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Abstract: Crohn disease (CD) is a type of inflammatory bowel disease that causes inflammation in
the digestive tract. Cases of CD are increasing worldwide, calling for more research to elucidate
the pathogenesis of CD. For this purpose, the usage of the RNA-sequencing (RNA-seq) technique
is increasingly appreciated, as it captures RNA expression patterns at a particular time point in a
high-throughput manner. Although many RNA-seq datasets are generated from CD patients and
compared to those of healthy donors, most of these datasets are analyzed only for protein-coding
genes, leaving non-coding RNAs (ncRNAs) undiscovered. Long non-coding RNAs (lncRNAs) are any
ncRNAs that are longer than 200 nucleotides. Interest in studying lncRNAs is increasing rapidly, as
lncRNAs bind other macromolecules (DNA, RNA, and/or proteins) to finetune signaling pathways.
To fill the gap in knowledge about lncRNAs in CD, we performed secondary analysis of published
RNA-seq data of CD patients compared to healthy donors to identify lncRNA genes and their
expression changes. To further facilitate lncRNA research in CD, we built a web database, CrohnDB,
to provide a one-stop-shop for expression profiling of protein-coding and lncRNA genes in CD
patients compared to healthy donors.
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1. Introduction

Crohn disease (CD) is a type of inflammatory bowel disease that causes chronic
inflammation in the digestive tract [1–3]. The symptoms of CD include abdominal pain,
cramping, fatigue, malnutrition, severe diarrhea, and weight loss. The number of CD
patients is increasing worldwide, with 322 cases per 100,000 individuals in Germany and
319 cases per 100,000 individuals in Canada [4]. Although diet and stress have been
suspected as potential causes of CD [5–7], the exact cause remains unknown [2]. Thus,
intensive research has been underway to identify the causes of CD. Among the numerous
approaches that have been taken so far, the unbiased, high-throughput techniques used
to analyze DNA, RNA, and proteins are becoming increasingly popular [8–12]. As with
any other multifactorial diseases (e.g., cardiovascular disease and diabetes), it is difficult to
pinpoint the exact mechanisms underlying CD. This challenge is further complicated by
the lack of systematic analysis of high-throughput data across different studies, followed
by functional validation experiments.

The term junk DNA [13] has become outdated, as it is now clear that most of the hu-
man genome is transcribed as RNA [14]. However, only a small fraction of the transcribed
RNAs correspond to the exons of protein-coding messenger RNAs (mRNAs) [15], with the
majority of them being non-protein-coding and collectively known as non-coding RNAs
(ncRNAs). In addition to classical examples of ncRNAs (e.g., ribosomal RNAs (rRNAs) and
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transfer RNAs (tRNAs)), recent studies have highlighted the potential functional impor-
tance of long ncRNAs (lncRNAs) [16]. By definition, lncRNAs are any non-protein coding
RNAs that are longer than 200 nucleotides (nt) [17]. Based on this broad definition, the
current estimated number of lncRNAs is much higher than that of protein-coding genes [18].
Similar to the functions of proteins, the functions of lncRNAs are diverse, and while some
have been discovered to play critical roles in various biological processes, the functional-
ity of many remains unknown. The known functions of lncRNAs are mostly mediated
through their binding partners, such as DNA, RNA, and proteins, to regulate epigenetic,
transcriptional, post-transcriptional, and translational activities [19–21]. As most lncRNAs
are expressed in a cell- and tissue-specific manner, as well as being time-dependent [22], the
dysregulation of lncRNAs is observed in disease states [23,24] (e.g., CD [25,26]) compared
to healthy donors, regardless of whether such lncRNAs are functionally important to the
pathogenesis of a particular disease.

Here, we performed a secondary analysis of published RNA-sequencing (RNA-seq)
data of patients suffering from CD compared to healthy donors to identify CD-related lncR-
NAs. To facilitate the further characterization of lncRNAs in CD, we built a web database,
CrohnDB (https://rebeccadistefano.shinyapps.io/CrohnDB/, accessed on 22 May 2022),
to offer a one-stop-shop for RNA expression profiles of both protein-coding and lncRNA
genes in CD patients compared to healthy donors.

2. Materials and Methods
2.1. RNA-Seq Data Analysis and Visualization

As previously performed [27,28], RNA-seq data were downloaded from the Sequence
Read Archive (SRA) database using the SRA Toolkit [29]. After expansion and conversion of
SRA files, FASTQ files were preprocessed with fastp [30] (versions 0.21.0 and 0.22.0) using
default settings to perform quality control, trim sequencing adapters, filter according to
read quality, and carry out read pruning. The trimmed reads were mapped to the reference
genome (GRCh38.107), using STAR [31] (versions 020201 and 2.7.9a).

Currently, there are different normalized values for RNA expressions, with the most
common being counts per million (CPM), fragments per kilobase of exon per million
mapped fragments (FPKM), reads per kilobase of transcript per million mapped reads
(RPKM), and transcripts per kilobase million (TPM). For this study, CPM values were
used to avoid issues related to alternative splicing and isoform length, as we recently
demonstrated [27,28].

The R package, edgeR [32] (versions 3.30.3 and 3.32.1), was used to calculate counts
per million (CPM) values and to derive differentially expressed genes. False discovery rate
(FDR)-adjusted p-values were used for further analysis, unless stated otherwise in the text.
The commands and programs used in this study can be found on the GitHub repository
(https://github.com/heartlncrna/Analysis_of_CD_Studies; accessed on 23 March 2023).

The R-package, ggplot2 [33], was used to plot violin and volcano plots after removing
genes with zero CPM values. To draw Venn diagrams, http://bioinformatics.psb.ugent.be/
webtools/Venn/ (accessed on 6 September 2022) was used. The Database for Annotation,
Visualization, and Integrated Discovery (DAVID) (version v2022q2) [34,35] was used to
analyze for gene ontology (GO) terms and the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways.

2.2. CrohnDB Web Database

The CrohnDB web database was created using the R package Shiny [36]. The applica-
tion consists of two main components: a user interface (UI) object and a server function.
The former contains the R code that controls the appearance of the app, while the server
function builds the application by loading the data, transforming the data, and connecting
the inputs introduced in the UI object to specific outputs. These are then changed, based
on users’ inputs, through reactive programming, which updates the application instantly

https://rebeccadistefano.shinyapps.io/CrohnDB/
https://github.com/heartlncrna/Analysis_of_CD_Studies
http://bioinformatics.psb.ugent.be/webtools/Venn/
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if changes are made in the user interface. However, to reduce setup time, every input
parameter has a default value.

CrohnDB has three main pages: (1) the Explore page; (2) the Download page; and (3)
the Documentation page. The Explore page is the main page of the database. Here, the user
can dynamically select the study to analyze, which will prompt the app to load the correct
dataset into the database and store it into a data frame, which will be displayed through an
interactive Result Table, rendered using the R package DT (https://github.com/rstudio/
DT; accessed on 4 April 2023). This action will, in turn, update the “Select Comparison”
input. Differentially expressed genes (DEGs) will then be identified based on the users’
“logFC” (fold-change value in a logarithm of base two) and “FDR” inputs, distinguishing
between lncRNA and protein-coding genes (Figure 1). DEGs can be further explored on
the right hand-side of the Explore page, which is divided into five tabs: (1) Volcano Plot;
(2) Heatmap; (3) GO Analysis; (4) Pathway Analysis; and 5) Comparisons Intersection.
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Figure 1. Workflow of initial data processing for the Explore page setup in CrohnDB.

The volcano plot is displayed using the R package ggplot2 [33]. Here, an observeEvent
object and the reactive programming functionality of the Shiny library allow the user to
select a row from the Result Table, which will, in turn, update the volcano plot to display
the gene in the selected row as a dot that is larger than the rest of the dots to highlight
the target gene in the volcano plot. Furthermore, a boxplot rendered using the ggplot2
andplotly [33,37] will display the distribution of the selected gene based on CPM values,
while distinguishing between the two conditions being compared. In addition, a small
summary table with the numbers of dysregulated lncRNA and protein-coding genes is
generated using the renderTable function. The Heatmap tab detects the input in the “Select
Comparison” drop-down menu and loads the corresponding file with the CPM values
of the chosen dataset, which is then stored as a data frame. DEGs are then identified,
based on user selected “logFC” and “FDR” threshold values. The resulting data frame
is further subsetted, based on the users’ choice of gene biotype, and orderedbased on
threshold values (FDR values and absolute logFC). After this process, the top 30 genes
are selected and displayed in a heatmap rendered using the R packages ggplot2 and
plotly [33,37]. The GO analysis is performed through the R package gprofiler2 (using
only the categories “GO:BP”, “GO:MF” and “GO:CC”) [38] after the data frame has been
subsetted based on the user selected expression pattern, with the results visualized both
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as a dotplot created using gprofiler2 and plotly [37–39] and as a table, rendered using the
R package DT. Pathway analysis is performed using the function enrichKEGG from the
clusterProfiler R package [39] after the data frame has been subsetted, based on the user
selected expression pattern, and visualized as a dotplot, rendered using the R package
enrichplot [40]. Finally, in the Comparisons Intersection tab, the user can choose between
displaying a Venn diagram rendered using the R package euler [41] or an upset plot
rendered using the UpSetR R package [42]. Here, based on the user’s choice of diagram and
expression pattern, a reactive list of up-regulated or down-regulated genes is temporarily
created and used in the plot functions.

The Download page allows the user to select the desired dataset to be downloaded
from the drop-down menu. This will prompt the app to upload the correct file, which will
be saved as a data frame and displayed in a table though the R package DT. The desired
dataset can then be downloaded in either comma-separated values (csv) or tab-separated
values (tsv) format.

All the data loaded into the database are dynamically removed after the user has
finished interacting with such data, to reduce the random-accessed memory (RAM) needed
to run the app on the server.

The CrohnDB database was designed and developed by adhering to the principles of
the findability, accessibility, interoperability, and reusability (FAIR) of scientific data [42].
All the datasets used to build the CrohnDB database are persistently referred to using
the Gene Expression Omnibus (GEO) ID. All information is described in the Documen-
tation page, where the link to the GEO homepage can also be found, making the data
findable. Furthermore, CrohnDB is freely available online, without a password, from
https://rebeccadistefano.shinyapps.io/CrohnDB/ (accessed on 8 April 2023), where the
data can be easily accessed and downloaded. To further facilitate data reuse and collabo-
ration, all the data files used for the database are also available in the GitHub repository
https://github.com/Reb08/CrohnDB (accessed on 4 April 2023). To ensure interoper-
ability, the data have been annotated using common ontology terms, analyzed with stan-
dard thresholds, and can be downloaded in standard formats (.tsv and .csv). Finally,
the data are reusable, as the data are well described in the Documentation page. In ad-
dition, comprehensive documentation on data processing can be found in the GitHub
repository https://github.com/heartlncrna/Analysis_of_CD_Studies (accessed on 8 May
2023), while data used to generate CrohnDB are available in the GitHub repository:
https://github.com/Reb08/CrohnDB (accessed on 4 April 2023).

3. Results
3.1. Hundreds of Genes Are Differentially Expressed in CD Patients Compared to Healthy Donors

Although CD can affect any levels of the intestinal tract, from the mouth to the anus,
over 60% of CD patients have colonic involvement [43]. Thus, to examine the expression
profiles of CD patients compared to healthy donors, RNA-seq data generated from colon
tissues were analyzed. This dataset [GEO accession number, GSE164871] contains RNA-seq
data from four CD patients and four healthy donors. As expected [44], overall, lncRNA
genes were lowly expressed compared to protein-coding genes (Figure 2A). CD patients
were then compared to healthy donors using threshold values of two-fold and a false
discovery rate (FDR) corrected p-value of less than 0.05, which identified 792 up-regulated
and 188 down-regulated genes with 51 up-regulated and 39 down-regulated lncRNA
genes (Figure 2B,C). When these differentially expressed genes were further analyzed,
Gene Ontology (GO) terms related to immune and inflammatory responses, as well as
phagocytosis, were enriched.

https://rebeccadistefano.shinyapps.io/CrohnDB/
https://github.com/Reb08/CrohnDB
https://github.com/heartlncrna/Analysis_of_CD_Studies
https://github.com/Reb08/CrohnDB
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Figure 2. RNA-seq data analysis of colon tissues from four CD patients and four healthy donors.
(A) The average CPM (counts per million) values for each sample were used to draw a violin plot
for protein-coding and lncRNA genes based on the annotation (biotype) provided by the Ensembl
database (GRCh38.107). (B) Volcano plots. The threshold values of two-fold and FDR < 0.05 were
applied. To highlight up-regulated or down-regulated protein-coding (Prot) and lncRNA genes,
different colors were used, as specified in the figure. Not differentially expressed genes (unchanged)
are shown in gray. (C) Numbers of differentially expressed protein-coding, lncRNA, and other genes.
Other genes include microRNAs (miRNAs), pseudogenes, and ribosomal RNAs (rRNAs), based on
the annotation provided by the Ensembl database. (D) Top 10 enriched GO terms for 980 differentially
expressed genes.

As with any other disease, the severity of CD varies significantly among patients. To
further dissect lncRNA expression patterns in CD patients, the RNA-seq dataset profil-
ing CD patients based on clinical phenotypes was reanalyzed (GEO accession number,
GSE66207). Peck et al. conducted small RNA-seq and RNA-seq experiments using colon
tissues from five nonstricturing and nonpenetrating (B1), six stricturing (B2), and eight
penetrating/fistulizing (B3) CD patients compared to 13 control subjects without CD [45].
The authors stated: “Stricturing disease was defined as the occurrence of constant luminal
narrowing demonstrated by radiologic, endoscopic, or surgical examination combined with
prestenotic dilatation and/or obstructive signs or symptoms. Penetrating disease was de-
fined as the presence of perianal, enteroenteric, or enterovesicular fistulae, intra-abdominal
abscesses or intestinal perforation.” [45]. The main findings of that study included the
following: (1) a set of miRNAs (e.g., miR-31-5p, miR-215, miR-223-3p, miR-196b-5p, and
miR-203) can be used to stratify CD patients based on disease behavior independent of the
effect of inflammation; (2) the expression of miR-215 indicates the likelihood of progression
to penetrating/fistulizing CD; and (3) miR-31 and miR-203 were identified as candidate
master regulators of signaling pathways disrupted in CD pathogenesis [45]. As the main
focus of the authors was on miRNAs, the generated RNA-seq data were analyzed only for
protein-coding genes, but not for lncRNAs.

When the threshold values of two-fold and FDR < 0.05 were applied, there were more
differentially expressed genes identified in B2 and B3 than in B1 compared to the control
subjects, as was reported in the original study (Figure 3A,B). To further characterize these
differentially expressed genes, overlapping genes among the three comparisons were searched
(Figure 3C). Although there were no overlapping down-regulated genes, there were four
up-regulated protein-coding genes commonly shared among three comparisons: C-X-C motif
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chemokine ligand 5 (CXCL5), hydroxy-delta-5-steroid dehydrogenase, 3 beta- and steroid
delta-isomerase 2 (HSD3B2), nitric oxide synthase 2 (NOS2), and serum amyloid A2 (SAA2).
However, no lncRNA gene was shared in up-regulated or down-regulated genes.
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Figure 3. RNA-seq data analysis of colon tissues from five B1, six B2, and eight B3 CD patients
compared to 13 control subjects without CD. (A) Volcano plots. The threshold values of two-fold and
FDR < 0.05 were applied. (B) Numbers of differentially expressed protein-coding, lncRNA, and other
genes. Other genes include miRNAs, pseudogenes, and rRNAs, based on the categories provided
by the Ensembl database. (C) Venn diagrams of up-regulated and down-regulated genes for three
comparisons. (D) Venn diagrams of up-regulated and down-regulated lncRNAs genes comparing
two datasets (GSE164871 and GSE66207) for four comparisons.

Because we were interested in the dysregulation of lncRNAs in CD patients com-
pared to healthy donors, differentially expressed lncRNA genes were compared between
two datasets, consisting of four comparisons (Figure 3D). As shown in Figure 3C, no
overlapping lncRNA gene was found among all four conditions. Instead, only seven up-
regulated and three down-regulated lncRNA genes were shared between two comparisons
(Supplementary Table S1). Among these shared differentially expressed lncRNA genes,
only one lncRNA gene has been reported to date. The lncRNA gene is LINC01819 (long
intergenic non-protein coding RNA 1819), which is up-regulated in B1 compared to the
controls and CD and healthy donors. This lncRNA gene is located on Chromosome 2:
43,027,823-43,040,662 and has 14 transcripts (isoforms). Recently, Zhang et al. reported
LINC01819 as one of six prognostic metastasis-associated lncRNAs in patients with lung
adenocarcinoma [46]. However, LINC01819 has not been studied in CD. Thus, further
research is needed to uncover the roles of these shared differentially expressed lncRNAs in
CD patients.
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3.2. Severeal Differentially Expressed lncRNA Genes Are Shared in Fibroblasts Isolated from
Different Etiologies of CD Patients Compared to Healthy Control Subjects

As CD is a type of inflammatory bowel disease, the association between inflammatory
cells and fibrosis is of great interest, as fibrotic tissues cause a multitude of complications,
not only in CD but also in other chronic inflammatory diseases, including cardiac, liver,
and pulmonary fibrosis [47–49]. Yim et al. performed an RNA-seq experiment to profile
fibroblasts isolated from the mucosa of terminal ileal tissue of CD patients [50]. The dataset
(GEO accession number, GSE99816) contained RNA-seq data from six control subjects
and 15 CD patients consisting of five macroscopically normal (non-inflamed; NINF), four
inflamed (INF), and five stenotic (STEN) CD patients’ samples. When the threshold values
of two-fold and p-value < 0.05 were applied, several hundred genes were differentially
expressed in all etiologies of CD patients compared to fibroblasts isolated from control
subjects (Figure 4A,B).
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Figure 4. RNA-seq data analysis of five macroscopically normal (non-inflamed; NINF), four inflamed
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When the overlapping genes among the etiologies were searched, there were 45 up-
and 39 down-regulated genes shared among all three etiologies compared to the control,
including 14 up-regulated and 10 down-regulated lncRNA genes (Figure 4C and Supple-
mentary Table S2). Among these 24 shared differentially expressed lncRNAs, only one
up- and three down-regulated lncRNAs were described in publications. One up-regulated
lncRNA is LINC01152 (long intergenic non-protein coding RNA 1152), which has been
reported to promote cell proliferation and survival in hepatocellular carcinoma [51] and
functions as an miRNA sponge in glioblastoma multiforme cells to sequester miR-466 [52].
Three down-regulated lncRNA genes are EPB41L4A-DT (EPB41L4A divergent transcript),
HOXC-AS2 (HOXC cluster antisense RNA 2), and LINC02323 (long intergenic non-protein
coding RNA 2323). While EPB41L4A-DT is indicated as a potential biomarker of clear cell
renal cell carcinoma based on its expression patterns [53,54], the other two lncRNAs are
reported as miRNA sponges in different cancer types [55–58]. However, most other shared
lncRNA genes have not been studied to date. Furthermore, all shared lncRNA genes have
not been reported in the context of CD. This calls for further investigation.
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3.3. The Web Database, CrohnDB, for Screening of Protein-Coding and lncRNA Genes

As only handful of lncRNAs are functionally studied in CD (e.g., DQ786243 [59],
IRF1-AS1 [60], MALAT1 [61], and LINC01272 [62]), we built a web database, CrohnDB, to
facilitate further research into protein-coding and lncRNA genes in CD (Figure 5A). From
the Explore tab, the three studies analyzed above (GSE66207, GSE99816, and GSE164871)
can be explored (Figure 5B). Users can flexibly set the threshold values for fold change in
a logarithm of base two scale and FDR or p-values (in the case of GSE99816) to identify
differentially expressed genes (both protein-coding and lncRNA genes), whose numbers
are dynamically generated in the table in this window. The top differentially expressed
genes can be further examined for their expressions via a heat map (Figure 5C). In addition,
these differentially expressed genes can be analyzed for enriched GO terms (Figure 5D)
and KEGG pathways (Figure 5E), which can be selected from this window, to obtain a
global view of differentially expressed gene functional categories and signaling pathways.
Within each study, there are several comparisons of conditions available, which can be
visualized via Comparisons Intersection (Figure 5F). In addition, all the available data can
be downloaded from the Download window so that further processing of the analyzed
data is possible.
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4. Discussion

Here, we determined that many differentially expressed genes are identified in CD
patients compared to healthy donors, including lncRNA genes. However, most CD-related
lncRNA genes are not functionally or mechanistically studied. To facilitate further research
in CD, especially for lncRNA genes, we built the web database CrohnDB to explore the ex-
pression profiles of protein-coding and lncRNA genes in published studies. With CrohnDB,
users can easily screen for both protein-coding and lncRNA genes that are differentially
expressed in CD patients compared to healthy donors to further design functional and
mechanistic studies for differentially expressed genes, especially lncRNA genes. While
CrohnDB allows users to interactively choose different threshold values, biotypes, and
expression patterns to focus the analysis, some compromises were made to find the right
balance between flexibility and ease of use. To reduce the complexity of user experience,
no choice of biotype was added in the Volcano plot tab, while the FDR threshold value to
determine significantly enriched terms in GO and KEGG analyses was set to 0.05, without
the possibility of changing it. Furthermore, to reduce loading time and RAM usage, the
Result table displayed only protein-coding and lncRNA genes, without other ncRNAs
(e.g., rRNAs, tRNAs). In the future, we aim to regularly update software and packages to
ensure that the app remains secure and up-to-date, as well as updating the database when
new RNA-seq data related to CD become available. In addition, to ensure a user-friendly
experience, we will regularly monitor and promptly address user feedback, which can be
provided at https://github.com/Reb08/CrohnDB/issues (accessed on 8 May 2023). To
this end, regular tests will also be performed to ensure the app remains functional, while
expanding functionality and documenting changes and updates, to ensure replicability.

As with any other studies, our current study has limitations. First, all RNA-seq data
analyzed here were generated from RNAs with poly A tails. Given that more than half of
lncRNAs do not have poly A tails [63], we underestimated the number of CD-related lncR-
NAs. Second, p-values used to derive differentially expressed genes from the RNA-seq data
of isolated fibroblasts comparing between CD patients and control subjects were not cor-
rected for multiple tests (i.e., FDR-correction). This was because fibroblasts are well known
for their heterogeneity [64]. Thus, sample variabilities were very high, resulting in limited
numbers of differentially expressed genes, with three, 16, and 38 differentially expressed
genes in NINF, INF, and STEN samples, respectively, compared to the control samples.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/computation11060105/s1, Supplementary Table S1. List of shared
differentially expressed lncRNA genes comparing two datasets (GSE164871 and GSE66207) for
four comparisons; Supplementary Table S2. List of shared differentially expressed genes among
three comparisons.

Author Contributions: Conceptualization, S.U.; methodology, R.D. and S.U.; database, R.D.; valida-
tions, M.I. and J.H.M.; resources, S.U.; writing—original draft preparation, R.D. and S.U. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by grants from the Department of Clinical Medicine, Aalborg
University (to S.U.).

Data Availability Statement: The Supplementary Materials can be found on the GitHub repository:
https://github.com/heartlncrna/Analysis_of_CD_Studies (accessed on 23 March 2023). All codes
used to generate CrohnDB are available on the GitHub repository: https://github.com/Reb08/
CrohnDB (accessed on 4 April 2023).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Cushing, K.; Higgins, P.D.R. Management of Crohn Disease: A Review. JAMA 2021, 325, 69–80. [CrossRef] [PubMed]
2. Roda, G.; Chien Ng, S.; Kotze, P.G.; Argollo, M.; Panaccione, R.; Spinelli, A.; Kaser, A.; Peyrin-Biroulet, L.; Danese, S. Crohn’s

disease. Nat. Rev. Dis. Primers 2020, 6, 22. [CrossRef] [PubMed]

https://github.com/Reb08/CrohnDB/issues
https://www.mdpi.com/article/10.3390/computation11060105/s1
https://www.mdpi.com/article/10.3390/computation11060105/s1
https://github.com/heartlncrna/Analysis_of_CD_Studies
https://github.com/Reb08/CrohnDB
https://github.com/Reb08/CrohnDB
https://doi.org/10.1001/jama.2020.18936
https://www.ncbi.nlm.nih.gov/pubmed/33399844
https://doi.org/10.1038/s41572-020-0156-2
https://www.ncbi.nlm.nih.gov/pubmed/32242028


Computation 2023, 11, 105 10 of 12

3. Gajendran, M.; Loganathan, P.; Catinella, A.P.; Hashash, J.G. A comprehensive review and update on Crohn’s disease. Dis. Mon.
2018, 64, 20–57. [CrossRef] [PubMed]

4. Ng, S.C.; Shi, H.Y.; Hamidi, N.; Underwood, F.E.; Tang, W.; Benchimol, E.I.; Panaccione, R.; Ghosh, S.; Wu, J.C.Y.; Chan, F.K.L.; et al.
Worldwide incidence and prevalence of inflammatory bowel disease in the 21st century: A systematic review of population-based
studies. Lancet 2017, 390, 2769–2778. [CrossRef] [PubMed]

5. Shaler, C.R.; Parco, A.A.; Elhenawy, W.; Dourka, J.; Jury, J.; Verdu, E.F.; Coombes, B.K. Psychological stress impairs IL22-driven
protective gut mucosal immunity against colonising pathobionts. Nat. Commun. 2021, 12, 6664. [CrossRef]

6. Sun, Y.; Li, L.; Xie, R.; Wang, B.; Jiang, K.; Cao, H. Stress Triggers Flare of Inflammatory Bowel Disease in Children and Adults.
Front. Pediatr. 2019, 7, 432. [CrossRef]

7. Lewis, J.D. The Role of Diet in Inflammatory Bowel Disease. Gastroenterol. Hepatol. 2016, 12, 51–53.
8. Garza-Hernandez, D.; Sepulveda-Villegas, M.; Garcia-Pelaez, J.; Aguirre-Gamboa, R.; Lakatos, P.L.; Estrada, K.; Martinez-Vazquez,

M.; Trevino, V. A systematic review and functional bioinformatics analysis of genes associated with Crohn’s disease identify more
than 120 related genes. BMC Genom. 2022, 23, 302. [CrossRef]

9. Elhenawy, W.; Hordienko, S.; Gould, S.; Oberc, A.M.; Tsai, C.N.; Hubbard, T.P.; Waldor, M.K.; Coombes, B.K. High-throughput
fitness screening and transcriptomics identify a role for a type IV secretion system in the pathogenesis of Crohn’s disease-
associated Escherichia coli. Nat. Commun. 2021, 12, 2032. [CrossRef]

10. Jaeger, N.; Gamini, R.; Cella, M.; Schettini, J.L.; Bugatti, M.; Zhao, S.; Rosadini, C.V.; Esaulova, E.; Di Luccia, B.; Kinnett, B.; et al.
Single-cell analyses of Crohn’s disease tissues reveal intestinal intraepithelial T cells heterogeneity and altered subset distributions.
Nat. Commun. 2021, 12, 1921. [CrossRef]

11. Di Narzo, A.F.; Brodmerkel, C.; Telesco, S.E.; Argmann, C.; Peters, L.A.; Li, K.; Kidd, B.; Dudley, J.; Cho, J.; Schadt, E.E.; et al.
High-Throughput Identification of the Plasma Proteomic Signature of Inflammatory Bowel Disease. J. Crohns Colitis 2019,
13, 462–471. [CrossRef]

12. Chan, S.N.; Low, E.N.D.; Raja Ali, R.A.; Mokhtar, N.M. Delineating inflammatory bowel disease through transcriptomic studies:
Current review of progress and evidence. Intest. Res. 2018, 16, 374–383. [CrossRef]

13. Ohno, S. So much “junk” DNA in our genome. Brookhaven Symp. Biol. 1972, 23, 366–370.
14. Pertea, M. The human transcriptome: An unfinished story. Genes 2012, 3, 344–360. [CrossRef] [PubMed]
15. Gonzalez-Porta, M.; Frankish, A.; Rung, J.; Harrow, J.; Brazma, A. Transcriptome analysis of human tissues and cell lines reveals

one dominant transcript per gene. Genome Biol. 2013, 14, R70. [CrossRef]
16. Palazzo, A.F.; Lee, E.S. Non-coding RNA: What is functional and what is junk? Front. Genet. 2015, 6, 2. [CrossRef]
17. Statello, L.; Guo, C.J.; Chen, L.L.; Huarte, M. Gene regulation by long non-coding RNAs and its biological functions. Nat. Rev.

Mol. Cell. Biol. 2021, 22, 96–118. [CrossRef]
18. Ruan, X.; Li, P.; Chen, Y.; Shi, Y.; Pirooznia, M.; Seifuddin, F.; Suemizu, H.; Ohnishi, Y.; Yoneda, N.; Nishiwaki, M.; et al.

In vivo functional analysis of non-conserved human lncRNAs associated with cardiometabolic traits. Nat. Commun. 2020, 11, 45.
[CrossRef]

19. Sommerauer, C.; Kutter, C. Noncoding RNAs and RNA-binding proteins: Emerging governors of liver physiology and metabolic
diseases. Am. J. Physiol. Cell. Physiol. 2022, 323, C1003–C1017. [CrossRef]

20. Zhang, X.; Wang, W.; Zhu, W.; Dong, J.; Cheng, Y.; Yin, Z.; Shen, F. Mechanisms and Functions of Long Non-Coding RNAs at
Multiple Regulatory Levels. Int. J. Mol. Sci. 2019, 20, 5573. [CrossRef]

21. Marchese, F.P.; Raimondi, I.; Huarte, M. The multidimensional mechanisms of long noncoding RNA function. Genome Biol. 2017,
18, 206. [CrossRef] [PubMed]

22. Derrien, T.; Johnson, R.; Bussotti, G.; Tanzer, A.; Djebali, S.; Tilgner, H.; Guernec, G.; Martin, D.; Merkel, A.; Knowles, D.G.; et al.
The GENCODE v7 catalog of human long noncoding RNAs: Analysis of their gene structure, evolution, and expression. Genome
Res. 2012, 22, 1775–1789. [CrossRef] [PubMed]

23. Esteller, M. Non-coding RNAs in human disease. Nat. Rev. Genet. 2011, 12, 861–874. [CrossRef] [PubMed]
24. DiStefano, J.K. The Emerging Role of Long Noncoding RNAs in Human Disease. Methods Mol. Biol. 2018, 1706, 91–110. [CrossRef]
25. Yarani, R.; Mirza, A.H.; Kaur, S.; Pociot, F. The emerging role of lncRNAs in inflammatory bowel disease. Exp. Mol. Med. 2018,

50, 1–14. [CrossRef]
26. Mirza, A.H.; Berthelsen, C.H.; Seemann, S.E.; Pan, X.; Frederiksen, K.S.; Vilien, M.; Gorodkin, J.; Pociot, F. Transcriptomic

landscape of lncRNAs in inflammatory bowel disease. Genome Med. 2015, 7, 39. [CrossRef]
27. Ilieva, M.; Dao, J.; Miller, H.E.; Madsen, J.H.; Bishop, A.J.R.; Kauppinen, S.; Uchida, S. Systematic Analysis of Long Non-Coding

RNA Genes in Nonalcoholic Fatty Liver Disease. Noncoding RNA 2022, 8, 56. [CrossRef]
28. Ilieva, M.; Miller, H.E.; Agarwal, A.; Paulus, G.K.; Madsen, J.H.; Bishop, A.J.R.; Kauppinen, S.; Uchida, S. FibroDB: Expression

Analysis of Protein-Coding and Long Non-Coding RNA Genes in Fibrosis. Noncoding RNA 2022, 8, 13. [CrossRef]
29. Leinonen, R.; Sugawara, H.; Shumway, M.; International Nucleotide Sequence Database, C. The sequence read archive. Nucleic

Acids Res. 2011, 39, D19–D21. [CrossRef]
30. Chen, S.; Zhou, Y.; Chen, Y.; Gu, J. fastp: An ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 2018, 34, i884–i890. [CrossRef]
31. Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, M.; Gingeras, T.R. STAR: Ultrafast

universal RNA-seq aligner. Bioinformatics 2013, 29, 15–21. [CrossRef]

https://doi.org/10.1016/j.disamonth.2017.07.001
https://www.ncbi.nlm.nih.gov/pubmed/28826742
https://doi.org/10.1016/S0140-6736(17)32448-0
https://www.ncbi.nlm.nih.gov/pubmed/29050646
https://doi.org/10.1038/s41467-021-26992-4
https://doi.org/10.3389/fped.2019.00432
https://doi.org/10.1186/s12864-022-08491-y
https://doi.org/10.1038/s41467-021-22306-w
https://doi.org/10.1038/s41467-021-22164-6
https://doi.org/10.1093/ecco-jcc/jjy190
https://doi.org/10.5217/ir.2018.16.3.374
https://doi.org/10.3390/genes3030344
https://www.ncbi.nlm.nih.gov/pubmed/22916334
https://doi.org/10.1186/gb-2013-14-7-r70
https://doi.org/10.3389/fgene.2015.00002
https://doi.org/10.1038/s41580-020-00315-9
https://doi.org/10.1038/s41467-019-13688-z
https://doi.org/10.1152/ajpcell.00232.2022
https://doi.org/10.3390/ijms20225573
https://doi.org/10.1186/s13059-017-1348-2
https://www.ncbi.nlm.nih.gov/pubmed/29084573
https://doi.org/10.1101/gr.132159.111
https://www.ncbi.nlm.nih.gov/pubmed/22955988
https://doi.org/10.1038/nrg3074
https://www.ncbi.nlm.nih.gov/pubmed/22094949
https://doi.org/10.1007/978-1-4939-7471-9_6
https://doi.org/10.1038/s12276-018-0188-9
https://doi.org/10.1186/s13073-015-0162-2
https://doi.org/10.3390/ncrna8040056
https://doi.org/10.3390/ncrna8010013
https://doi.org/10.1093/nar/gkq1019
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bts635


Computation 2023, 11, 105 11 of 12

32. Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. edgeR: A Bioconductor package for differential expression analysis of digital gene
expression data. Bioinformatics 2010, 26, 139–140. [CrossRef]

33. Wickham, H. ggplot2: Elegant Graphics for Data Analysis. In Use R! Springer International Publishing: Cham, Switzerland, 2016.
34. da Huang, W.; Sherman, B.T.; Lempicki, R.A. Systematic and integrative analysis of large gene lists using DAVID bioinformatics

resources. Nat. Protoc. 2009, 4, 44–57. [CrossRef]
35. da Huang, W.; Sherman, B.T.; Lempicki, R.A. Bioinformatics enrichment tools: Paths toward the comprehensive functional

analysis of large gene lists. Nucleic Acids Res. 2009, 37, 1–13. [CrossRef]
36. Winston, C.; Joe, C.; JJ, A.; Carson, S.; Barret, S.; Yihui, X.; Jeff, A.; Jonathan, M.P.; Alan, D.; Barbara, B. Shiny: Web Application

Framework for R. Available online: https://shiny.rstudio.com/ (accessed on 21 March 2023).
37. Sievert, C. Interactive Web-Based Data Visualization with R, Plotly, and Shiny; Chapman and Hall/CRC. 2020. Available online:

https://plotly-r.com (accessed on 22 May 2022).
38. Raudvere, U.; Kolberg, L.; Kuzmin, I.; Arak, T.; Adler, P.; Peterson, H.; Vilo, J. g:Profiler: A web server for functional enrichment

analysis and conversions of gene lists (2019 update). Nucleic Acids Res. 2019, 47, W191–W198. [CrossRef]
39. Wu, T.; Hu, E.; Xu, S.; Chen, M.; Guo, P.; Dai, Z.; Feng, T.; Zhou, L.; Tang, W.; Zhan, L.; et al. clusterProfiler 4.0: A universal

enrichment tool for interpreting omics data. Innovation 2021, 2, 100141. [CrossRef]
40. Yu, G. Enrichplot: Visualization of Functional Enrichment Result. 2022. Available online: https://yulab-smu.top/biomedical-

knowledge-mining-book/ (accessed on 21 March 2023).
41. Larsson, J. eulerr: Area-Proportional Euler and Venn Diagrams with Ellipses, R package version 7.0.0; R Foundation for Statistical

Computing: Vienna, Austria, 2022.
42. Conway, J.R.; Lex, A.; Gehlenborg, N. UpSetR: An R package for the visualization of intersecting sets and their properties.

Bioinformatics 2017, 33, 2938–2940. [CrossRef]
43. Hedrick, T.L.; Friel, C.M. Colonic crohn disease. Clin. Colon. Rectal Surg. 2013, 26, 84–89. [CrossRef]
44. Wang, F.; Liang, R.; Soibam, B.; Yang, J.; Liu, Y. Coregulatory long non-coding RNA and protein-coding genes in serum starved

cells. Biochim. Biophys. Acta Gene Regul. Mech. 2019, 1862, 84–95. [CrossRef]
45. Peck, B.C.; Weiser, M.; Lee, S.E.; Gipson, G.R.; Iyer, V.B.; Sartor, R.B.; Herfarth, H.H.; Long, M.D.; Hansen, J.J.; Isaacs, K.L.; et al.

MicroRNAs Classify Different Disease Behavior Phenotypes of Crohn’s Disease and May Have Prognostic Utility. Inflamm. Bowel
Dis. 2015, 21, 2178–2187. [CrossRef]

46. Zhang, X.; Han, J.; Du, L.; Li, X.; Hao, J.; Wang, L.; Zheng, G.; Duan, W.; Xie, Y.; Zhao, Y.; et al. Unique metastasis-associated
lncRNA signature optimizes prediction of tumor relapse in lung adenocarcinoma. Thorac. Cancer 2020, 11, 728–737. [CrossRef]
[PubMed]

47. Wynn, T.A.; Ramalingam, T.R. Mechanisms of fibrosis: Therapeutic translation for fibrotic disease. Nat. Med. 2012, 18, 1028–1040.
[CrossRef] [PubMed]

48. Ueha, S.; Shand, F.H.; Matsushima, K. Cellular and molecular mechanisms of chronic inflammation-associated organ fibrosis.
Front. Immunol. 2012, 3, 71. [CrossRef] [PubMed]

49. Mack, M. Inflammation and fibrosis. Matrix Biol. 2018, 68–69, 106–121. [CrossRef]
50. Li Yim, A.Y.F.; de Bruyn, J.R.; Duijvis, N.W.; Sharp, C.; Ferrero, E.; de Jonge, W.J.; Wildenberg, M.E.; Mannens, M.; Buskens, C.J.;

D’Haens, G.R.; et al. A distinct epigenetic profile distinguishes stenotic from non-inflamed fibroblasts in the ileal mucosa of
Crohn’s disease patients. PLoS ONE 2018, 13, e0209656. [CrossRef]

51. Chen, T.; Pei, J.; Wang, J.; Luo, R.; Liu, L.; Wang, L.; Jia, H. HBx-related long non-coding RNA 01152 promotes cell proliferation
and survival by IL-23 in hepatocellular carcinoma. Biomed. Pharmacother. 2019, 115, 108877. [CrossRef]

52. Wu, J.; Wang, N.; Yang, Y.; Jiang, G.; Mu, Q.; Zhan, H.; Li, F. Correction: LINC01152 upregulates MAML2 expression to modulate
the progression of glioblastoma multiforme via Notch signaling pathway. Cell. Death Dis. 2021, 12, 862. [CrossRef]

53. Zhou, Z.; Yang, Z.; Cui, Y.; Lu, S.; Huang, Y.; Che, X.; Yang, L.; Zhang, Y. Identification and Validation of a Ferroptosis-Related
Long Non-Coding RNA (FRlncRNA) Signature to Predict Survival Outcomes and the Immune Microenvironment in Patients
with Clear Cell Renal Cell Carcinoma. Front. Genet. 2022, 13, 787884. [CrossRef]

54. Xuan, Y.; Chen, W.; Liu, K.; Gao, Y.; Zuo, S.; Wang, B.; Ma, X.; Zhang, X. A Risk Signature with Autophagy-Related Long Noncod-
ing RNAs for Predicting the Prognosis of Clear Cell Renal Cell Carcinoma: Based on the TCGA Database and Bioinformatics. Dis.
Markers 2021, 2021, 8849977. [CrossRef]

55. Guo, J.; Ye, F.; Xie, W.; Zhang, X.; Zeng, R.; Sheng, W.; Mi, Y.; Sheng, X. The HOXC-AS2/miR-876-5p/HKDC1 axis regulates
endometrial cancer progression in a high glucose-related tumor microenvironment. Cancer Sci. 2022, 113, 2297–2310. [CrossRef]

56. Li, Y.; Zhao, Z.; Sun, D.; Li, Y. Novel long noncoding RNA LINC02323 promotes cell growth and migration of ovarian cancer via
TGF-beta receptor 1 by miR-1343-3p. J. Clin. Lab. Anal. 2021, 35, e23651. [CrossRef]

57. Zhang, X.; Du, L.; Han, J.; Li, X.; Wang, H.; Zheng, G.; Wang, Y.; Yang, Y.; Hu, Y.; Wang, C. Novel long non-coding RNA
LINC02323 promotes epithelial-mesenchymal transition and metastasis via sponging miR-1343-3p in lung adenocarcinoma.
Thorac. Cancer 2020, 11, 2506–2516. [CrossRef]

58. Dong, N.; Guo, J.; Han, S.; Bao, L.; Diao, Y.; Lin, Z. Positive feedback loop of lncRNA HOXC-AS2/miR-876-5p/ZEB1 to regulate
EMT in glioma. OncoTargets Ther. 2019, 12, 7601–7609. [CrossRef]

59. Qiao, Y.Q.; Huang, M.L.; Xu, A.T.; Zhao, D.; Ran, Z.H.; Shen, J. LncRNA DQ786243 affects Treg related CREB and Foxp3
expression in Crohn’s disease. J. Biomed. Sci. 2013, 20, 87. [CrossRef]

https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1093/nar/gkn923
https://shiny.rstudio.com/
https://plotly-r.com
https://doi.org/10.1093/nar/gkz369
https://doi.org/10.1016/j.xinn.2021.100141
https://yulab-smu.top/biomedical-knowledge-mining-book/
https://yulab-smu.top/biomedical-knowledge-mining-book/
https://doi.org/10.1093/bioinformatics/btx364
https://doi.org/10.1055/s-0033-1348046
https://doi.org/10.1016/j.bbagrm.2018.11.004
https://doi.org/10.1097/MIB.0000000000000478
https://doi.org/10.1111/1759-7714.13325
https://www.ncbi.nlm.nih.gov/pubmed/31994347
https://doi.org/10.1038/nm.2807
https://www.ncbi.nlm.nih.gov/pubmed/22772564
https://doi.org/10.3389/fimmu.2012.00071
https://www.ncbi.nlm.nih.gov/pubmed/22566952
https://doi.org/10.1016/j.matbio.2017.11.010
https://doi.org/10.1371/journal.pone.0209656
https://doi.org/10.1016/j.biopha.2019.108877
https://doi.org/10.1038/s41419-021-04106-8
https://doi.org/10.3389/fgene.2022.787884
https://doi.org/10.1155/2021/8849977
https://doi.org/10.1111/cas.15384
https://doi.org/10.1002/jcla.23651
https://doi.org/10.1111/1759-7714.13562
https://doi.org/10.2147/OTT.S216134
https://doi.org/10.1186/1423-0127-20-87


Computation 2023, 11, 105 12 of 12

60. Barriocanal, M.; Prats-Mari, L.; Razquin, N.; Prior, C.; Unfried, J.P.; Fortes, P. ISR8/IRF1-AS1 Is Relevant for IFNalpha and
NF-kappaB Responses. Front. Immunol. 2022, 13, 829335. [CrossRef]

61. Chen, D.; Lu, M.M.; Wang, J.H.; Ren, Y.; Xu, L.L.; Cheng, W.X.; Wang, S.S.; Li, X.L.; Cheng, X.F.; Gao, J.G.; et al. High-fat diet
aggravates colitis via mesenteric adipose tissue derived exosome metastasis-associated lung adenocarcinoma transcript 1. World
J. Gastroenterol. 2022, 28, 3838–3853. [CrossRef]

62. Fang, L.; Hu, M.; Xia, F.; Bai, W. LINC01272 activates epithelial-mesenchymal transition through miR-153-5p in Crohn’s disease.
Am. J. Transl. Res. 2022, 14, 2331–2342.

63. Zhang, Y.; Yang, L.; Chen, L.L. Life without A tail: New formats of long noncoding RNAs. Int. J. Biochem. Cell. Biol. 2014,
54, 338–349. [CrossRef]

64. Lynch, M.D.; Watt, F.M. Fibroblast heterogeneity: Implications for human disease. J. Clin. Investig. 2018, 128, 26–35. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fimmu.2022.829335
https://doi.org/10.3748/wjg.v28.i29.3838
https://doi.org/10.1016/j.biocel.2013.10.009
https://doi.org/10.1172/JCI93555

	Introduction 
	Materials and Methods 
	RNA-Seq Data Analysis and Visualization 
	CrohnDB Web Database 

	Results 
	Hundreds of Genes Are Differentially Expressed in CD Patients Compared to Healthy Donors 
	Severeal Differentially Expressed lncRNA Genes Are Shared in Fibroblasts Isolated from Different Etiologies of CD Patients Compared to Healthy Control Subjects 
	The Web Database, CrohnDB, for Screening of Protein-Coding and lncRNA Genes 

	Discussion 
	References

