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Background: Crohn's disease (CD) is a multifactorial inflammatory bowel
disease characterized by complex aberrant autoimmune disorders.
Currently, the involvement of the circadian rhythm in the pathogenesis of
CD is unknown.

Methods: Bulk and single-cell RNA-seq data and associated clinical data
from patients with CD were downloaded from the Gene Expression
Omnibus (GEQO). Single-sample gene set enrichment analysis was
performed to calculate the enrichment score (ES) of circadian rhythm-
related genes. Differential expression analysis was used to identify
differentially expressed genes. Functional enrichment analysis was used
to explore potential disease mechanisms. CIBERSORT was used to
estimate immune cell abundance. Single-cell RNA-seq data were
analyzed using the R package “Seurat.”

Results: The ES of circadian rhythm-related genes was lower in the CD tissue
than in the normal tissue. Ubiquitin-specific protease 2 (USP2), a circadian
rhythm-related gene, was identified as a potential modulator of CD
pathogenesis. USP2 expression was reduced in CD and was associated
with disease severity. Moreover, the analysis of bulk RNA-seq and single-
cell RNA-seq data showed that monocyte and neutrophil abundance was
elevated in CD and was negatively correlated with USP2 expression. It should
be noted that USP2 expression in acinar cells was negatively correlated with
monocyte and neutrophil abundance. Functional enrichment analysis
revealed several canonical pathways to be enriched in CD, including the
interleukin-17 signaling pathway, tumor necrosis factor signaling pathway,
cytokine—cytokine receptor interaction, toll-like receptor signaling
pathway, and nod-like receptor signaling pathway.

Conclusion: Aberrant expression of circadian rhythm-related genes is
correlated with CD pathogenesis. USP2 might be related to crosstalk among
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the different cell types in CD. These findings provide insights into future
chronotherapy for CD.
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Introduction

Crohn’s disease (CD) is a multifactorial chronic inflammation
of the intestinal segments, that is characterized by ulceration and
transmural inflammation (Baumgart and Sandborn, 2012;
Molodecky et al, 2012) caused by complex dysregulated
interactions between the microbiome and gut immune system.
The incidence and prevalence of CD are increasing worldwide and
represent a major health burden (Kaplan and Ng, 2017; Ng et al,
2017). However, the clinical benefits of current CD treatments are
limited to a subset of patients (Lee et al., 2018). Hence, it is
necessary to investigate the molecular mechanism underlying CD
pathogenesis and potential biomarkers associated with CD to
develop new CD treatment strategies.

Numerous factors, including genetic predisposition, defects
in innate immunity, undefined environmental factors, and
microbiome alterations, have been proposed to affect the
etiology of CD (Kaser et al., 2010; Scarpa and Stylianou, 2012;
Strober, 2013; Haberman et al., 2014). One major cause of CD is
inadequate activation of the intestinal immune system resulting
from a dysfunctional immune response to the enteric microbiota
(Scaldaferri and Fiocchi, 2007; Gajendran et al., 2018). Although
aberrant immune responses impair intestinal mucosa function
and cause damage to the bowel, the specific mechanism
underlying autoimmune damage is largely unknown.

Circadian rhythms are 24-h oscillations that control various
biological processes in the living system, including two hallmarks
of cancer: cell division and metabolism (Papagiannakopoulos et al.,
2016). rhythm-related leukocyte
dysregulated, thereby contributing to increased systemic low-

Circadian trafficking is
grade chronic inflammation (Nathan et al, 2021). Some
researchers have suggested that irregular shift working confers a
risk of contracting inflammatory bowel disease (Sonnenberg,
1990). Circadian disruption, but not sleep loss or stress, may be
associated with jet lag-related innate immune system dysregulation
and autoimmune diseases (Baxter and Ray, 2020; Olejniczak et al.,
2022). Moreover, circadian rhythms are possibly associated with
inflammatory bowel disease, but there are no systematic studies or
data to support this hypothesis (Gombert et al, 2019). The
relationship between CD and the molecular mechanisms
underlying its function is not completely understood.

To determine the relationship between circadian rhythms
and CD and identify potential mediators of CD pathogenesis, we
comprehensively analyzed bulk and single-cell RNA-seq data
from patients with CD (GSE93624 (Marigorta et al., 2017),
GSE57945 (Loberman-Nachum et al, 2019), and GSE134809

Frontiers in Molecular Biosciences

02

(Martin et al.,, 2019) datasets. Our findings reveal the association
of circadian rhythms with CD and provide an insight into
important biomarkers involved in CD development, which
will be beneficial for introducing circadian rhythm-oriented
treatment strategies for CD.

Materials and methods
Public datasets

Bulk and single-cell RNA-seq data and clinical data for
patients with Crohn’s disease (CD) were downloaded from
Gene Expression Omnibus (GEO), including GSE93624,
GSE57945, and GSE134809. The GSE93624 dataset contained
210 treatment-naive patients of pediatric Crohn’s disease and
35 non-inflammatory bowel disease controls from the risk study
and was based on the platform of GPL11154 (Illumina HiSeq
2000). The GSE57945 dataset contained 215 patients with CD
and 42 control subjects and was also based on the platform of
GPLI11154 (Illumina HiSeq 2000). The GSE134809 dataset
contained single-cell RNA-seq data from 16 samples (eight
CD tissues vs. eight corresponding unaffected tissues) and was
based on the platform of GPL18573 (Illumina NextSeq 500).
Detailed information refers to the corresponding GSE datasets of
the GEO database. Genes in circadian rhythms-related pathways
were downloaded from the MSigDB database.

Differential expression analysis

Differentially expressed genes were calculated using the R
package “limma”. The R package “limma” provides a procedure
to normalize the data, filter the very low-expression genes, and
then implements a series of statistical methods, including
empirical Bayes estimation, exact tests, generalized linear
the
for

models, and quasi-likelihood tests, to calculate

differentially ~ expressed  genes.  Selection  criteria
differentially expressed genes were as follows: [logFC| > 1 and

p < 0.05.
Estimation of infiltrating immune cells

Tumor-infiltrating immune cells (TIICs) were estimated
using the website tool CIBERSORT (Newman et al.,, 2015).
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CIBERSORT is an in silico algorithm that enables precise
estimation of immune cell fractions using RNA-seq profiles
(Li et al, 2020).

been demonstrated

for bulk samples
CIBERSORT has
immunohistochemistry and flow cytometry.

The accuracy of

using

Single-sample gene set enrichment
analysis

Enrichment score (ES) of circadian rhythms for CD and
normal tissues was calculated using single-sample gene set
enrichment analysis (ssGSEA) based on the R package
“GSVA” 2013). ssGSEA
parametric and unsupervised method to calculate the variation

(Hanzelmann et al, is a non-
of gene set enrichment through the samples from an expression
dataset. Each ssGSEA enrichment score represents the degree to
which the genes in a particular gene set are coordinately up or
downregulated within a sample. The key parameters were as
follows: kcdf = “Gaussian,” min. sz = 1, max. sz = Inf, tau = 0.25,

and abs. ranking = TRUE.

Functional annotation

Functional annotation was conducted using the R package
(version: 3.18.1) (Yu et 2012), which
provides a comprehensive set of functional annotation tools for

“clusterProfiler” al.,
researchers to comprehend the biological meaning behind specific
gene sets. The clusterProfiler package depends on the Bioconductor
annotation data GO. db and KEGG. db to obtain the maps of the
entire gene oncology (GO) analysis and Kyoto Encyclopedia of
Genes and Genomes (KEGG) corpus. Bioconductor annotation
packages org.Hs.eg.db (human genes annotation), org. Mm.eg.db
(mice genes annotation), and org. Sc.sgd.db (yeast gene annotation)
were imported for genome-wide annotation of mapping Entrez
Gene Identifiers or ORF identifiers for humans, mice, and yeast,
respectively. Functional annotation consists of the gene ontology
(GO) analysis and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways, which allows investigating what biological
functions and signaling pathways are involved. We also
conducted gene set enrichment analysis (GSEA) based on a
ranked gene set using “clusterProfiler”. The GSEA analysis could
reveal some enriched signaling pathways missed in the GO and
KEGG analyses. The key parameters were as follows:
pAdjustMethod = “BH,” pvalueCutoff = 0.05, g-valueCutoff =
0.2, nPerm = 1,000, minGSSize = 10, and maxGSSize = 500.

Statistical analysis

All statistical analyses were completed using R software
(Version 4.0.1). Single-cell RNA-seq data were analyzed using
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the R package Seurat, a toolkit for quality control, analysis, and
exploration of single-cell RNA sequencing data. “Seurat” aims to
enable users to identify and interpret sources of heterogeneity
from single-cell transcriptomic measurements and integrate
types data. the data
homogeneity of variance and normal distribution, either the

diverse of single-cell Based on
independent sample f-test or Wilcoxon signed-rank test was
chosen. Student’s t-test is used for data conformity to normal
distribution and homogeneity of variance; otherwise the
Wilcoxon signed-rank test is used. Spearman’s correlation
coefficient was used to assess the correlation between two
continuous variables. p < 0.05 was considered statistically

significant.

Results

Relationship between circadian rhythm
and Crohn'’s disease

Circadian rhythm is associated with many biological

processes, including cell division and  metabolism
(Papagiannakopoulos et al., 2016). Therefore, we investigated
the association of circadian rhythm with CD. To identify the
relationship between circadian rhythm and CD, we compared the
enrichment score (ES) of circadian rhythms between CD tissues
and control intestinal tissues from the GSE93624 dataset. The ESs
of circadian rhythm-related genes were significantly higher in the
control tissues than in the CD tissues (p < 0.05; Figure 1A). To
validate this relationship, we performed gene set enrichment
analysis (GSEA) of circadian rhythm-related genes using bulk
RNA-seq data from the CD samples. Consistently, the expression
of rhythm-related  genes
downregulated in CD samples (normalized enrichment score
[NES] = —1.35, false discovery rate [FDR] = 0.06, and p = 0.027;
Figure 1B), suggesting a potential role for circadian rhythm
in CD.

To identify the in CD
development, we conducted a differential expression analysis
between the control and CD groups in the GSE93624 dataset. We

identified 229 differentially expressed genes, consisting of

circadian was  significantly

important genes involved

109 upregulated genes and 120 downregulated genes (|
logFC| > 1, p < 0.05; Figure 1C and Supplementary Table S1).
We performed heatmap analysis and principal component
analysis (PCA) to test for the presence of a distinct expression
pattern between the control and CD groups. We observed a
distinct expression pattern between the control and CD groups
(Figures 1D,E). Among the 117 circadian rhythm-related genes
(Supplementary Table S2), the expression of 81 genes was
statistically different, but the fold difference was very weak.
Only five genes had a relatively large fold difference (|
logFC| > 0.5). The heatmap of the expression of these five
genes showed that three genes displayed a significantly
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Relationship between circadian rhythm and Crohn's disease (CD). (A) Enrichment score of circadian rhythm-related genes was significantly
elevated in control than in CD tissues. (B) Circadian rhythm was significantly downregulated in CD. (C) Volcano plot of 229 differentially expressed
genes between control and CD tissues, including 109 upregulated genes and 120 downregulated genes (|JlogFC| > 1, p < 0.05). (D) Heatmap analysis
showed a distinct expression pattern between the control and CD groups. (E) Principal component analysis repeatedly displayed a distinct

expression pattern between the controland CD groups. (F) Heatmap analysis showed circadian rhythm expression patterns between the control and
CD groups.

downregulated expression and two genes displayed
significantly upregulated expression in CD (Figure 1F and
Supplementary Table S3). It should be noted that we observed
that ubiquitin-specific protease 2 (USP2), a circadian rhythm-
related gene with the largest significant difference, was present in

the downregulated genes.

a
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Functional enrichment analysis of
differentially expressed genes

Considering the fact that the previous results showed a
distinct gene expression pattern in CD, we investigated the
molecular mechanism underlying CD development by
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Functional enrichment analysis for differentially expressed genes. (A—B) Top 10 upregulated and downregulated GO terms in CD disease. (C—D)
Top 10 upregulated and downregulated KEGG pathways in CD disease. (E-F) Top 10 upregulated KEGG pathways generated by gene set enrichment
analysis.
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FIGURE 3

Investigation of immune microenvironment of CD. (A) Comparison of the abundance of immune cells between control and CD tissues. (B)
Heatmap analysis also indicated a distinct expression of these cells between the groups. (C) Correlation analysis between differentimmune cell types
in CD. (D) Enrichment score (ES) of circadian rhythm was negatively correlated with monocyte, MO macrophage, myeloid dendritic cell, activated
mast cell, and neutrophil whereas positively correlated with B cell and T cell follicular helper.

performing gene ontology (GO) and the Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment analysis
for 109 significantly upregulated genes and 120 significantly
downregulated genes between the control and CD groups.
The top 10 enriched GO terms included response to
of
lipopolysaccharide, humoral immune response, neutrophil

molecules bacterial origin, response to

chemotaxis, and neutrophil migration, suggesting a

hyperactivated immune state (Figures 2A,B). Consistently,
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the top 10 enriched KEGG pathways included interleukin-17
signaling pathway, tumor necrosis factor signaling pathway,
cytokine-cytokine receptor interaction, toll-like receptor
signaling pathway, and nod-like receptor signaling pathway
(Figures 2C,D). Gene set enrichment analysis also identified
enriched immune-related signaling pathways, including
allograft  rejection,  graft-versus-host  disease, and
interleukin-17 signaling pathway (Figures 2EF), suggesting

that CD is an autoimmune disorder.
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FIGURE 4

Association of USP2 with CD. (A) USP2 was also downregulated in C

D compared with the control group in an independent cohort of CD

patients from GSE57945. (B) USP2 was associated with the severity of disease; the expression of USP2 decreased as the disease progressed. (C) USP2
was downregulated in CD with ulcers than without ulcers. (D—E) USP2 was negatively correlated with monocyte, MO macrophage, myeloid dendritic
cell, activated mast cell, and neutrophil whereas positively correlated with B cell and T cell follicular helper.

Investigation of the immune
microenvironment in CD

Considering that the functional enrichment analysis
indicated the involvement of hyperactivated immunity in CD,
we analyzed changes in immune cell abundance between control
and CD tissues using bulk RNA-seq data. Immune cell
abundance was estimated using the CIBERSORT algorithm.
We observed that the counts of monocytes, MO macrophages,

Frontiers in Molecular Biosciences

myeloid dendritic cells, activated mast cells, and neutrophils were
significantly upregulated, whereas those of B cells and T follicular
helper cells were significantly downregulated in CD (Figure 3A).
Furthermore, neutrophil counts were elevated in CD, which was
in concordance with the functional enrichment analysis results.
Heatmap analysis also indicated that the counts of these cells
were different between the sample groups (Figure 3B).
Correlation analysis showed that the presence of neutrophils
was significantly positively correlated with that of monocytes
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(Figure 3C). Consistently, we found that ESs of circadian
rhythm-related genes were negatively correlated with the
abundance of monocytes, MO macrophages, myeloid dendritic
cells, activated mast cells, and neutrophils. These scores were
positively correlated with the abundance of B cells and T
follicular helper cells (Figure 3D; p < 0.05).

Association of USP2 with CD

Our results thus far indicate a potential association between
USP2 and CD. We sought to validate the relationship between
USP2 expression and CD using bulk RNA-seq data from an
independent (GSE57945). USP2
downregulated in the CD tissues (p = 8.7e-14; Figure 4A).
Moreover, USP2 expression was also found to be associated

cohort expression  was

with disease severity, and USP2 expression decreased as the
disease progressed (Figure 4B). Accordingly, USP2 expression
was downregulated in the tissues of patients with CD with ulcers
compared to that in tissues of patients with CD without ulcers
(Figure 4C). Consistent with immune cell-related changes in CD,
USP2 expression was negatively correlated with the counts of
monocytes, MO macrophages, myeloid dendritic cells, activated
mast cells, and neutrophils and positively correlated with the
counts of B cells and T follicular helper cells (Figures 4D,E;
p < 0.05).

Validating the dysregulation of USP2
expression in single immune cells

To validate the relationship between USP2 and immune
cells at the single-cell level, we analyzed the association between
USP2 expression and immune cells using single-cell RNA-seq
data from eight CD tissues and their paired normal ileal tissues
(from the GSE134809 dataset). A total of 60,228 cells from
16 samples were clustered into 12 subsets composed of acinar
cells, monocytes, neutrophils, and B cells (Figure 5A). Among
them, two cell types (monocytes and neutrophils) were identical
to those identified using CIBERSORT. Therefore, we compared
their abundance between the control and CD groups.
Consistent with the results from the GSE93624 cohort,
single-cell RNA-seq data showed that counts of monocytes
and neutrophils were increased in the CD group compared to
those in the control group (Figures 5B,C), although neutrophil
counts displayed no significant difference between the CD and
control groups.

We then compared USP2 expression levels across different
cell types. USP2 had the highest expression in acinar cells
(Figure 5D), indicating its role in normal intestinal tissue.
Therefore, we compared acinar cell abundance between the
CD and control groups and found that acinar cell counts were
downregulated in the CD group compared to those in the control
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group, although there was a borderline significant difference
(Wilcoxon test; p = 0.083; Figure 5E). USP2 expression was also
significantly downregulated in acinar cells of the CD group
compared to that in the acinar cells of the control group
(Figure 5F), further highlighting its possible role in acinar cells.

Next, we investigated the crosstalk between different cell
types. In particular, to determine the link between USP2
expression and the abundance of monocytes and neutrophils
in CD, we analyzed the relationship between USP2 expression in
acinar cells and monocyte and neutrophil abundance.
Interestingly, USP2 expression in acinar cells was negatively
correlated with monocyte and neutrophil abundance, although
this difference was only slightly significant (Figures 5G,H),
suggesting that USP2 expression may be related to crosstalk

among acinar cells, monocytes, and neutrophils in CD.

Discussion

In this study, we identified the association between
circadian rhythm and CD. We also identified a circadian
rhythm-related gene, USP2, as a potential mediator of CD
pathogenesis. Moreover, we observed that monocyte and
neutrophil counts were significantly elevated in CD and were
negatively associated with circadian rhythm and USP2
expression, suggesting their role in CD pathogenesis. These
findings provide a new rationale for development of a circadian
rhythm-oriented treatment for CD.

Disturbances in circadian rhythm are involved in several
inflammatory diseases (Bechtold et al., 2010; Logan and Sarkar,
2012; Bollinger and Schibler, 2014; Maury et al., 2014). Here, we
hypothesized and validated the role of circadian rhythm-related
genes in CD and its association with immune function. We
found that the ES of circadian rhythm-related genes was
significantly higher in control tissues than in CD tissues. ES
represents the expression of a particular gene set in different
individuals. The decreased ES of circadian rhythm-related
genes suggests that circadian rhythms are closely related to
CD. Circadian rhythm is involved in the regulation of immune
functions. Functional molecular clocks have been described in
splenic macrophages, dendritic cells, natural killer cells, and
B cells (Arjona et al., 2004; Silver et al., 2012; Yu et al., 2013).
Approximately 8% of macrophages exert their function in a
circadian fashion, which could have profound regulatory effects
on immune function (Maury et al., 2014). Moreover, cytokine
release is partly shifted in response to changes in the sleep-wake
cycle, which might contribute to increased risk of autoimmune
diseases in shift workers (Cuesta et al., 2016). The present study
also revealed the involvement of monocytes and neutrophils in
CD, underlining their potential roles in the etiology of CD.
These findings further support the idea that disruption of
involved in exacerbated immune

circadian rhythm is

responses in the bowel.
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Validation of the association of USP2 with immune cells. (A) Total of 60,228 cells from 16 samples were clustered into 12 subsets. (B) Monocyte

was upregulated in CD than in the control group. (C) USP2 expression

levels were compared across different cell types, and USP2 has the highest

expression value in acinar cells. (D) Acinar cell was upregulated in control than in CD, although there was no significant difference (Wilcoxon test; p =
0.083). (E) USP2 was also upregulated in acinar cells of the control group than in the CD group. (G—H) USP2 expression in acinar cells was
negatively correlated with the abundance of monocyte and neutrophil, although there was no significant difference.

Another substantial finding of this study is the potential of
USP2 as an important biomarker for CD. USP2 is a circadian
rhythm-related gene that is involved in multiple biological
processes, such as pressure overload-induced cardiac
remodeling (Xing et al, 2020), breast cancer (He et al,
2019), hemophilia (Xu et al.,, 2021a), and energy metabolism
(Kitamura and Hashimoto, 2021). USP2 is a multifunctional

deubiquitinating enzyme that controls cell cycle progression

Frontiers in Molecular Biosciences

and carcinogenesis via cyclin and Aurora-A deubiquitination
(Lin et al., 2020; VanGenderen et al., 2020). Moreover, USP2
of the CLOCK/
BMALI complex and mediates rhythmic gene expression in

serves as an important component
the suprachiasmatic nucleus and the liver (Xu et al., 2021b).
Furthermore, USP2 promotes surface expression of ion
channels in renal and intestinal epithelial cells (Zhou et al,

2013; Rougier et al., 2015), which is consistent with our findings
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that USP2 is associated with acinar cells in CD patients. In
addition to modifying cytokine production in immune cells,
USP2 modulates the signaling molecules involved in cytokine
signaling in target cells (Totzke et al., 2020; Xing et al., 2020).
Accordingly, our functional enrichment analysis results showed
that the cytokine-cytokine signaling pathway was enriched
in CD.

This study has a few limitations that warrant further research.
The key genes and signaling pathways in this study were
identified using bioinformatics analysis. Therefore, further
in vitro and in vivo studies are required to explore the
associated physiological mechanisms of action. Additionally,
gene rhythmicity (i.e., variations in gene expression depending
on the time of tissue sampling) should be considered in future
studies.

In conclusion, this study describes the disturbed
circadian rhythm-related gene expression patterns in CD,
reveals the association between circadian rhythm and CD,
in CD
development. These biomarkers will be beneficial for

and provides potential biomarkers involved
developing a circadian rhythm-oriented treatment strategy
for CD. This study adds new evidence to support the
relationship between circadian rhythm and intestinal
diseases and proposes the potential role of USP2 in
intestinal diseases, for

thereby providing a target

subsequent molecular interventions.

Data availability statement

The datasets presented in this study can be found in
The of the repository/
repositories and accession number(s) can be found below:
GSE93624;
ncbi.nlm.nih.gov/, GSE57945; and https://www.ncbi.nlm.
nih.gov/, GSE134809.

online repositories. names

https://www.ncbi.nlm.nih.gov/, https://www.

References

Arjona, A., Boyadjieva, N., and Sarkar, D. K. (2004). Circadian rhythms of
granzyme B, perforin, IFN-gamma, and NK cell cytolytic activity in the spleen:
Effects of chronic ethanol. J. Immunol. 172 (5), 2811-2817. doi:10.4049/jimmunol.
172.5.2811

Baumgart, D. C., and Sandborn, W. J. (2012). Crohn’s disease. Lancet 380 (9853),
1590-1605. doi:10.1016/S0140-6736(12)60026-9

Baxter, M., and Ray, D. W. (2020). Circadian rhythms in innate immunity and
stress responses. Immunology 161 (4), 261-267. doi:10.1111/imm.13166

Bechtold, D. A., Gibbs, J. E., and Loudon, A. S. (2010). Circadian dysfunction in
disease. Trends Pharmacol. Sci. 31 (5), 191-198. doi:10.1016/j.tips.2010.01.002

Bollinger, T., and Schibler, U. (2014). Circadian rhythms - from genes to physiology
and disease. Swiss Med. Wkly. 144, w13984. doi:10.4414/smw.2014.13984

Cuesta, M., Boudreau, P., Dubeau-Laramée, G., Cermakian, N., and Boivin, D. B.
(2016). Simulated night shift disrupts circadian rhythms of immune functions in
humans. J. Immunol. 196 (6), 2466-2475. doi:10.4049/jimmunol.1502422

Frontiers in Molecular Biosciences

10

10.3389/fmolb.2022.961481

Author contributions

BW and DL supervised the work. BW conceived the ideas of
this project and DL wrote the manuscript. DL performed the
majority of the analysis. YC, QL, MX and JL analyzed and
discussed the results.

Acknowledgments

We would like to thank Editage (www.editage.cn) for English
language editing.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors, and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmolb.
2022.961481/full#supplementary-material

Gajendran, M., Loganathan, P., Catinella, A. P., and Hashash, J. G. (2018). A
comprehensive review and update on Crohn’s disease. Dis. Mon. 64 (2), 20-57.
doi:10.1016/j.disamonth.2017.07.001

Gombert, M., Carrasco-Luna, J., Pin-Arboledas, G., and Codofier-Franch, P.
(2019). The connection of circadian rhythm to inflammatory bowel disease. Transl.
Res. 206, 107-118. doi:10.1016/j.trs.2018.12.001

Haberman, Y., Tickle, T. L., Dexheimer, P. J., Kim, M. O., Tang, D., Karns, R,,
et al. (2014). Pediatric Crohn disease patients exhibit specific ileal transcriptome
and microbiome signature. J. Clin. Invest. 124 (8), 3617-3633. doi:10.1172/
JCI75436

Hinzelmann, S., Castelo, R., and Guinney, J. (2013). Gsva: Gene set variation
analysis for microarray and RNA-seq data. BMC Bioinforma. 14, 7. doi:10.1186/
1471-2105-14-7

He, J., Lee, H. ], Saha, S., Ruan, D., Guo, H., and Chan, C. H. (2019). Inhibition of
USP2 eliminates cancer stem cells and enhances TNBC responsiveness to
chemotherapy. Cell Death Dis. 10 (4), 285. doi:10.1038/s41419-019-1512-6

frontiersin.org


https://www.ncbi.nlm.nih.gov/,%20GSE93624
https://www.ncbi.nlm.nih.gov/,%20GSE57945
https://www.ncbi.nlm.nih.gov/,%20GSE57945
https://www.ncbi.nlm.nih.gov/,%20GSE134809
https://www.ncbi.nlm.nih.gov/,%20GSE134809
http://www.editage.cn
https://www.frontiersin.org/articles/10.3389/fmolb.2022.961481/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmolb.2022.961481/full#supplementary-material
https://doi.org/10.4049/jimmunol.172.5.2811
https://doi.org/10.4049/jimmunol.172.5.2811
https://doi.org/10.1016/S0140-6736(12)60026-9
https://doi.org/10.1111/imm.13166
https://doi.org/10.1016/j.tips.2010.01.002
https://doi.org/10.4414/smw.2014.13984
https://doi.org/10.4049/jimmunol.1502422
https://doi.org/10.1016/j.disamonth.2017.07.001
https://doi.org/10.1016/j.trsl.2018.12.001
https://doi.org/10.1172/JCI75436
https://doi.org/10.1172/JCI75436
https://doi.org/10.1186/1471-2105-14-7
https://doi.org/10.1186/1471-2105-14-7
https://doi.org/10.1038/s41419-019-1512-6
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.961481

Liu et al.

Kaplan, G. G,, and Ng, S. C. (2017). Understanding and preventing the global
increase of inflammatory bowel disease. Gastroenterology 152 (2), 313-321. e2.
doi:10.1053/j.gastro.2016.10.020

Kaser, A., Zeissig, S., and Blumberg, R. S. (2010). Inflammatory bowel disease.
Annu. Rev. Immunol. 28, 573-621. doi:10.1146/annurev-immunol-030409-101225

Kitamura, H., and Hashimoto, M., USP2-Related cellular Signaling and
consequent pathophysiological outcomes. Int J mol sci., 2021. 22(3). doi:10.3390/
ijms22031209

Lee, S. H., Kwon, J. E., and Cho, M. L. (2018). Immunological pathogenesis of
inflammatory bowel disease. Intest. Res. 16 (1), 26-42. doi:10.5217/ir.2018.16.1.26

Li, T, Fu, J., Zeng, Z., Cohen, D., Li, J., Chen, Q,, et al. (2020). TIMER2.0 for
analysis of tumor-infiltrating immune cells. Nucleic Acids Res. 48 (W1),
W509-W514. doi:10.1093/nar/gkaa407

Lin, X., Xiang, X., Hao, L., Wang, T., Lai, Y., Abudoureyimu, M., et al. (2020). The
role of Aurora-A in human cancers and future therapeutics. Am. J. Cancer Res. 10
(9), 2705-2729.

Loberman-Nachum, N., Sosnovski, K., Di Segni, A., Efroni, G., Braun, T,
BenShoshan, M., et al. (2019). Defining the celiac disease transcriptome using
clinical pathology specimens reveals biologic pathways and supports diagnosis. Sci.
Rep. 9 (1), 16163. doi:10.1038/s41598-019-52733-1

Logan, R. W, and Sarkar, D. K. (2012). Circadian nature of immune function.
Mol. Cell. Endocrinol. 349 (1), 82-90. doi:10.1016/j.mce.2011.06.039

Marigorta, U. M., Denson, L. A., Hyams, J. S., Mondal, K., Prince, J., Walters, T.
D., et al. (2017). Transcriptional risk scores link GWAS to eQTLs and predict
complications in Crohn’s disease. Nat. Genet. 49 (10), 1517-1521. doi:10.1038/ng.
3936

Martin, J. C.,, Chang, C., Boschetti, G., Ungaro, R., Giri, M., Grout, J. A,, et al.
(2019). Single-cell analysis of Crohn’s disease lesions identifies a pathogenic cellular
module associated with resistance to anti-TNF therapy. Cell 178 (6), 1493-1508.
€20. doi:10.1016/j.cell.2019.08.008

Maury, E., Hong, H. K, and Bass, J. (2014). Circadian disruption in the
pathogenesis of metabolic syndrome. Diabetes Metab. 40 (5), 338-346. doi:10.
1016/j.diabet.2013.12.005

Molodecky, N. A,, Soon, L. S., Rabi, D. M., Ghali, W. A,, Ferris, M., Chernoff, G.,
et al. (2012). Increasing incidence and prevalence of the inflammatory bowel
diseases with time, based on systematic review. Gastroenterology 142 (1), 46-54.
e42; quiz e30. doi:10.1053/j.gastro.2011.10.001

Nathan, P., Gibbs, J. E., Rainger, G. E., and Chimen, M. (2021). Changes in

circadian rhythms dysregulate inflammation in ageing: Focus on leukocyte
trafficking. Front. Immunol. 14 (12), 673405. doi:10.3389/fimmu.2021.673405

Newman, A. M,, Liu, C. L., Green, M. R,, Gentles, A. J., Feng, W., Xu, Y., et al.

(2015). Robust enumeration of cell subsets from tissue expression profiles. Nat.
Methods 12 (5), 453-457. doi:10.1038/nmeth.3337

Ng, S. C,, Shi, H. Y., Hamidi, N., Underwood, F. E., Tang, W., Benchimol, E. I,
etal. (2017). Worldwide incidence and prevalence of inflammatory bowel disease in
the 21st century: A systematic review of population-based studies. Lancet 390
(10114), 2769-2778. doi:10.1016/S0140-6736(17)32448-0

Frontiers in Molecular Biosciences

1

10.3389/fmolb.2022.961481

Olejniczak, I, Oster, H., and Ray, D. W. (2022). Glucocorticoid circadian rhythms
in immune function. Semin. Immunopathol. 44, 153-163. doi:10.1007/s00281-021-
00889-2

Papagiannakopoulos, T., Bauer, M. R., Davidson, S. M., Heimann, M., Subbaraj,
L., Bhutkar, A, et al. (2016). Circadian rhythm disruption promotes lung
tumorigenesis. Cell Metab. 24 (2), 324-331. doi:10.1016/j.cmet.2016.07.001

Rougier, J. S., Albesa, M., Syam, N., Halet, G., Abriel, H., and Viard, P. (2015).
Ubiquitin-specific protease USP2-45 acts as a molecular switch to promote a2d-1-
induced downregulation of Cav1.2 channels. Pflugers Arch. 467 (9), 1919-1929.
doi:10.1007/s00424-014-1636-6

Scaldaferri, F., and Fiocchi, C. (2007). Inflammatory bowel disease: Progress and
current concepts of etiopathogenesis. J. Dig. Dis. 8 (4), 171-178. doi:10.1111/j.1751-
2980.2007.00310.x

Scarpa, M., and Stylianou, E. (2012). Epigenetics: Concepts and relevance to IBD
pathogenesis. Inflamm. Bowel Dis. 18 (10), 1982-1996. doi:10.1002/ibd.22934

Silver, A. C., Arjona, A., Hughes, M. E., Nitabach, M. N, and Fikrig, E. (2012).
Circadian expression of clock genes in mouse macrophages, dendritic cells, and
B cells. Brain Behav. Immun. 26 (3), 407-413. doi:10.1016/j.bbi.2011.10.001

Sonnenberg, A. (1990). Occupational distribution of inflammatory bowel disease
among German employees. Gut 31 (9), 1037-1040. doi:10.1136/gut.31.9.1037

Strober, W. (2013). Impact of the gut microbiome on mucosal inflammation.
Trends Immunol. 34 (9), 423-430. doi:10.1016/}.it.2013.07.001

Totzke, J., Scarneo, S. A., Yang, K. W., and Haystead, T. A. J. (2020). TAKI: A
potent tumour necrosis factor inhibitor for the treatment of inflammatory diseases.
Open Biol. 10 (9), 200099. doi:10.1098/rsob.200099

VanGenderen, C., Harkness, T. A. A., and Arnason, T. G. (2020). The role of
Anaphase Promoting Complex activation, inhibition and substrates in cancer
development and progression. Aging (Albany NY) 12 (15), 15818-15855. doi:10.
18632/aging.103792

Xing, J., Li, P., Hong, J., Wang, M., Liu, Y., Gao, Y., et al. (2020). Overexpression of
ubiquitin-specific protease 2 (USP2) in the heart suppressed pressure overload-induced
cardiac remodeling. Mediat. Inflamm. 2020, 4121750. doi:10.1155/2020/4121750

Xu, D., Wu, J., Chen, J,, Jiang, L., Chen, J., Bao, W,, et al. (2021). Cullin 2-RBX1
E3 ligase and USP2 regulate antithrombin ubiquitination and stability. Faseb J. 35
(8), €21800. doi:10.1096/1j.202001146RR

Xu, H,, Huang, L., Zhao, J., Chen, S., Liu, J., and Li, G. (2021). The circadian clock
and inflammation: A new insight. Clin. Chim. Acta. 512, 12-17. doi:10.1016/j.cca.
2020.11.011

Yu, G., Wang, L. G, Han, Y., and He, Q. Y., clusterProfiler: an R package for
comparing biological themes among gene clusters, OMICS, 2012. 16(5): p. 284-287.
doi:10.1089/0mi.2011.0118

Yu, X,, Rollins, D., Ruhn, K. A., Stubblefield, J. J., Green, C. B., Kashiwada, M.,
et al. (2013). TH17 cell differentiation is regulated by the circadian clock. Science
342 (6159), 727-730. doi:10.1126/science.1243884

Zhou, R,, Tomkovicz, V. R, Butler, P. L, Ochoa, L. A., Peterson, Z.]., and Snyder, P. M.
(2013). Ubiquitin-specific peptidase 8 (USP8) regulates endosomal trafficking of the
epithelial Na+ channel. . Biol. Chem. 288 (8), 5389-5397. doi:10.1074/jbc.M112.425272

frontiersin.org


https://doi.org/10.1053/j.gastro.2016.10.020
https://doi.org/10.1146/annurev-immunol-030409-101225
https://doi.org/10.3390/ijms22031209
https://doi.org/10.3390/ijms22031209
https://doi.org/10.5217/ir.2018.16.1.26
https://doi.org/10.1093/nar/gkaa407
https://doi.org/10.1038/s41598-019-52733-1
https://doi.org/10.1016/j.mce.2011.06.039
https://doi.org/10.1038/ng.3936
https://doi.org/10.1038/ng.3936
https://doi.org/10.1016/j.cell.2019.08.008
https://doi.org/10.1016/j.diabet.2013.12.005
https://doi.org/10.1016/j.diabet.2013.12.005
https://doi.org/10.1053/j.gastro.2011.10.001
https://doi.org/10.3389/fimmu.2021.673405
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1016/S0140-6736(17)32448-0
https://doi.org/10.1007/s00281-021-00889-2
https://doi.org/10.1007/s00281-021-00889-2
https://doi.org/10.1016/j.cmet.2016.07.001
https://doi.org/10.1007/s00424-014-1636-6
https://doi.org/10.1111/j.1751-2980.2007.00310.x
https://doi.org/10.1111/j.1751-2980.2007.00310.x
https://doi.org/10.1002/ibd.22934
https://doi.org/10.1016/j.bbi.2011.10.001
https://doi.org/10.1136/gut.31.9.1037
https://doi.org/10.1016/j.it.2013.07.001
https://doi.org/10.1098/rsob.200099
https://doi.org/10.18632/aging.103792
https://doi.org/10.18632/aging.103792
https://doi.org/10.1155/2020/4121750
https://doi.org/10.1096/fj.202001146RR
https://doi.org/10.1016/j.cca.2020.11.011
https://doi.org/10.1016/j.cca.2020.11.011
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1126/science.1243884
https://doi.org/10.1074/jbc.M112.425272
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.961481

	Integrative bioinformatics analysis to identify the effects of circadian rhythm on Crohn’s disease
	Introduction
	Materials and methods
	Public datasets
	Differential expression analysis
	Estimation of infiltrating immune cells
	Single-sample gene set enrichment analysis
	Functional annotation
	Statistical analysis

	Results
	Relationship between circadian rhythm and Crohn’s disease
	Functional enrichment analysis of differentially expressed genes
	Investigation of the immune microenvironment in CD
	Association of USP2 with CD
	Validating the dysregulation of USP2 expression in single immune cells

	Discussion
	Data availability statement
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


