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A promising DNA methylation analysis pipeline for epigenetic
studies and clinical implementation in inflammatory bowel disease
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Background: Inflammatory bowel disease (IBD), a spectrum with two major conditions, Crohn’s disease
and ulcerative colitis, is a growing burden for patients and health systems in developing countries. DNA
methylation (DNAm) is the most studied epigenetic change and its correlation with IBD pathogenesis has
been established. In this study, we developed a DNAm pipeline to process and analyze the DNAm data,
which is potentially applied in IBD research and clinical practice.

Methods: Our DNAm pipeline was based on the architecture of the Methylnet framework using deep
learning to process and analyze DNAm data from multiple sequencing platforms and through the data
analysis of both in-house and public datasets. Then, this model was validated against public datasets of age
prediction.

Results: We successfully developed a DNAm pipeline which is independent of sequencing platforms and
easy to use. On validating against a public dataset, we confirmed that the DNAm pipeline is a great entry
point to predict the phenotype of age with significant correlation with the ground truth (R’=0.96) and cell
type deconvolution (highest R’=0.99 in neutrophils).

Conclusions: DNAm, an epigenetic change in IBD, should be a target for investigation as it is linked to
the disease. Although we did not have in-house IBD DNAm data yet, we expect that our DNAm data pipelin

will create a foundation for finding biomarkers in IBD.
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Introduction

Incidence, prevalence, and demograpbics of inflammatory
bowel disease (IBD)

IBD which includes Crohn’s disease (CD) and ulcerative
colitis (UC) poses great challenges to global healthcare with
a soaring incidence. In 2018, the global incidence of IBD
was 0.3%, and it is also predicted that the figure will be 0.9%
in 2025 (1,2). The highest incidence rates were witnessed
in Europe and North America (e.g., Canada, Denmark,
Germany, Sweden, UK and USA). Simultaneously, although
several studies have reported a lower incidence in Asia
regions, 1.37 per 100,000 individuals in the general Asian
population, these numbers have experienced a significant
increase over a few past years (3). Besides, in Asia-Pacific,
the median age at IBD diagnosis was 39 years (range,
5-81 years) for all patients, and males made up 57.6% of
patients. Despite the unclear pathogenesis of IBD, it is well
documented that genetic, environmental and host-related
factors play critical roles in the development of both UC
and CD (4). An on-going project is conducted in 29 regions
globally with the aim to identify the incidence, demographic
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Key findings

e We proposed an improved DNA methylation (DNAm) analysis
pipeline performing accurately on a public dataset regarding age
prediction and cell type deconvolution, which could been seen by
significant correlations with the ground truth (R’=0.96) and (highest
R’=0.99) of phenotype of age and cell type deconvolution, respectively.

What is known and what is new?

* DNAm is the most studied epigenetic change and its correlation
to inflammatory bowel disease (IBD) pathogenesis has been
established. However, the newest DNAm analysis framework
(MethyNet) were designed to deal with methylation data generated
from microarray-based technologies only.

¢ In addition to reviewing the association between epigenetic
mechanisms with IBD pathogenesis, we also have proposed a
comprehensive DNAm analysis pipeline able to process data from
all available platforms in the world.

What is the implication, and what should change now?

® Our methylation analysis pipeline could be used in processing
DNAm data generated from different technologies to classify
patients and healthy people. Thus, this could be potential to apply
in IBD diagnosis tools using DNAm data.

*  We expected to build up a IBD dataset to accelerate the process of
developing a new diagnostic method utilizing our pipeline.

© Digestive Medicine Research. All rights reserved.

Digestive Medicine Research, 2023

factors and environmental factors associated with IBD,
especially in areas lacking epidemiology data including
Vietnam (5).

Genetic factors of IBD have been studied for a
considerable time with findings from genome-wide
association studies indicating more than 201 genetic
variations, including 41 CD-specific polymorphisms, 30
UC-specific polymorphisms, and 137 loci attributed to
both CD and UC (6,7). However, these results could not
completely explain the etiology, complexity and evolution
of the disease. One of the reasons can be 80% to 90% of
such identified loci are noncoding, indicating the vital role
of the environmental components, especially epigenetic
factors (8). Environmental factors including diet, infection,
and medications all of which may lead to intestinal
inflammation through their effects on the composition
of the microbiome (8). A host-microbe interaction study
on IBD has found the number of IBD-associated gene
loci to 163, of which the predominance are associated
with both phenotypes, 30 CD specific and 23 UC
specific (6). Many studies reported the change of gut
flora in both phenotypes compared to healthy controls as
significantly reduced biodiversity, especially the decrease
of Firmicutes and Bacteroidetes. In CD, the enterobacteria
was over-represented while in UC, the reduction of
Clostridium spp. and the increase of Escherichia coli (E.coli)
was reported. Therefore, the understandings on the
pathogenesis mechanisms and interactions among factors
promise to optimize IBD treatment in multidisciplinary
approaches (9,10).

Epigenetic mechanisms and their relationship with IBD

For a long time, researchers had believed that DNA sequences
are the underlying factor determining the phenotypes of cells.
However, they have found that despite the fact that somatic
cells with the same origin share the entire genome, they still
serve as completely distinct functions. The term “epigenetics”
refers to a scientific field accounting for processes that
influence gene activity without altering the sequence of DNA,
enriching our understanding of the expression of various
diseases (11). Epigenetic factors have been proven to be
involved in the pathogenesis of a variety of disorders, such
as cancers, cardiovascular diseases, and autoimmune diseases
(12-14). The association between epigenetic modifications
and disease susceptibility, severity and progression could
suggest novel targets for treatment or potentially introduce
more effective approaches for the disease diagnosis and
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management. The primary epigenetic processes regulating
gene expression consist of DNA and RNA methylation,
histone modifications, short and long non-coding RNAs. In
the later part, we will introduce DNA methylation (DINAm)
and demethylation, RNA methylation and other concepts in
epigenetics and their association with IBD.

DNAm and demethylation

The most thoroughly investigated epigenetic mechanism
is DNAm. DNAm is the covalent attachment of a methyl
(CH3) group to pyrimidine ring of cytosine at the carbon §
position, this modification preferentially occurs in 5'CG3’
(CpG islands-CGl), some involves CpA and CpT as well (15).
DNAm is performed by DNA methyltransferases (DNMT)
family including DNMT1, DNMT1b, DNMTlo,
DNMT1p, DNMT2, DNMT3A, DNMT3B and its
isoforms as well as DNMT3L (16). De novo methylation
(methyl groups are added to unmethylated DNA) are
performed by DNMT3A and DNMT3B, while DNMT1
is responsible for maintenance methylation (when CpG
dinucleotides on one strand are methylated) (17).

Aside from methylation, there is a reverse process
called demethylation, which could recover the
expression of silenced genes influenced by DNMT.
The enzymes participating in this mechanism include
S-methylcytosine glycosylase, and an enzyme group of
Ten-eleven translocation methylcytosine dioxygenases
(e.g., TET1, TET2, and TET3), which removes the
methylated cytosine from DNA and add back another
cytosine in nucleotide form, or turn 5-methylcytosine
(5mC) to 5-hydroxymethylcytosine (5-hmC), eventually
to 5-formylcytosine (5-fC) and 5-carboxylcytosine
(5-caC) (16). The balanced occurrence of methylation and
demethylation serves as a dynamic mechanism controlling
gene expression in many cell types (18).

Several studies have been conducted with a design of
epigenome-wide association studies (EWAS) or focused on
analysis of the methylation features of selected candidate
genes to explore the pathogenesis of IBD by employing
samples derived from peripheral blood and intestinal tissue
of IBD patients (19-22). The first EWAS studying the
changes in DNAm profile in IBD patients was reported
by Nimmo et /. [2012] (21). They revealed a methylation
profile of the whole genome from blood samples of 21 CD
patients and 19 healthy controls, then reported several
associated loci (including MAPK13, FASLG, PRF1,
S100A13, RIPK3, and IL-21R).

Cooke et al. [2012] reported a EWAS for significant
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difference in methylation profile (THRAP2, FANCC,
GBGT1, DOK2 and TNFSF4) of IBD patients compared
to healthy controls and they also demonstrated that a
majority of risk loci identified by GWAS (such as CARD9,
CDHI1, ICAM3, etc.) pose methylation changes between
IBD patients and healthy individuals, indicating the
potential for mechanistic interactions between genetic and
epigenetic signals (22). This finding suggested that these
single nucleotide polymorphisms (SNPs) may present in
CGIs and influence the methylation statuses of CGIs. In
addition, the changes in methylation patterns in the vicinity
of susceptibility genes’ transcription initiation site and
promoter region could have a significant impact on how
genes are transcribed (23).

Recently, a few research teams have revealed diagnostic
models for IBD based on methylation patterns. Ventham
et al. [2016] generated a panel of 30 methylation probes
that could distinguish IBD patients and healthy controls
with a sensitivity of 75% and a specificity of 100% (24).
Another methylation-based model developed by Howell
et al. [2018] has shown the ability to differentiate CD
patients from UC in 77% cases and area under the receiver
operating characteristic curve (AUC) =0.92 (sensitivity
=57%, specificity =100%) (25). According to these findings,
the DNAm landscape may be able to distinguish between
the many subtypes of IBD and the severity of the disease.
Unlike genetic biomarkers, DNAm profile could cover the
effects stemmed from environment and age. Additionally,
disease-associated DNAms are typically universal, and
these markers tend to be stable in bloodstream and tissues.
Therefore, designing multiple methylation markers
detection panels could potentially become an effective way
to diagnose IBD in clinical practices (26).

Other epigenetic mechanisms

RNA methylation: N6-methyladenosine (m6A) refers to
the methylation occurring at the sixth N of adenine base
of RINA (27,28). It is assumed that SNPs located close to
or inside of m6A motifs (m6A-SNPs) could be potential
factors contributing to the pathology of several diseases.
Several genes harboring m6A-SNPs were also reported to
differentially expressed in IBD patients compared to healthy
controls (i.e., UBE2L3 and SLC22A4 for CD and TCF19,
Cé6orf47 and SNAPC4 for UC) (29).

Histone modification: histone could be modified by specific
enzymes following numerous ways, including acetylation,
methylation, phosphorylation, and ubiquitination. Based
on the targeted amino acid (e.g., lysine, arginine, serine,
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threonine, tyrosine), type of histone modification and its
level (number of modifying groups added) could result in a
different impact (permissive/repressive) on transcriptional
activity (30-32). A lot of studies have identified the
correlation between differential histone acetylation
pattern and the alterations of microbial composition in gut
microbiota, which was documented to be related with the
pathogenesis of IBD (33).

Non-coding RNAs: among various non-coding RNA
types, miRNA (miR) has been studied more thoroughly
due to its participation in the process of regulating the
interaction of immune cells, intestinal epithelial barrier, and
the homeostasis between host and intestinal microbiome.
By identifying a up-regulation of miR-21 and miR-92a
in UC blood, a method utilizing these two indicators was
proposed, this method was able to discriminate UC from
healthy subjects and irritable bowel syndrome (IBS) with
an AUC of 0.979 and 0.844, respectively (34). At a specific
cut-off value of 1.52 for miR-21 and 1.66 for miR-92a, the
method showed a sensitivity of 87.5% and the specificity
of 91.7% and 87.5% (34). Moreover, many other miRNNA
molecules were also reported to be correlated with the
activity stage and prognosis of CD and UC such as miR-375
and miR-146 (35-37). Additionally, based on the significant
correlation between disease activity of UC and miR-233
expression, an approach proposed by Schoénauen ez a/. using
such indicator in feces could well discriminate active IBD
patients from subjects in remission stage with the sensitivity
of 80% and the specificity of 93% (38). miR-1307-3p,
miR-3615 and miR-4792 in CD4" and CD8" T cells were
also discovered to be the potential markers to predict the
prognosis of IBD (39). Besides, another interest of research
has been the relationship between miRNA and the response
of IBD patients to therapies. A recent study (40) reported
changes of 5 candidate miRNAs (i.e., miR-126, let-7c, miR-
146a, miR-146b, and miR-320a) that were associated with
mucosal inflammation and clinical response to anti-TNF-
agents and glucocorticoids.

Epigenetic studies in Vietnam

The advent of various cutting-edge wet-lab technologies
as well as analytic algorithms enabled the research in
the epigenetic field to move on faster. It is possible to
discover complex mechanisms underlying human diseases,
and explain the impact of many biomarkers on their
pathogenesis. Subsequently, by utilizing this understanding,
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novel methods for treatment and diagnosis was promising
to tackle health issues.

Epigenetics in Vietnam has been studied in several groups,
especially groups at National Cancer Hospital. Nguyen
et al. [2019] investigated EGFR methylation alteration in
lung adenocarcinomas with mutations of BRCA1, MGMT,
and RASSFIA (41). Ta et al. [2020] studied the pathway
mechanism related to RAS/RAF mutations and epigenetic
alterations in colorectal cancer (42). However, till now there
is no standardized DNAm pipeline and case studies in
IBD dataset. Most of the studies on IBD in Vietnam were
conducted in a single center with small sample size (less
than 100) and focused on clinical symptoms, endoscopic
findings, and role of some non-invasive tests such as fecal
calprotectin (43,44). However, the gap in the understanding
of this disease from different specialties’ perspectives has
been reported. One study by Dao ez /. showed that the
agreement between endoscopic findings and histopathology
results were only 26.5% while after the revision from
the expert, the confirmed diagnosis reached 49.1% (45).
The lack of national data on prevalence and burden to
the healthcare system as well as the lack of connection
among different specialties including gastroenterology,
histopathology, dietitian, surgeons or between clinical
settings and translational research has been seen (45). From
the overall situation, the association between DNAm and
IBD thus lacks comprehensive investigation in Vietnam.
In current work, we aim to propose a DNAm analysis
pipeline based on deep learning with potential application
to IBD and its interaction with the available pharmaceutical
armamentarium to reduce the cost of treatment of IBD is of
great interest in a developing country like Vietnam.

Methods

We aimed to develop a progress analysis based on the
architecture of MethylNet framework (46). Our pipeline
was built to get inputs from any sequencing platforms and
easy to config for users.

Figure 1 illustrated a pipeline for analyzing methylation
data from different data platforms such as the Methylation
EPIC chip [450K or 850K from Illumina (47)] and
the sequencing data (from PacBio HiFi Seq). All input
from platforms is processed for further analysis steps by
converting input into a beta matrix containing methylation
level which is the ratio of intensities between methylated
and unmethylated alleles with a range from 0 to 1 where
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Idat Fastq
(MethylationEPIC chip) (PACBIO HIFI seq)

\ 4

Preprocessing
[(PymethylProcess) ] [ Bam J

Data analysis with IBD

Control IBD

]
1 1
Eea e Phenotype array | |
1 (cell type, age ...)) 1
1

Data model
(MethyINet)

!

Phenotype prediction
or outcome of interest

Figure 1 Left: the overview of the pipeline from data collection and processing in DNAm blood dataset to create a baseline for DNAm

studies. Right: the potential data analysis with IBD dataset to find different biomarkers and other signatures. IBD, inflammatory bowel

disease; DNAm, DNA methylation.
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Figure 2 The workflow of our annotation pipeline from
sequencing to DNAm data matrix. DNAm, DNA methylation.

0 is unmethylated and 1 is fully methylated. The genomic
sequence data from PacBio Seq is aligned from Fastq to
Bam and methylation information is extracted. Methylation
information combines CpG island site (18) in order to
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create a beta matrix in the annotation step in Figure 2. On
the other hand, data from chip methylation is preprocessed
by PymethylProcess with quality control, functional
normalization, sex and SNP removal, imputation, and
Feature selection. After that, it is possible to harmonize the
beta matrices generated from the different sources into a
single matrix to undergo further analysis.

Beta matrix and phenotype, the outcome of interest,
are leveraged to train a model called MethylNet (46)
and discussed in the next section. MethylNet is chosen
for the main tool in the pipeline to explore the beta
matrix of DNAm due to several points: (I) end-to-end
training method that performs predictions based on the
derived features and extracts physiologically significant
aspects through latent encoding; (II) the output forecasts
for multiple targets regression tasks, like cell-type
deconvolution and subject age forecasting. Finally, data
analysis with IBD dataset includes differential expression
analysis and case-control study will be driven depending on
availability of the dataset to get a better understanding of
the disease mechanism.

Dig Med Res 2023;6:23 | https://dx.doi.org/10.21037/dmr-22-82



Page 6 of 11 Digestive Medicine Research, 2023
A Predicted age by MethylNet (R*=0.96, P value =7.351e-102)
80
[}
5]
9 60
g
2
40
Q
(2]
<
20
10 20 30 40 50 60 70 80 90
Age_pred, years
B Predicted cell type
0.8
Result
0.6 I MethyINet
° [ EstimateCellCount
=]
g 04 N B Label
LA
0.2
CD8T CD4T NK cells B-cell Mono Neu
R?_M: 0.88 R?_M: 0.94 R®*_M: 0.93 R®_M: 0.89 R®_M: 0.62 R?_M: 0.99
R’_E: 0.94 R®_E: 0.98 R°_E: 0.98 R’_E: 0.93 R’_E: 0.95 R?_E: 0.99

Figure 3 Results on blood DNAm dataset. (A) Age results on the test set of n=144 (GSE87571). (B) Cell deconvolution results on the test

set of n=144. NK, natural killer; Mono, monocytes; Neu, neutrophils.

Results

There are numerous factors involved in the development
and progression of IBD, including age and cell types in
the immune system. Ruel er a/. [2014] found that there are
changes of biological networks in the demographics and
phenotype of IBD in different ages (48). Another study
pointed out that immunological factors and therapies
in the innate immune system are important in the
pathogenesis of IBD (49). Therefore, to create a control
panel for IBD, we evaluated a blood DNAm dataset from
Johansson public data GSE87571, which contains age
and cell type information. This is one of largest public
DNAm datasets which has an age range between 15 and
95 years, the number of samples is n=732 (approximately
80% for training and 20% for testing) and the chip is
MethylationEPIC 450K from Illumnia (50). We used our
pipeline for preprocessing data and the pretrain MethylNet
model to predict the chronological age of each sample.
Predicted age of this model witnessed significant correlation
to ground truth (R’=0.96, P<0.001) (Figure 3A).

Moreover, reference-based cell type proportions were
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estimated by using a library of cell specific leukocyte
differentially methylated regions (L-DMR). Hundred CpG
features was well-established to possibly predict cell type
on different methods precisely (51). In this task, we passed
the data to our pipeline and used estimateCellCount2,
and Methylnet as a basic library to estimate cell type
data: B-cell, CD4T, CD8T, monocytes (Mono), natural
killer (NK) cells, and neutrophils (Neu). This tool is
an implementation of the Houseman (18) regression
calibration approach algorithm to the Illumina 450K
microarray for deconvoluting heterogeneous tissue sources
like blood (Figure 3B). Two approaches showed a significant
correlated results in distribution of cell type between the
estimation and data from label with the highest R*=0.99
in Neu group for both, and the lowest R’ presented in
Mono cell for pipeline with Methylnet model and B cell for
estimateCellCount with R? of 0.62 and 0.93, respectively.
With these positive results, we expected this pipeline could
be a foundation for the development of a bioinformatic tool
able to make early diagnosis and distinguish major forms of
IBD in Vietnam by using methylation data.
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Discussion

IBD is defined as a chronic inflammation of digestive tract
mucosa resulting in many symptoms such as diarrhea,
rectal bleeding, abdominal pain, fatigue, and weight loss.
Despite the fact that certain people’s risk of having IBD
is undoubtedly influenced by genetic variations, it is well-
known that the human genome has remained unchanged
over generations, thus, the significant increase in IBD
occurrences in recent decades could be considered as
obvious evidence supporting a critical role of the epigenetics
in IBD pathogenesis. Moreover, many of the risk factors
of IBD including race or ethnicity, family history, age,
cigarette smoking, and nonsteroidal anti-inflammatory
medications are also major epigenetic factors (52).

Alterations of DNAm patterns have been well-
documented to be associated with development and
progression of various traits and disorders. The advent of
PacBio sequencing technology has provided a complete
solution which not only offered genome DNA sequence
with highly accurate long read data, but also simultaneously
brought about considerable methylation data. Therefore, our
DNAm analysis pipeline was created to possibly handle types
of data from this new sequencing technology. Moreover,
by analysing the public blood DNAm dataset using our
pipeline, we confirmed the ability of age prediction (R’=0.96)
and cell type deconvolution (highest R’=0.99) which are
two key factors contributing to IBD pathogenesis.

DNAm detection in IBD patients can have potential
for early diagnosis and prognosis, as well as to screen
for colorectal cancer. While the gold standard for
diagnosing IBD is combination of clinical symptoms,
endoscopic findings and histopathology features, there
are still barriers in confirming diagnosis and following up
patients. Colonoscopy is an invasive method, unfeasible
for monitoring during treatment and requires experienced
performance for good practice. The development of liquid
biopsy and DNAm detection for IBD which were described
in previous studies (19,23,24), therefore, can provide novel
non-invasive methods for the detection of both subtypes of
IBD, UC and CD. Furthermore, several studies reported
promising results in using DNAm for colorectal cancer
screening in IBD patients (53-55). Especially in coronavirus
disease 2019 (COVID-19) pandemic, the role of non-
invasive methods and point-of-care approaches are becoming
more and more important.

The strategy in IBD management is to relieve symptoms
by reducing the inflammation in gastrointestinal tract
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mucosa and help to slow the progression of the disease.
Recently, a new class of drugs, called biologic agents, which
are antibodies that are given to IBD patients to help their
immune cells fight the inflammation; in addition to the
immunomodulators which are also used to damp down the
immune system’s inflammatory response (56). Several post-
hoc analyses of early introduction of immunosuppressive
and biologic therapy suggest the benefit for both short-
term and long-term outcome for IBD patients, especially
for CD patients [e.g., clinical remissions, mucosal healing,
and normal C-reactive protein (CRP)] (57-61). Hence, the
new detection approach of IBD using DNAm-based liquid
biopsy can contribute to improve the therapeutic outcome
and decrease the risk of serious adverse events. Besides, the
changes of diet after diagnosis are also an important factor
in managing flare-ups of both diseases (62). Taken together,
the earlier the detection of IBD, the higher chance of IBD
curation (63).

In summary, the application of our DNAm pipeline in
IBD research is expected to improve the understanding of
the impact of epigenetics in IBD and provide a potential
non-invasive approach for screening and early diagnosis
of IBD and furthermore, can be low-cost and effective in
clinical settings. For the next step, we would like to recruit
IBD Vietnamese samples to (I) validate the appropriateness
and the accuracy of the deep learning models on the
Vietnamese population; (II) improve the pipeline to
optimize the specificity and sensitivity for the diagnosis
application. The on-going GIVES-21 study recruits patients
with the follow-up for 6 months to confirm diagnosis and
comprehensive data (clinical symptoms, severity grades in
both endoscopy and histopathology, environmental factors
etc.) as well as biospecimens (biopsy tissue, blood, stool).
The standardized protocol in recruitment and multi-
centre design will be helpful to build up the IBD dataset in
Vietnam (5).

Strengths and limitations

Strengths: By understanding the significant association and
potential application of epigenetic mechanisms including
DNA and RNA methylation, histone modifications, short
and long non-coding RNAs in IBD research as well as
clinical practice, we desired to propose a publicly free
DNAm analysis pipeline compatible with all currently
available data generateing platforms. Our pipeline was able
to accurately perform on two datasets of age prediction and
cell type deconvolution, and was promising for applications
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in IBD diagnosis and prognosis.

Limitations: In spite of high accuracy in public dataset,
the major drawback of this study was the deficiency of
methylation dataset of IBD patients for the validation of
our novel model. However, our on-going project with
the purpose of recruitment and building up IBD dataset
to accelerate the process of developing a new diagnostic
method using methylation pattern.

Conclusions

DNAm is the most studied epigenetic change and its
correlation to IBD pathogenesis has been established. Our
proposed DNAm pipeline was a potential foundation for the
development of a screening and early diagnosis approach by
using epigenetic information in Vietnam.
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