis 24: 2555-2564, 2018.
Johnson DH, Taylor WR, Aboelsoud MM, Foote PH, Yab TC,
Cao X, Smyrk TC, Loftus EV Jr, Mahoney DW, Ahlquist DA
and Kisiel JB: DNA methylation and mutation of small colonic
neoplasms in ulcerative colitis and Crohn's colitis: Impli-
cations for surveillance. Inflamm Bowel Dis 22: 1559-1567,
2016.

Maeda O, Ando T, Watanabe O, Ishiguro K, Ohmiya N,
Niwa Y and Goto H: DNA hypermethylation in colorectal
neoplasms and inflammatory bowel disease: A mini review.
Inflammopharmacology 14: 204-206, 2006.

Kisiel JB, Yab TC, Nazer Hussain FT, Taylor WR,
Garrity-Park MM, Sandborn WIJ, Loftus EV, Wolff BG,
Smyrk TC, Itzkowitz SH, et al: Stool DNA testing for the detec-
tion of colorectal neoplasia in patients with inflammatory bowel
disease. Aliment Pharmacol Ther 37: 546-554, 2013.

Kang K, Bae JH, Han K, Kim ES, Kim TO and Yi JM: A
Genome-wide methylation approach identifies a new hypermeth-
ylated gene panel in ulcerative colitis. Int J Mol Sci 17: 1291,
2016

Dooley TP, Curto EV, Reddy SP, Davis RL, Lambert GW,
Wilborn TW and Elson CO: Regulation of gene expression in
inflammatory bowel disease and correlation with IBD drugs:
Screening by DNA microarrays. Inflamm Bowel Dis 10: 1-14,
2004.

Joustra V,Li Yim AYF,Hageman I, Levin E, Adams A, SatsangiJ,
de Jonge WJ, Henneman P and D'Haens G: Long-term temporal
stability of peripheral blood DNA methylation profiles in patients
with inflammatory bowel disease. Cell Mol Gastroenterol
Hepatol 15: 869-885, 2023.



76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.
93.

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 53: 55, 2024 15

Pekow J, Hernandez K, Meckel K, Deng Z, Haider HI, Khalil A,
Zhang C, Talisila N, Siva S, Jasmine F, et al: IBD-associated
colon cancers differ in DNA methylation and gene expres-
sion profiles compared with sporadic colon cancers. J Crohns
Colitis 13: 884-893, 2019.

Lin S, Hannon E, Reppell M, Waring JF, Smaoui N, Pivorunas V,
Guay H, Chanchlani N, Bewshea C, Bai BYH, et al: Whole
blood DNA methylation changes are associated with anti-TNF
drug concentration in patients with Crohn's disease. J Crohns
Colitis: jjad133, 2003 doi: 10.1093/ecco-jcc/jjad133 (Epub ahead
of print).

Mishra N, Aden K, Blase JI, Baran N, Bordoni D, Tran F,
Conrad C, Avalos D, Jaeckel C, Scherer M, et al: Longitudinal
Multi-omics analysis identifies early blood-based predictors
of anti-TNF therapy response in inflammatory bowel disease.
Genome Med 14: 110, 2022.

McDermott E, Ryan EJ, Tosetto M, Gibson D, Burrage J,
Keegan D, Byrne K, Crowe E, Sexton G, Malone K, et al: DNA
methylation profiling in inflammatory bowel disease provides
new insights into disease pathogenesis. J Crohns Colitis 10:
77-86, 2016.

Vlantis K, Polykratis A, Welz PS, van Loo G, Pasparakis M
and Wullaert A: TLR-independent anti-inflammatory function
of intestinal epithelial TRAF6 signalling prevents DSS-induced
colitis in mice. Gut 65: 935-943, 2016.

Kunz M, Koénig IR, Schillert A, Kruppa J, Ziegler A, Grallert H,
Miiller-Nurasyid M, Lieb W, Franke A, Ranki A, et al:
Genome-wide association study identifies new susceptibility loci
for cutaneous lupus erythematosus. Exp Dermatol 24: 510-515,
2015.

Polani S, Dean M, Lichter-Peled A, Hendrickson S, Tsang S,
Fang X, Feng Y, Qiao W, Avni G and Kahila Bar-Gal G: Sequence
variant in the TRIM39-RPP21 gene readthrough is shared across
a cohort of Arabian foals diagnosed with juvenile idiopathic
epilepsy. J Genet Mutat Disord 1: 103, 2022.

Nimmo ER, Prendergast JG, Aldhous MC, Kennedy NA,
Henderson P, Drummond HE, Ramsahoye BH, Wilson DC,
Semple CA and Satsangi J: Genome-wide methylation profiling
in Crohn's disease identifies altered epigenetic regulation of key
host defense mechanisms including the Th17 pathway. Inflamm
Bowel Dis 18: 889-899, 2012.

Coit P, De Lott LB, Nan B, Elner VM and Sawalha AH: DNA
methylation analysis of the temporal artery microenvironment in
giant cell arteritis. Ann Rheum Dis 75: 1196-1202, 2016.

Wang Y, Jiang X, Zhu J, Dan Yue, Zhang X, Wang X, You Y,
Wang B, Xu Y, Lu C, et al: IL-21/IL-21R signaling suppresses
intestinal inflammation induced by DSS through regulation of
Th responses in lamina propria in mice. Sci Rep 6: 31881, 2016.
Holm TL, Tornehave D, Sgndergaard H, Kvist PH,
Sondergaard BC, Hansen L, Hermit MB, Holgersen K, Vergo S,
Frederiksen KS, et al: Evaluating IL-21 as a potential therapeutic
target in Crohn's disease. Gastroenterol Res Pract 2018: 5962624,
2018.

Toskas A, Milias S, Delis G, Meditskou S, Sioga A and
Papamitsou T: Expression of IL-21 and IL-33 in intestinal mucosa
of inflammatory bowel disease: An immunohistochemical study.
Diagnostics (Basel) 13: 2185, 2023.

Yang S, Zeng J, Hao W, Sun R, Tuo Y, Tan L, Zhang H, Liu R
and Bai H: IL-21/IL-21R promotes the Pro-Inflammatory effects
of macrophages during C. muridarum respiratory infection. Int
J Mol Sci 24: 12557, 2023.

Li Y, de Haar C, Peppelenbosch MP and van der Woude CI:
SOCS3 in immune regulation of inflammatory bowel disease and
inflammatory bowel disease-related cancer. Cytokine Growth
Factor Rev 23: 127-138, 2012.

ZhouL,YanZ, Yang W,Buckley JA, Al Diffalha S, Benveniste EN
and Qin H: Socs3 expression in myeloid cells modulates the
pathogenesis of dextran sulfate sodium (DSS)-induced colitis.
Front Immunol 14: 1163987, 2023.

Zheng H, Yan Y, ChengJ, Yu S and Wang Y: Association between
SOCS3 hypermethylation and HBV-related hepatocellular carci-
noma and effect of sex and age: A meta-analysis. Medicine 100:
€27604, 2021.

Gonsky R, Deem RL and Targan SR: Distinct methylation of
IFNG in the gut. J Interferon Cytokine Res 29: 407-414, 20009.
Gonsky R, Deem RL, Landers CJ, Haritunians T, Yang S and
Targan SR: IFNG rs1861494 polymorphism is associated with
IBD disease severity and functional changes in both IFNG meth-
ylation and protein secretion. Inflamm Bowel Dis 20: 1794-1801,
2014.

94.Hashimoto H, Watanabe M, Inoue N, Hirai N, Haga E,
Kinoshita R, Hidaka Y and Iwatani Y: Association of IFNG
gene methylation in peripheral blood cells with the development
and prognosis of autoimmune thyroid diseases. Cytokine 123:
154770, 2019.

95.Chen L, Chen J, Mo F, Bian Z, Jin C, Chen X and Liang C:
Genetic polymorphisms of IFNG, IFNGRI1, and androgen
receptor and chronic prostatitis/chronic pelvic pain syndrome
in a Chinese Han population. Dis Markers 2021: 2898336, 2021.

96.Papadia C, Louwagie J, Del Rio P, Grooteclaes M, Coruzzi A,
Montana C, Novelli M, Bordi C, de' Angelis GL, Bassett P, et al:
FOXEI and SYNEL1 genes hypermethylation panel as promising
biomarker in colitis-associated colorectal neoplasia. Inflamm
Bowel Dis 20: 271-277,2014.

97.Dhir M, Yachida S, Van Neste L, Glockner SC, Jeschke J,
Pappou EP, Montgomery EA, Herman JG, Baylin SB,
Tacobuzio-Donahue C and Ahuja N: Sessile serrated adenomas
and classical adenomas: An epigenetic perspective on prema-
lignant neoplastic lesions of the gastrointestinal tract. Int
J Cancer 129: 1889-1898, 2011.

98. Weisenberger DJ, Trinh BN, Campan M, Sharma S, Long TI,
Ananthnarayan S, Liang G, Esteva FJ, Hortobagyi GN,
McCormick F, et al: DNA methylation analysis by digital bisul-
fite genomic sequencing and digital MethyLight. Nucleic Acids
Res 36: 4689-4698, 2008.

99. Venzal, Visalli M, Tripodo B, De Grazia G, Loddo S, Teti D and
Venza M: FOXE] is a target for aberrant methylation in cuta-
neous squamous cell carcinoma. Br J Dermatol 162: 1093-1097,
2010.

100.Qu Y, Gao N and Wu T: Expression and clinical significance

of SYNEI and MAGI2 gene promoter methylation in gastric

cancer. Medicine 100: 23788, 2021.

Yi JM, Dhir M, Guzzetta AA, Iacobuzio-Donahue CA, Heo K,

Yang KM, Suzuki H, Toyota M, Kim HM and Ahuja N: DNA

methylation biomarker candidates for early detection of colon

cancer. Tumour Biol 33: 363-372, 2012.

102.Kim TO, Park J, Kang MJ, Lee SH, Jee SR, Ryu DY, Yang K
and Yi JM: DNA hypermethylation of a selective gene panel as
a risk marker for colon cancer in patients with ulcerative colitis.
Int J Mol Med 31: 1255-1261, 2013.

103. Alafaria HAA and Jalal AS: Novel DNA methylation
biomarkers for early diagnosis of oral tongue squamous
cell carcinoma (OTSCC). J Appl Genet: Mar 5, 2024 doi:
10.1007/s13353-024-00830-x (Epub ahead of print).

104.Liu F, Lu X, Zhou X and Huang H: APC gene promoter meth-
ylation as a potential biomarker for lung cancer diagnosis:
A meta-analysis. Thoracic Cancer 12: 2907-2913, 2021.

105.Cai C, Zhu Y, Mu J, Liu S, Yang Z, Wu Z, Zhao C, Song X,
Ye Y, Gu J, et al: DNA methylation of RUNX3 promotes
the progression of gallbladder cancer through repressing
SLC7A11-mediated ferroptosis. Cell Signal 108: 110710, 2023.

106. Toyooka S, Toyooka KO, Harada K, Miyajima K, Makarla P,
Sathyanarayana UG, Yin J, Sato F, Shivapurkar N, Meltzer SJ and
Gazdar AF: Aberrant methylation of the CDH13 (H-cadherin)
promoter region in colorectal cancers and adenomas. Cancer
Res 62: 3382-3386, 2002.

107. Kim TO, Park DI, Han YK, Kang K, Park SG, Park HR and
Yi JM: Genome-Wide analysis of the DNA methylation profile
identifies the fragile histidine triad (FHIT) gene as a new prom-
ising biomarker of Crohn's disease. J Clin Med 9: 1338, 2020.

108. Bellon M, Bialuk I, Galli V, Bai XT, Farre L, Bittencourt A,
Marcais A, Petrus MN, Ratner L, Waldmann TA, et al:
Germinal epimutation of Fragile Histidine Triad (FHIT) gene
is associated with progression to acute and chronic adult T-cell
leukemia diseases. Mol Cancer 20: 86, 2021.

109.Zhang Y, Xu X, Chen Z and Zhao Z: Association of FHIT
expression and FHIT gene hypermethylation with liver cancer
risk: A PRISMA-compliant meta-analysis. Onco Targets
Ther 10: 3083-3093, 2017.

110. Wu X, Wu G, Yao X, Hou G and Jiang F: The clinicopathological
significance and ethnic difference of FHIT hypermethylation in
non-small-cell lung carcinoma: A meta-analysis and literature
review. Drug Des Devel Ther 10: 699-709, 2016.

111. Gerecke C, Scholtka B, Lowenstein Y, Fait I, Gottschalk U,
Rogoll D, Melcher R and Kleuser B: Hypermethylation of
ITGA4, TFPI2 and VIMENTIN promoters is increased
in inflamed colon tissue: Putative risk markers for colitis-
associated cancer. J] Cancer Res Clin Oncol 141: 2097-2107,
2015.

101.



16 AKANYIBAH et al: DNA METHYLATION IN IBD

112. Ausch C, Kim YH, Tsuchiya KD, Dzieciatkowski S,
Washington MK, Paraskeva C, Radich J and Grady WM:
Comparative analysis of PCR-based biomarker assay methods
for colorectal polyp detection from fecal DNA. Clin Chem 55:
1559-1563, 20009.

113. Bretz N, Noske A, Keller S, Erbe-Hofmann N, Schlange T,
Salnikov AV, Moldenhauer G, Kristiansen G and Altevogt P:
CD24 promotes tumor cell invasion by suppressing tissue factor
pathway inhibitor-2 (TFPI-2) in a c-Src-dependent fashion. Clin
Exp Metastasis 29: 27-38, 2012.

114. Enders A, Stankovic S, Teh C, Uldrich AP, Yabas M, Juelich T,
Altin JA, Frankenreiter S, Bergmann H, Roots CM, er al:
ZBTB7B (Th-POK) regulates the development of IL-17-producing
CDl1d-restricted mouse NKT cells.J Immunol 189: 5240-5249,2012.

115. Wildt KF, Sun G, Grueter B, Fischer M, Zamisch M, Ehlers M
and Bosselut R: The transcription factor Zbtb7b promotes CD4
expression by antagonizing Runx-mediated activation of the
CD4 silencer. ] Immunol 179: 4405-4414, 2007.

116. Dang Do AN, Sleat DE, Campbell K, Johnson NL, Zheng H,
Wassif CA, Dale RK and Porter FD: Cerebrospinal fluid protein
biomarker discovery in CLN3.J Proteome Res 22: 2493-2508,2023.

117. Li N, Yu K, Lin Z and Zeng D: Identifying a cervical cancer
survival signature based on mRNA expression and genome-wide
copy number variations. Exp Biol Med (Maywood) 247:
207-220,2022.

118. Pernat Drobez C, Repnik K, Gorenjak M, Ferkolj I, Weersma RK
and Poto¢nik U: DNA polymorphisms predict time to progres-
sion from uncomplicated to complicated Crohn's disease. Eur
J Gastroenterol Hepatol 30: 447-455, 2018.

119. Harris RA, Nagy-Szakal D, Mir SA, Frank E, Szigeti R,
Kaplan JL, Bronsky J, Opekun A, Ferry GD, Winter H and
Kellermayer R: DNA methylation-associated colonic mucosal
immune and defense responses in treatment-naive pediatric
ulcerative colitis. Epigenetics 9: 1131-1137, 2014.

120.Okahara S, Arimura Y, Yabana T, Kobayashi K, Gotoh A,
Motoya S, Imamura A, Endo T and Imai K: Inflammatory gene
signature in ulcerative colitis with cDNA macroarray analysis.
Aliment Pharmacol Ther 21: 1091-1097, 2005.

121. Roman J, Planell N, Lozano JJ, Aceituno M, Esteller M,
Pontes C, Balsa D, Merlos M, Panés J and Salas A: Evaluation of
responsive gene expression as a sensitive and specific biomarker
in patients with ulcerative colitis. Inflamm Bowel Dis 19:
221-229, 2013.

122.Ventham NT, Kennedy NA, Adams AT, Kalla R, Heath S,
O'Leary KR, Drummond H; IBD BIOM consortium; IBD
CHARACTER consortium; Wilson DC, et al: Integrative
epigenome-wide analysis demonstrates that DNA methylation
may mediate genetic risk in inflammatory bowel disease. Nat
Commun 7: 13507, 2016.

123.Zhu L, Zhu C, Jin J, Wang J, Zhao X and Yang R: Identification
of an association between coronary heart disease and ITGB2
methylation in peripheral blood by a case-control study. Clin
Chim Acta 552: 117627, 2024.

124. Xing XL, Liu Y, Liu J, Zhou H, Zhang H, Zuo Q, Bu P, Duan T,
Zhou Y and Xiao Z: Comprehensive analysis of ferroptosis- and
immune-related signatures to improve the prognosis and diag-
nosis of kidney renal clear cell carcinoma. Front Immunol 13:
851312,2022.

125. Peng C, Zhao G, Pei B, Wang K, Li H, Fei S, Song L, Wang C,
Xiong S, Xue Y, et al: A novel plasma-based methylation panel
for upper gastrointestinal cancer early detection. Cancers
(Basel) 14: 5282,2022.

126. Sun FK, Sun Q, Fan YC, Gao S, Zhao J, Li F, Jia YB, Liu C,
Wang LY, Li XY, er al: Methylation of tissue factor pathway
inhibitor 2 as a prognostic biomarker for hepatocellular carcinoma
after hepatectomy. J Gastroenterol Hepatol 31: 484-492, 2016.

127.Karamitrousis EI, Balgkouranidou I, Xenidis N,
Amarantidis K, Biziota E, Koukaki T, Trypsianis G,
Karayiannakis A, Bolanaki H, Kolios G, et al: Prognostic role
of RASSF1A, SOX17 and Wif-1 promoter methylation status
in Cell-Free DNA of advanced gastric cancer patients. Technol
Cancer Res Treat 20: 1533033820973279, 2021.

128.Jia Y, Yang Y, Liu S, Herman JG, Lu F and Guo M: SOX17
antagonizes WNT/B-catenin signaling pathway in hepatocel-
lular carcinoma. Epigenetics 5: 743-749, 2010.

129. Hata T, Mizuma M, Kusakabe T, Amano H, Furukawa T, Iwao T
and Unno M: Simultaneous and sequential combination of
genetic and epigenetic biomarkers for the presence of high-grade
dysplasia in patients with pancreatic cyst: Discovery in cyst fluid
and test in pancreatic juice. Pancreatology 23: 218-226, 2023.

130. Akiyama Y, Watkins N, Suzuki H, Jair KW, van Engeland M,
Esteller M, Sakai H, Ren CY, Yuasa Y, Herman JG and
Baylin SB: GATA-4 and GATA-5 transcription factor genes and
potential downstream antitumor target genes are epigenetically
silenced in colorectal and gastric cancer. Mol Cell Biol 23:
8429-8439, 2003.

131. Karatzas PS, Mantzaris GJ, Safioleas M and Gazouli M: DNA
methylation profile of genes involved in inflammation and autoim-
munity in inflammatory bowel disease. Medicine 93: €309, 2014.

132. Taman H, Fenton CG, Hensel IV, Anderssen E, Florholmen J
and Paulssen RH: Genome-wide DNA methylation in
Treatment-naive ulcerative colitis. J Crohns Colitis 12:
1338-1347, 2018.

133. Walz A, Schmutz P, Mueller C and Schnyder-Candrian S:
Regulation and function of the CXC chemokine ENA-78 in mono-
cytes and its role in disease. J Leukoc Biol 62: 604-611, 1997.

134. Friedrich M, Diegelmann J, Schauber J, Auernhammer CJ and
Brand S: Intestinal neuroendocrine cells and goblet cells are
mediators of IL-17A-amplified epithelial IL-17C production
in human inflammatory bowel disease. Mucosal Immunol 8:
943-958, 2015.

135. West GA, Matsuura T, Levine AD, Klein JS and Fiocchi C:
Interleukin 4 in inflammatory bowel disease and mucosal
immune reactivity. Gastroenterology 110: 1683-1695, 1996.

136.Lin K, Zou R, Lin F, Zheng S, Shen X and Xue X: Expression
and effect of CXCL14 in colorectal carcinoma. Mol Med Rep 10:
1561-1568, 2014.

137. Huang J, Chen Z, Ding C, Lin S, Wan D and Ren K: Prognostic
biomarkers and immunotherapeutic targets among CXC chemo-
kines in pancreatic adenocarcinoma. Front Oncol 11: 711402, 2021.

138. Samarani S, Dupont-Lucas C, Marcil V, Mack D, Israel D,
Deslandres C, Jantchou P, Ahmad A and Amre D: CpG
Methylation in TGFp1 and IL-6 genes as surrogate biomarkers
for diagnosis of IBD in Children. Inflamm Bowel Dis 26:
1572-1578, 2020.

139. Marincola Smith P, Choksi YA, Markham NO, Hanna DN, Zi J,
Weaver CJ, Hamaamen JA, Lewis KB, Yang J, Liu Q, et al:
Colon epithelial cell TGFp signaling modulates the expression
of tight junction proteins and barrier function in mice. Am
J Physiol Gastrointest Liver Physiol 320: G936-G957, 2021.

140. Troncone E,Marafini I, Stolfi C and Monteleone G: Transforming
growth Factor-1/Smad7 in intestinal immunity, inflammation,
and cancer. Front Immunol 9: 1407, 2018.

141. Monteleone G, Kumberova A, Croft NM, McKenzie C,
Steer HW and MacDonald TT: Blocking Smad7 restores
TGF-betal signaling in chronic inflammatory bowel disease.
J Clin Invest 108: 601-609, 2001.

142. Ivanova MM, Dao J, Slayeh OA, Friedman A and Goker-Alpan O:
Circulated TGF-f1 and VEGF-A as biomarkers for fabry
Disease-associated cardiomyopathy. Cells 12: 2102, 2023.

143. Ghobrial EE, Abdel-Aziz HA, Kaddah AM and Mubarak NA:
Urinary transforming growth factor $-1 as a marker of renal
dysfunctionin sickle cell disease. Pediatr Neonatol 57: 174-180,2016.

144. Chaverri D, Vivas D, Gallardo-Villares S, Granell-Escobar F,
Pinto JA and Vives J: A pilot study of circulating levels of
TGF-p1 and TGF-f2 as biomarkers of bone healing in patients
with non-hypertrophic pseudoarthrosis of long bones. Bone
Reports 16: 101157, 2022.

145. Wu DL, Wang Y, Zhang TJ, Chu MQ, Xu ZJ, Yuan Q, Ma JC,
Lin J, Qian J and Zhou JD: SLIT2 promoter hypermethylation
predicts disease progression in chronic myeloid leukemia. Eur
J Med Res 27: 259,2022.

146. Xie S, Zhang Y, Peng T, Guo J, Cao Y, Guo J, Shi X, Li Y, Liu Y,
Qi S and Wang H: TMEFF2 promoter hypermethylation is an
unfavorable prognostic marker in gliomas. Cancer Cell Int 21:
148, 2021.

147. Zhang W, Shang S, Yang Y, Lu P, Wang T, Cui X and Tang X:
Identification of DNA methylation-driven genes by integrative
analysis of DNA methylation and transcriptome data in pancre-
atic adenocarcinoma. Exp Ther Med 19: 2963-2972, 2020.

148. Hu H, Chen X, Wang C, Jiang Y, Li J, Ying X, Yang Y, Li B,
Zhou C, Zhong J, et al: The role of TFPI2 hypermethylation
in the detection of gastric and colorectal cancer. Oncotarget 8:
84054-84065, 2017.

149. Gasparetto M, Payne F, Nayak K, Kraiczy J, Glemas C,
Philip-McKenzie Y, Ross A, Edgar RD, Zerbino DR,
Salvestrini C, et al: Transcription and DNA methylation patterns
of Blood-Derived CD8(+) T cells are associated with age and
inflammatory bowel disease but do not predict prognosis.
Gastroenterology 160: 232-244.€7, 2021.



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 53: 55, 2024 17

150. Venkateswaran S, Somineni HK, Matthews JD, Kilaru V,
Hyams JS, Denson LA, Kellamayer R, Gibson G, Cutler DJ,
Conneely KN, et al: Longitudinal DNA methylation profiling
of the rectal mucosa identifies cell-specific signatures of
disease status, severity and clinical outcomes in ulcerative
colitis cell-specific DNA methylation signatures of UC. Clin
Epigenetics 15: 50, 2023.

151. Corridoni D, Antanaviciute A, Gupta T, Fawkner-Corbett D,
Aulicino A, Jagielowicz M, Parikh K, Repapi E, Taylor S,
Ishikawa D, et al: Single-cell atlas of colonic CD8+ T cells in
ulcerative colitis. Nat Med 26: 1480-1490, 2020.

152.Li Yim AYF, Duijvis NW, Ghiboub M, Sharp C, Ferrero E,
Mannens MMAM, D'Haens GR, de Jonge WJ, Te Velde AA
and Henneman P: Whole-genome DNA methylation profiling
of CD14+ monocytes reveals disease status and activity differ-
ences in Crohn's disease patients. J Clin Med 9: 1055, 2020.

153. Grip O, Bredberg A, Lindgren S and Henriksson G: Increased
subpopulations of CD16(+) and CD56(+) blood monocytes in
patients with active Crohn's disease. Inflamm Bowel Dis 13:
566-572,2007.

154. Sun Z, Braga-Neto MB, Xiong Y, Bhagwate AV, Gibbons HR,
Sagstetter MR, Hamdan FH, Baheti S, Friton J, Nair A, et al:
Hypomethylation and overexpression of Thl7-associated genes
is a hallmark of intestinal CD4+ lymphocytes in Crohn's disease.
J Crohns Colitis 17: 1847-1857, 2023.

155. Howell KJ, Kraiczy J, Nayak KM, Gasparetto M, Ross A,
Lee C, Mak TN, Koo BK, Kumar N, Lawley T, et al: DNA
methylation and transcription patterns in intestinal epithelial
cells from pediatric patients with inflammatory bowel diseases
differentiate disease subtypes and associate with outcome.
Gastroenterology 154: 585-598, 2018.

156.Mlambo T, Nitsch S, Hildenbeutel M, Romito M, Miiller M,
Bossen C, Diederichs S, Cornu T1, Cathomen T and Mussolino C:
Designer epigenome modifiers enable robust and sustained
gene silencing in clinically relevant human cells. Nucleic Acids
Res 46: 4456-4468, 2018.

157. Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA and
Charpentier E: A programmable dual-RNA-guided DNA endo-
nuclease in adaptive bacterial immunity. Science 337: 816-821,
2012.

158.Zhang M, Wang F, Li S, Wang Y, Bai Y and Xu X: TALE: A
tale of genome editing. Prog Biophys Mol Biol 114: 25-32,2014.

159. Tang N, Zhang Y, Pedrera M, Chang P, Baigent S, Moffat K,
Shen Z, Nair V and Yao Y: Generating recombinant avian
herpesvirus vectors with CRISPR/Cas9 gene editing. J Vis Exp:
Jan 7, 2019 doi: 10.3791/58193.

160. Kim Y, Kweon J, Kim A, Chon JK, Yoo JY,Kim HJ,Kim S,Lee C,
Jeong E, Chung E, et al: A library of TAL effector nucleases span-
ning the human genome. Nat Biotechnol 31: 251-258, 2013.

161. Garcia-Bloj B, Moses C, Sgro A, Plani-Lam J, Arooj M, Duffy C,
Thiruvengadam S, Sorolla A, Rashwan R, Mancera RL, et al:
Waking up dormant tumor suppressor genes with zinc
fingers, TALEs and the CRISPR/dCas9 system. Oncotarget 7:
60535-60554, 2016.

162. Bernstein DL, Le Lay JE, Ruano EG and Kaestner KH:
TALE-mediated epigenetic suppression of CDKN2A increases
replication in human fibroblasts. J Clin Invest 125: 1998-2006,
2015.

163.Ke Q, Li W, Lai X, Chen H, Huang L, Kang Z, Li K, Ren J,
Lin X, Zheng H, et al: TALEN-based generation of a cyno-
molgus monkey disease model for human microcephaly. Cell
Res 26: 1048-1061, 2016.

164. Whyte JM, Ellis JJ, Brown MA and Kenna TJ: Best practices in
DNA methylation: Lessons from inflammatory bowel disease,
psoriasis and ankylosing spondylitis. Arthritis Res Ther 21: 133,
2019.

165. Liu B, Dong K and Dong R: The diagnosis effect of DNA meth-
ylation in inflammatory bowel diseases. Gastroenterology 155:
229, 2018.

166. McLarty J and Yeh C: Circulating cell-free DNA: The blood
biopsy in cancer management. MOJ Cell Sci Rep 2: 00021, 2015.

167. Hirahata T, Ul Quraish R, Quraish AU, Ul Quraish S, Naz M
and Razzaq MA: Liquid biopsy: A distinctive approach to
the diagnosis and prognosis of cancer. Cancer Inform 21:
11769351221076062, 2022.

168. Karatzas PS, Gazouli M, Safioleas M and Mantzaris GJ: DNA
methylation changes in inflammatory bowel disease. Ann
Gastroenterol 27: 125-132, 2014.

169. Warnecke PM, Stirzaker C, Melki JR, Millar DS, Paul CL and
Clark SJ: Detection and measurement of PCR bias in quantita-
tive methylation analysis of bisulphite-treated DNA. Nucleic
Acids Res 25: 4422-4426, 1997.

170. Raine A, Manlig E, Wahlberg P, Syvinen AC and Nordlund J:
SPlinted ligation adapter tagging (SPLAT), a novel library
preparation method for whole genome bisulphite sequencing.
Nucleic Acids Res 45: €36, 2017.

171. Tost J: Current and emerging technologies for the analysis of
the genome-wide and locus-specific DNA methylation patterns.
Adv Exp Med Biol 1389: 395-469, 2022.

Copyright © 2024 Akanyibah et al. This work is
B licensed under a Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International (CC
BY-NC-ND 4.0) License.




