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A Systems Biology Approach to the Pathogenesis of Celiac
Disease: Identification of Potential Protective and Promoting
Mechanisms
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Background: Celiac disease (CeD) is an autoimmune enteropathy triggered by dietary gluten. Almost 90% of CeD patients have HLA-DQ2
or -DQ8 haplotypes. As a high proportion of first-degree relatives (FDRs) of CeD patients have the same haplotype, it is assumed that they are at
a higher risk of disease development than the general population. Nevertheless, the prevalence of CeD among FDRs is considerably low (7.5%).

Materials and Methods: In order to figure out this discrepancy, a microarray dataset of intestinal mucosal biopsies of CeD patients, FDRs,
and control groups was reanalyzed, and a protein-protein interaction network was constructed.

Results: Principal component analysis showed that CeD and FDR groups are far away in terms of gene expression. Comparing differentially
expressed genes of both networks demonstrated inverse expression of some genes mainly related to cell cycle mechanisms. Moreover, analysis
of the modular structures of up- and downregulated gene networks determined activation of protein degradation mechanisms and inhibition
of ribosome-related protein synthesis in celiac patients with an upside-down pattern in FDRs.

Conclusions: The top-down systems biology approach determined some regulatory pathways with inverse function in CeD and FDR groups.
These genes and molecular mechanisms could be a matter of investigation as potential druggable targets or prognostic markers in CeD.
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INTRODUCTlON approximately 40% of the heritability of CeD.¢ Besides,
. . . . association studies have shown that other genetic factors
Celiac disease (CeD), with an overall prevalence of 0.79% affect the development of CeD in individuals with these HLA

in' the general pf)pulat'ion,[‘] i? an autoimmune 'enterop?lthy haplotypes.[) As 80%—85% of first-degree relatives (FDR)
triggered by the ingestion of dietary gluten protein contained of CeD patients have HLA-DQ2/DQS haplotypes, it is
in many grains.”” Upon entry of gluten into the small intestine,

the patient develops painful digestion disorders resulting in
inflammation of the intestinal mucosa, villous atrophy, and
crypt hyperplasia.® As a complex disease, celiac is caused by a
combination of genetic and environmental factors.[¥ The main
genetic susceptibility factors for CeD are human leukocyte

antigen (HLA)-DQZ and -DQ8 haplotypes accounting for Thisis an open access journal, and articles are distributed under the terms of the Creative
Commons Attribution-NonCommercial-ShareAlike 4.0 License, which allows others to
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supposed that they would be at a very high risk of developing
the disease. Nevertheless, the prevalence of the disease in
the relatives is around 7.5%.5# It seems that compensatory
protective mechanisms in healthy FDRs have prevented disease
development in these indiviuals. Comparing the molecular
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phenotype of patients and healthy FDRs is important for
determining protective and pathogenic mechanisms in disease
progression.”’

The holistic viewpoint of systems biology allows a better
understanding of the molecular mechanisms that cause
disease progression. By evaluating the global gene expression
profile of CeD patient’s duodenum, Banaganapalli et al.l'”
determined biological pathways related to immune system
processes, loss of cell division regulation, and impaired
metabolism and absorption. In another study, Leonard et al.''!
underscored novel pathways such as the spliceosome, innate
immune response, and autoimmunity in the CeD population.
Despite these findings, the molecular machinery involved in
disease progression and the possible compensatory protective
mechanisms in the healthy FDR have not been fully identified.
Therefore, a microarray dataset was reanalyzed to get insight
into the biological pathways activated in CeD and the possible
compensatory protective mechanisms that prevent disease in
healthy FDR. The constructed protein-protein interaction (PPT)
network and pathway enrichment analysis of differentially
expressed genes (DEGs) determined the critical role of
pathways associated with immune and inflammatory responses,
cell cycle, and cell transport pathways in CeD.

MaTteriALs AND METHODS

Microarray data acquisition

mRNA expression profiling deposited by Acharya P et al.”!
with accession number GSE112102 was obtained from the
Gene Expression Omnibus (GEO) database (https://www.ncbi.
nlm.nih.gov/geo/). The dataset includes the mRNA expression
profiles of mucosal biopsies of 12 CeD patients, 12 controls,
and 12 healthy FDRs. FDRs were selected randomly, and
none of the FDRs were related to CeD patients. In this study,
the CeD group had high levels of anti-tissue transglutaminase
antibody (anti-tTG Ab), advanced villous abnormalities on
histological evaluation, and HLA-DQ2 haplotype. FDRs
were asymptomatic, anti-tTG Ab negative with HLA-DQ2
haplotype, and no evidence of enteropathy. The control group
had a definitive normal gastrointestinal status on endoscopic
examination, had a normal crypt villous ratio, and were
anti-tTG Ab negative. The original research article has full
details about biopsy sampling and RNA extraction, microarray
experiment, and hybridization of arrays.

Data processing and DEGs screening

The quality of microarray data was evaluated by principal
component analysis (PCA) using prcomp function of R
software and was visualized using the ggplot2 package
(https://cran.r-project.org/web/packages/ggplot2/index.html).
DEGs wereidentified using the GEO2R tool of the GEO database,
and P value was corrected using the Benjamini—-Hochberg
false discovery rate. All genes with adjusted P value <0.05
were assumed as DEGs. The volcano plot displaying DEGs
between groups of the study was depicted using the ggplot2
R package.
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PPI network construction and module identification
Cytoscape software version 3.8.0 was used to construct PPI
networks encompassing DEGs for CeD and FDR groups.
In addition, the DEGs were classified into upregulated
and downregulated genes in these two groups, and then
the PPI network was constructed. Different kinds of
interactions (activation, inhibition, and posttranslational
modification) were retrieved from the STRING database of
the Clupedia plugin in Cytoscape software, and the cutoff of
interaction confidence was set at 0.7. Due to the small number
of nodes in the network of upregulated DEGs in the FDR group,
enrichment was performed for this nonintegrated network
by adding one node to each node. We used the Cytoscape
plugin CytoHubba for ranking hub nodes in these networks.
Genes with the highest maximal clique centrality (MCC)
score were identified as hub genes. Also, molecular complex
detection (MCODE) tool was used to determine functional
modules of PPI networks with a degree cutoff of 4, node score
cutoff of 0.2, k-core = 2, and max depth of 100.

Functional annotations of cluster networks

The DEGs were applied for gene ontology (GO) enrichment
analysis and pathway enrichment analysis by ClueGo plugin of
Cytoscape. The Bonferroni step-down method was applied for
P value correction. ggplot2 R package was used to depict the
scatter plot of the enriched biological process and calculated
the rich factor which means the ratio of the number of genes in a
particular pathway to the total number of genes in the pathway.

ResuLts

Analyzing networks for all DEGs identified three novel
genes with inverse expression in CeD and FDR groups

In this study, GSE112102 was reanalyzed to determine the
differential molecular mechanisms activated in CeD and FDR
groups [Figure la]. PCA demonstrated segregation of the
samples of CeD patients, FDR, and control groups [Figure 1b].
Statistical analysis of the gene expression profiles by
GEO2R determined 5967 DEGs with adjusted P value <0.05
(1,167 upregulated and 4,800 downregulated genes) for CeD
patients compared to control. Also, 7863 DEGs with adjusted
P value <0.05 (187 upregulated and 7,676 downregulated
genes) differentiated the FDRs. The volcano plot represents
up- and downregulated genes in each comparison [Figure Ic].

PPI network was constructed for both groups with all
DEGs. The constructed network of CeD group included
5,959 nodes (DEGs) and 10,577 edges, and the network of
FDR group consisted of 7,850 nodes connected by 13,830
edges [Supplementary data Figures 1 and 2]. In this study, we
evaluated the hub genes by MCC score. The MCC algorithm
is a topological analysis method used to assess the essentiality
of nodes. It has been identified as the most efficient approach
for identifying hub nodes compared to other methods. This
local-based approach assesses the score of a node in a network
by only taking into account the relationships between the node
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Figure 1: (a) The schematic representation of our approach. (b) PCA depicted with all genes in the dataset. These plots indicate an acceptable
quality of microarray dataset, and most samples were segregated according to the experimental groups. The genes with adj. P value <0.05
are considered as DEGs. (c) Volcano plots demonstrate expression patterns of DEGs in CeD and FDR groups. Red and green dots represent
significantly (false discovery rate < 0.05) upregulated or downregulated genes, respectively. (d) The constructed PPI network was reanalyzed by
Cytohubba. The top 10 genes with the highest MCC score are shown. Three common genes (CKAPS, NUP85, and CDC20) were identified with an
inverse expression between the two gene categories. The green and red arrows represent upregulated and downregulated expression, respectively
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and its direct neighbors.'"? The top ten genes in terms of the
highest MCC score for CeD network were NUP37, CENPM,
BUB3, CENPT, CKAPS, DSN1, NUP85, B9D2, CDC20,
and XPO1. Also, BUB3, NDELI, Zw10, CDC42, KNTCI,
CKAP5, AURKB, NUPS85, CDC20, and DYNLLI in the
FDR group were determined as hub genes with the highest
score of MCC. BUB3, CKAP5, NUPS85, and CDC20 were
common among the hub genes identified in these two networks.
Considering the expression of these genes determined that
CDC20,NUP85, and CKAPS have inverse expression patterns
in these two groups. While the genes were upregulated in CeD
group, they were downregulated in FDR group [Figure 1d].

Analysis of the PPI network of up- and downregulated
genes determined significant biological processes

In order to decipher differences between CeD and FDR groups,
PPI networks of up- and downregulated genes were constructed
and subsequently subjected to various analyses [Figure 2a].
The network of upregulated DEGs in CeD included 1,167
nodes connected by 1,463 edges. However, the PPI network
of downregulated genes included 4,800 nodes and 2,819
edges [Supplementary data Figures 3 and 4]. In the FDR
group, the constructed network of upregulated DEGs included
7,676 nodes connected by 14,317 edges and downregulated
genes PPI network included 538 nodes connecting 990
edges [Supplementary data Figures 5 and 6]. To understand the
critical structural parts of each network, module identification
was performed by MCODE plugin of the Cytoscape software.
MCODE determines highly connected regions by considering
the clustering coefficient feature of the genes. The analysis
determined 25 and 51 modules for up- and downregulated
gene networks of CeD patients and 29 and 125 for FDR-related
networks. The top structural module of each network is shown
in Figure 2b.

Cluster 1 of downregulated PPI network in CeD group was
mainly composed of RPL (Ribosomal Protein Large subunit)
and RPS (Ribosomal Protein Small subunit) gene families. In
addition, the first module of the upregulated genes mainly was
formed of proteasome subunit (PSM)-related genes.

However, the first module of the FDR upregulated network
consisted of genes belonging mainly to RPL and RPS. While
the first module of downregulated genes network was formed
of RPL, RPS, and PSM gene families.

It seems that RPL, RPS, and PSM gene families are leading
inverse phenomena in CeD patients and healthy relatives.

Gene set enrichment analysis of network modules
displays differentially expressed processes associated
with CeD and FDR groups

The top module of each network was used for GO analysis by
ClueGo plugins of the Cytoscape software. The significant GO
terms of each cluster (adjusted P value <0.05) are demonstrated
in Figure 3. As expected, some of the upregulated pathways
in celiac patients were similar to downregulated pathways
in FDRs. However, the downregulated pathways in celiac
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patients and upregulated pathways in the FDRs were common.
The similar pathways that were upregulated in CeD patients
but downregulated in the FDRs were regulation of innate
immune response, interleukin-mediated signaling pathway and
antigen processing and presentation, and NF-kappaB signaling
pathway, proteasome-activating ATPase activity, regulation of
cell cycle, and G2/M transition of the mitotic cell cycle. The
downregulated pathways in CeD patients that were upregulated
in FDRs were protein localization to the membrane and
endoplasmic reticulum and ubiquitin ligase inhibitor activity.
Bold terms in Figure 3 show biological processes with inverse
expression in CeD group versus FDR group.

Discussion

CeD is an autoimmune enteropathy manifested by an immune
response to gluten in genetically susceptible individuals.
The genetic risk factor in patients has been related to
HLA-DQ2/DQ8 haplotype. Nevertheless, studies demonstrate
that despite the genetic predisposition of many FDRs, only
7.5% of them develop CeD.>* In order to find the difference
in molecular mechanisms activated in CeD patients and healthy
relatives, a microarray dataset was reanalyzed. The findings
indicated the inverse function of some genes in CeD patients
and healthy FDRs and proposed some pathways that seem to
have a preventive role in FDRs.

Three hub genes (CDC20, NUP85, and CKAPS5) were
discovered in both CeD and FDR networks with an inverse
expression pattern (upregulated in one and downregulated in the
other). Interestingly, all these genes are mainly involved in cell
cycle-related mechanisms deregulated in CeD.["1 CDC20 (cell
division cycle protein 20) has shown to be a central node in
CeD patients with an incremental expression pattern.!'” On
the other hand, CKAPS5 (cytoskeleton-associated protein 5) as
a regulator of microtubule dynamics plays a critical role in the
mitotic cell cycle by organizing mitotic spindles.!' The findings
of Wilson et al.™ demonstrated that a marked rearrangement
of the actin cytoskeleton and microtubule structure is observed
in celiac lesions compared to normal individuals. The other
gene, NUPSS5 (nuclear pore complex protein 85), is an essential
component of the nuclear pore complex (NPC) that seems to
be required for NPC assembly and maintenance.!'® As NUP85
has been shown to be related to the inflammatory processes
through interaction with CCR2/CCRS5 signaling,[''® and our
analysis determined its upregulation in CeD patients, it seems
that it could be a potential regulator of inflammation in CeD
which should be studied in the future.

Evaluating the modular structures of PPI networks for
up- and downregulated genes showed three key gene families
(RPL, RPS, and PSM) with inverse expression patterns in the
two conditions. Taking a glance at the molecular phenomena
controlled by these genes shows that they are related to
the synthesis or degradation of proteins. RPL and RPS are
ribosomal proteins and have a critical role in ribosome assembly
and protein translation. Also, these proteins are shown to be
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Figure 2: (a) The scheme of analysis approach. (b) The MCODE clusters from DEGs in CeD and FDR groups (Cluster-1, downregulated in FDR group.
Cluster-1, upregulated in FDR group. Cluster-1, downregulated in CeD group. Cluster-1, upregulated in CeD group)

involved in immune system modulation, development, and
promotion of various diseases through ribosome-dependent or
independent mechanisms.['?°! However, PSM genes belong
to proteasome structures. Proteasomes are involved in various
cellular functions, including regulation of protein homeostasis,
antigen processing and presentation by MHC class 1, and cell
cycle proliferation.?! Notably, proteasome activation is shown
to be a common hallmark of autoimmune diseases such as

Advanced Biomedical Research | 2024

rheumatoid arthritis,”” systemic lupus erythematosus,**! and
multiple sclerosis.? The upregulation of proteasome-related
genes parallel to downregulation of ribosomal proteins
highlights the issue that these two mechanisms may be one
of the reasons for manifestations of the celiac. In this regard,
it is supposed that FDA-approved proteasome inhibitors such
as bortezomib might potentially affect the treatment of CeD,
which might be an interesting subject to work on.
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Figure 3: Gene ontology enrichment analysis of the network’s modules. Biological processes related to up- and downregulated DEGs in CeD group (left),
and biological process of first modules of up- and downregulated DEGs in FDR group (right) are represented. Bold terms represent common biological
processes with inverse change in CeD group versus FDR group
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Inverse behavior was also detectable in the significantly altered
signaling pathways. The upregulation of immune-related
pathways in celiac patients and the downregulation of similar
mechanisms in FDRs show the critical role of immune-related
pathways in the pathogenesis of CeD. For instance, the study of
Leonard et a/'" highlighted the upregulation of immune-related
pathways such as cytokines and chemokines signaling
pathways, interferon signaling pathways, NK cell-mediated
cytotoxicity-related pathways, antigen processing and
presentation pathways related to the innate immune response, and
pathways related to autoimmunity in celiac patients. In addition,
Qiao et al.>! determined that the presentation of undigested
gluten peptides by antigen-presenting cells is a crucial driver
of the immune response in CeD. It seems that downregulation
of antigen processing and presentation of exogenous peptide
is a potential compensatory protective mechanism in FDRs.
Alterations in the cell cycle-related pathways were also observed
in celiac patients. Consistent with this finding, several studies
have shown increased cell cycle and nuclear division activity in
CeD.IILBI A different function of inflammatory mechanisms
was another finding of this study. Our results demonstrate the
upregulation of the NF-kB pathway in celiac patients and its
downregulation in FDRs. This result is in agreement with the
findings of Maiuri et al.,”! which determined activation of
NF-xB pathway in the intestinal mucosa of untreated CeD
patients. The finding that NF-kB pathway is activated in celiac
patients and downregulated in the FDRs denotes it as a possible
marker in the progression of the disease. Vesicular trafficking
was another term with inverse alterations. Upregulation of
vesicular trafficking-related pathways was shown in celiac
patients. Remarkably, reports show that alterations in vesicular
trafficking in cells from celiac patients increase their sensitivity
to the effects of gliadin peptides.?” Gene set enrichment
analysis determined some signaling pathways such as Wnt
or proteasomal protein catabolic process that their relation to
disease should be further investigated.

ConcLusioN

This study underscores the beneficial role of systems biology in
determining critical molecular mechanisms related to CeD and the
possible compensatory protective mechanisms in FDR individuals.
Various processes involved in the immune system, cell cycle, and
cellular transport were identified with inverse function in CeD
patients and healthy relatives. The findings of this study would
give us some clues about the etiology of the disease and improve
our understanding of this complex disorder. Complementary
experimental investigations are needed to validate the findings of
this study and the proposition of new drug targets.
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Supplementary Data Figure 1: The constructed network of CeD group with all DEGs
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Supplementary Data Figure 2: The constructed network of FDR group with all DEGs
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Supplementary Data Figure 3: The constructed network of downregulated DEGs in CeD group
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Supplementary Data Figure 4: The constructed network of upregulated DEGs in CeD group
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Supplementary Data Figure 5: The constructed network of downregulated DEGs in FDR group
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Supplementary Data Figure 6: The constructed network of upregulated DEGs in FDR group



