
CircEpc1 Promotes Ricin
Toxin-Induced Inflammation via
Activation of NF-κB and MAPK
Signaling Pathways by Sponging
miR-5114
Mingxin Dong1†, Xiaohao Zhang2†, Haotian Yu1†, Yan Wang1, Ying Chang3, Chengbiao Sun1,
Jianxu Zhang1, Na Zhao1,3, Kaikai Yu1, Guangchao Sun2, Guiru Zhao4, Na Xu1,3* and
Wensen Liu1*

1Changchun Veterinary Research Institute, Chinese Academy of Agricultural Sciences, Changchun, China, 2Department of
Cardiology, The Second Hospital of Jilin University, Changchun, China, 3Jilin Medical University, Jilin, China, 4Changchun
Vocational Institute of Technology, Changchun, China

Increasing studies have concentrated on investigating circular RNAs (circRNAs) as pivotal
regulators in the progression of numerous diseases and biological processes and
abundant evidence shows that circRNAs are participated in the regulation of innate
immune responses. Several studies showed that Ricin Toxin (RT) could induce
inflammatory injury. There was no research on the particular functions and underlying
mechanisms of circRNAs in RT-induced inflammation. In this study, RNA sequencing
performed on RT-treated and normal RAW264.7 macrophage cells was used to
investigated the differentially expressed circRNAs. Based on the dataset, the
expression of circEpc1 (mmu_circ_0,000,842) was identified higher in RT-treated cells.
Moreover, gain-and-loss function assays showed that circEpc1 function as a promoter in
RT-induced inflammation in vivo and in vitro. Mechanistically, circEpc1 acted as a miR-
5114 sponge to relieve the suppressive effect of miR-5114 on its target NOD2 and thereby
activating NF-κB andMAPK signaling pathways. Our results illuminated a link between RT-
induced inflammation and the circEpc1 regulatory loop and provided novel insight into the
functions of circRNA in innate immune, which may emerge as a potential target in
immunotherapy to control the RT-induced inflammatory injury.
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INTRODUCTION

Ricin toxin (RT) is a natural plant toxin derived from the seeds of the castor plant (Ricinus
communis), which is widely cultivated and processed worldwide (Audi et al., 2005). Because of the
extreme toxicity of RT, incidents of human and animal poisoning or death due to contact or
accidental ingestion of RT have been reported continually (Assiri, 2012). Considering the mechanism
of RT cytotoxic, it was identified as type II ribosome-inactivating protein (RIP) (Endo et al., 1987).
Moreover, the damage of the 28 S rRNA by RT triggers a specific kinase-activated pathway and
induces inflammation (Sowa-Rogozinska et al., 2019). Based on our previous work, RT-treated
macrophages release various types of cellular factors, including IL-6, TNF-α, IFN-β, and other

Edited by:
Jean-Marc Sabatier,

Aix-Marseille Université, France

Reviewed by:
Allan Brasier,

University of Wisconsin-Madison,
United States

Massimo Bortolotti,
University of Bologna, Italy

*Correspondence:
Na Xu

xunajlu@sina.com
Wensen Liu

liuws85952@163.com

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Predictive Toxicology,
a section of the journal

Frontiers in Pharmacology

Received: 31 August 2021
Accepted: 07 October 2021
Published: 22 October 2021

Citation:
Dong M, Zhang X, Yu H, Wang Y,

Chang Y, Sun C, Zhang J, Zhao N,
Yu K, Sun G, Zhao G, Xu N and Liu W
(2021) CircEpc1 Promotes Ricin Toxin-
Induced Inflammation via Activation of
NF-κB and MAPK Signaling Pathways

by Sponging miR-5114.
Front. Pharmacol. 12:767900.

doi: 10.3389/fphar.2021.767900

Frontiers in Pharmacology | www.frontiersin.org October 2021 | Volume 12 | Article 7679001

ORIGINAL RESEARCH
published: 22 October 2021

doi: 10.3389/fphar.2021.767900

http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2021.767900&domain=pdf&date_stamp=2021-10-22
https://www.frontiersin.org/articles/10.3389/fphar.2021.767900/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.767900/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.767900/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.767900/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.767900/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.767900/full
http://creativecommons.org/licenses/by/4.0/
mailto:xunajlu@sina.com
mailto:liuws85952@163.com
https://doi.org/10.3389/fphar.2021.767900
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2021.767900


cytokines (Liao et al., 2016; Dong et al., 2020).When these cellular
events occur, an intracellular signaling cascade is activated
through various pattern-recognition receptors (PRRs) spoke on
macrophages. One of the most critical PRRs involved in
inflammation is nucleotide-binding oligomerization domain 2
(NOD2) which recognizes bacterial cell walls (G. Chen et al.,
2009; Gresnigt et al., 2018). Activation of NOD2 results in
activation of multiple signaling pathways, such as NF-κB and
MAPK pathways, and ultimately leads to types of inflammation
responses.

CircRNAs, a novel class of non-coding RNAs, as a type of
regulatory RNAs have attracted extensive research interest.
Structurally, circRNAs are characterized by closed continuous
loop structures with neither 5′- 3′ polarity nor a polyadenylated
tail (Jeck and Sharpless, 2014). The majorities of circRNAs are
abundant, highly conserved across species, and tissue or
developmental-stage specific (Salzman et al., 2013; Rybak-Wolf
et al., 2015). Compared with their linear counterparts, circRNAs
exhibit higher stability due to the loop structure being resistant to
RNase R in vivo (Li et al., 2015).

Currently, with the rapid development of high-throughput
sequencing techniques and bioinformatics, RNomics has
gradually become a focus of attention. Thus, accumulated
knowledge of characteristics and functions of circRNAs is
beginning to be understood. Studies have shown that
circRNAs play essential roles in human diseases, including
atherosclerotic vascular disease (Holdt et al., 2016),
neurological disorders (Lukiw, 2013), cardiovascular
disease (Lei et al., 2018), and cancer (Guarnerio et al.,
2016a; 2016b). Emerging evidence has shown that
circRNAs have been identified as competing endogenous
RNAs (ceRNAs) that function as miRNA sponges via
complementary base paring (Hansen et al., 2013). For
instance, the circRNA ciRS-7 inhibits miRNAs in murine
tissue by sponging miR-7 (Memczak et al., 2013).
Additionally, besides the ceRNA mechanism, circRNAs can
also interact with RNA-binding proteins (RBP) to regulate
target gene expressions and some of them can encode
functional proteins (Du et al., 2016; Legnini et al., 2017;
Yang et al., 2018). These studies strongly confirm that
circRNAs play a fundamental role in a variety of cellular
processes. Our previous study have confirmed that RT can
cause inflammation in RAW264.7 macrophage cells (Xu et al.,
2013). Researches have showed that circRNAs plays an
important role in the occurrence and progression of many
diseases. However, the biological effects and underlying
mechanisms of circRNAs in RT-induced inflammation
have not been explored comprehensively.

In this study, we investigate the expression profiling of
circRNAs in RT-treated and normal RAW264.7 macrophage
cells by RNA-Seq. We found a significant upregulated
circRNA, mmu_circ_0,000,842, designated as circEpc1, is
initially identified which may promote inflammation.
Mechanistically, circEpc1 functions as miRNA sponge to
regulate the expression of NOD2 by competitive binding to
miR-5114, leading to the activation of NF-κB and MAPK
pathways. Collectively, our results revealed that the circEpc1/

miR-5114/NOD2 axis has a considerable role in RT-induced
inflammation, identifying circEpc1 as a potential biomarker
and therapeutic target for RT-induced inflammatory injury.

MATERIALS AND METHODS

Cell Line and Culture
Mouse mononuclear macrophage cell line RAW264.7 was
purchased from the American Type Culture Collection
(ATCC, VA, USA). The cells were cultured at 37 C in a
humidified atmosphere with 5% CO2 and maintained in
RPMI-1640 medium (Gibco, CA, United States) supplemented
with 10% fetal bovine serum (FBS) (HyClone, UT, United States),
100 U/ml penicillin and 100 U/ml streptomycin (Invitrogen, CA,
United States).

circRNA Library Construction and
Sequencing
RAW264.7 cells were prepared as described previously (Dong
et al., 2020). RT (20 ng/ml) was used to treat cells for 8 h. Total
RNA was extracted using TRIzol reagent (Takara, Tokyo, Japan)
following the manufacturer’s instructions. The total RNA
quantity and purity were analysis of Bioanalyzer 2,100 and
RNA 6000 Nano LabChip Kit (Agilent, CA, United States)
with RIN number >7.0. Approximately 10 ug of total RNA
representing a specific adipose type was used to deplete
ribosomal RNA according to the manuscript of the Epicentre
Ribo-Zero Gold Kit (Illumina, San Diego, United States).
Following purification, the poly (A)- or poly(A)+ RNA
fractions is fragmented into small pieces using divalent cations
under elevated temperature. Then the cleaved RNA fragments
were reverse-transcribed to create the final cDNA library in
accordance with the protocol for the RNA-Seq sample
preparation kit (Illumina, San Diego, USA), the average insert
size for the paired-end libraries was 300 bp (±50 bp). And then we
performed the paired-end sequencing on an Illumina
Hiseq4000 at the (LC Sciences, USA) following the vendor’s
recommended protocol. CircRNA expressions from different
samples or groups were calculated by scripts in house. Only
the comparisons with p < 0.05 were regarded as showing
differential expression.

RNA Extraction, Reverse Transcription, and
qRT-Polymerase Chain Reaction Analysis
Total RNAwas extracted from cultured cells and lung tissue using
TRIzol reagent (Takara, Tokyo, Japan) according to the
manufacturer’s instructions. gDNA was extracted using
Genomic DNA Isolation Kit (Sangon Biotech, Shanghai,
China). Reverse transcription was performed using Oligo (dT)
primer for mRNA into cDNA with M-MLV Reverse
Transcriptase, RNase H- (Takara, Tokyo, Japan). A
Transcriptor First Strand cDNA Synthesis Kit (Roche, Basel,
Switzerland) was used to verify the existence of circRNAs. The
qRT-PCR was conducted using Applied Biosystems QuantStudio
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three Real-Time PCR Systems (Thermo Fisher Scientific, MA,
United States) with SYBR Green PCR Master Mix (Takara,
Tokyo, Japan). The expression levels of miRNA were
determined using an All-in-One miRNA qPCR Kit
(GeneCopoeia, MD, United States). β-actin was measured as
an endogenous control for mRNA and circRNA, and U6 was
used as a control for miRNA. The relative fold-change in
expression with respect to a control sample was calculated by
the 2−ΔΔCt method. Relative primers are shown in
Supplementary Table S1.

RNase R Treatment
2 μg of total RNA was incubated with or without 5 U/μg RNase R
at 37 °C for 30 min in the buffer provided with the kit (Epicentre
Technologies, Wisconsin, United States), and subsequently
purified by RNeasy MinElute Cleaning Kit (Qiagen), then
analyzed via RT-PCR.

Nucleocytoplasmic Separation and RNA
Isolation
PARIS Kit (Invitrogen, CA, United States) was used to separately
isolate nuclear and cytoplasmic RNA from cultured cells,
according to the manufacturer’s protocol.

Actinomycin D Assay
RAW264.7 cells were exposed to 2 μg/ml actinomycin D (Sigma
Aldrich, St. Louis, MO, United States) at indicated time point.
Then the cells were harvested, and total RNA was extracted. The
stability of circEpc1 and Epc1 mRNA was analyzed using
qRT-PCR.

Lentivirus Vector Constructs and Cell
Transfection
For in vitro studies, the lentivirus vectors were constructed using
the pHBLV-CMV-Circ-MCS-EF1-ZsGreen-T2A-PURO vector
purchased from Hanbio Biotechnology (Shanghai, China), and
further confirmation was obtained by Sanger Sequencing. The
circEpc1 overexpressing lentivirus vector, two shRNAs (sh-
circEpc1#1 and sh-circEpc1#2) targeting circEpc1, and miR-
5114 mimics were also designed and synthesized by HanBio.
Cell transfection was performed as we described previously
(Dong et al., 2020). Then, 5 μg/ml of Puromycin
(MedChemExpress, NJ, United States) was used to select the
stably infected cells. The transfection efficiency was determined
by qRT-PCR.

Dual-Luciferase Reporter Assay
Luciferase assays were performed using the DLR Assay System
(Promega, WI, USA) according to the manufacturer’s
instructions. Briefly, the HEK293T cells were co-transfected by
Lipofectamine 3,000 (Invitrogen, CA, United States) with miR-
5114 mimics or negative control (NC) mimics (Sequence: 5′-
AGAACGUCGAAGGCAGAGGUCA-3′) and luciferase reporter
constructs containing the wild-type or mutant 3′-UTR of
circEpc1. The mimics and luciferase reporter constructs were

purchased from Hanbio (Shanghai, China). The cells were lysed
24 h after transfection, then Renilla luciferase (RLuc) and Firefly
luciferase (Fluc) activities were measured on a Synergy 2
luminometer (BioTek, USA). Rluc signals were normalized to
the intraplasmid Fluc transfection control.

Fluorescence in situ Hybridization (FISH)
For FISH, the RT-treated RAW264.7 cells were incubated using
specific probes of circEpc1 and miR-5114 according to user
manual of RNA FISH Kit (GenePharma, Shanghai, China).
The cells and fluorescence-labeled probes were hybridized in a
hybridization buffer and hybridized overnight at 37°C. The next
day, after stringent washing with SSC buffer, the nucleus were
counterstained with DAPI. Images were acquired using a LSM-
780 confocal laser scanning microscope (Carl Zeiss, Germany)
and digitized with a software program Zen Light Edition.

Animal Experiments
Male BALB/c mice aged 6–8 weeks, weighting 20–25 g, were
purchased from the Liaoning Changsheng biotechnology Co.
Ltd. (Benxi, China). To explore the regulatory function of
circEpc1 in vivo, the adeno-associated virus (AAV) circEpc1
overexpressing, shRNA targeting circEpc1, and (NC) were
constructed and packaged by HanBio. The mice were
randomly divided into three groups (NC, circEpc1-
overexpression, and sh-circEpc1) with eight mice in each
group. One week after the mice have acclimated to the
environment, a total of 50 µl solution containing above virus
or RT was slowly injected into trachea by means of liquid aerosol
lung delivery. All mice were sacrificed 3 weeks after the injection,
and the lungs were cut out for histopathological analysis.

Ex vivo Fluorescence Imaging
In order to detect the transfection effect of AAVs in vivo, we
carried out Ex vivo tissue fluorescence imaging experiment. Then,
under anesthesia, 3 weeks after AAVs transfection, the imaging
system was used for fluorescence imaging of lung tissue in mice.
Maestro software was used to remove the mouse background
fluorescence.

Histopathological Analysis
Histopathological analysis was performed according to the
manufacturer’s protocol. After injection, the mouse lungs were
cut out and immersed in 4% paraformaldehyde overnight,
embedded in paraffin and then sections Discussion μm thick
were cut. The sections were dehydrated in xylene and ethanol
successively. Hematoxylin-eosin (H&E) staining was performed
to evaluate the morphological variation in lung and inflammatory
cell infiltration. Sections were microscopically examined using
Nikon (Eclipse 80i; Tokyo, Japan), and the images were acquired
on the imaging system (digital sight DS-FI2, Nikon, Japan).

Western Blot Analysis
Protein of RT-treated RAW264.7 cells and lung tissue were
homogenized in RIPA lysis and extraction buffer (Thermo
Fisher Scientific, MA, United States) supplemented with
PMSF. A BCA Protein Assay Kit (Beyotime Biotechnology,
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Shanghai, China) was used to quantify the concentration of
protein samples in the cell lysates. Then, the proteins were
separated by 10% SDS-PAGE and electroblotted onto
polyvinylidene difluoride (PVDF) membranes (Millipore,
Billerica, MA, United States). Following blocking the PVDF
membranes with 5% nonfat milk (BD Biosciences, Franklin
Lakes, NJ, United States) in 0.1% Tween-20 TBST buffer at
room temperature for 1 h, the membranes incubated with

antibodies included NOD2 (1:2000, proteintech, 66,710), RIP2
(1:1,000, Abcam, ab8428), p65 (1:2000, proteintech, 66,535), IκB-
α (1:4,000, Abcam, ab32518), P-IκB-α (1:1,000, CST, 28,595), p38
(1:2,500, BD Biosciences, 612,280), p-p38 (1:5,000, BD
Biosciences, 612,168), ERK (1:4,000, BD Biosciences, 610,030),
p-ERK (1:1,000, BD Biosciences, 612,358), JNK (1:250, BD
Biosciences, 612,540), p-JNK (1:250, BD Biosciences, 610,627)
overnight at 4°C. β-actin (1:10,000, proteintech, 66,009) was used

FIGURE 1 | Identification of circRNAs expression profile. (A) Volcano plots were constructed using fold change values and p-values. The red dot in the plot
represents the significantly different expression (fold change≥ 2, p < 0.05) of circRNAs showing statistical significance. (B, C)Hierarchical clustering analysis of circRNAs
that are significantly differentially expressed in control and RT-treated RAW264.7 cells, including 17 upregulated and six downregulated circRNAs; each group contained
three biological repeats (fold change≥ 2, p < 0.05). The expression levels are presented in different colors indicating expression levels above and below the median
expression level across all samples. (D) ID number and alias of mmu_circ_0,000,842 from the circbase database. (E) Expression levels of top8 significantly differentially
expressed circRNAs were determined by qRT-PCR.
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as the internal protein loading control. After being washed
5 times in TBST for 50°min, membranes were incubated with
HRP-labelled secondary antibody at room temperature for 1 h.
Finally, immunodetection was performed using an enhanced
chemiluminescence (ECL) detection system with
Chemiluminescence HRP Substrate (GE Healthcare,
Buckinghamshire, United Kingdom).

Cytokine Assays
After RT treated, mice lungs were irrigated three times with
1.0 ml PBS. The collected bronchoalveolar lavage fluid
(BALF) was immediately centrifuged to separate the cells
and supernatant. Measurement of cytokine in the
supernatants of BALF and RT-treated RAW264.7 cells was
carried out using Mouse TNF-α ELISA kit (Dakewe,
Shenzhen, China) and Mouse IL-6 ELISA kit (Biolegend,
San Diego, CA, United States) according to the
manufacturer’s instructions.

Statistics
We performed our experiments in triplicate, and the results are
presented as mean ± standard deviation of the mean. Statistical
analyses were performed using GraphPad Prism 8 (GraphPad
Software, Inc. La Jolla, CA), and consisted of analysis of
variance followed by Student’s t-test when comparing two
experimental groups. p < 0.05 was considered statistically
significant, p < 0.01 and p < 0.001 were considered
indicative of highly significant difference.

RESULTS

Differential Expression of circRNAs in
RT-Treated RAW264.7 Macrophage Cells
To identify circRNAs that are crucial to RT-induced
inflammation, RNA-seq was performed for RT-treated
RAW264.7 macrophage cells and matched normal
RAW264.7 macrophage cells. As shown in Figure 1A, a
total of 4,273 dysregulated circRNAs were identified in
RT-treated RAW264.7 cells, of which 1,634 circRNAs were
upregulated and 2,639 circRNAs were downregulated. In
addition, we found that 17 circRNAs were significantly
upregulated, and six circRNAs were significantly
downregulated in RT-treated RAW264.7 cells (filtered by
fold change ≥2 and p < 0.05) (Figures 1B,C).

Among these circRNAs, we focused on the top eight
significantly differentially expressed circRNAs to verify
their abundance in RT-treated cells based on their fold
change. Interestingly, a circRNA (circRNA ID in circbase:
mmu_circ_0,000,842, http://www.circbase.org/, termed
circEpc1 in the remainder of the article), which was
derived from the Epc1 gene locus and most highly
upregulated circRNA attracted our attention (Figure 1D).
To further investigate the expression level of circEpc1
according to the RNA-seq data, we detected higher
circEpc1 expression in RT-treated RAW264.7 cells via
qRT-PCR, which was consistent with the RNA-seq data

(Figure 1E). Taken together, these results suggested that
circEpc1 as an upregulated circRNA participate in RT-
induced RAW264.7 macrophage inflammation.

Identification of the Circular Structure of
circEpc1
CircEpc1 arises from the Epc1 gene, which is located at
chromosome 18 and consists of the head-to-tail splicing of
exon three and exon 8 (6,448,902–6,455,334). Sanger
sequencing was performed to validate its back-splicing
using the RT-PCR product of circEpc1. The sequence is
consistent with circbase database annotation (http://www.
circbase.org/) (Figure 2A). To further confirm the circular
form of circEpc1, we designed divergent and convergent
primers to amplify the circular and linear forms of Epc1,
respectively. RT-PCR was performed to detected the
expression level of circular and linear forms of Epc1 with
or without RNase R supplementation in the reverse-
transcribed RNA (cDNA) and genomic DNA (gDNA) of
RAW264.7 cells. Results showed that divergent primers
could amplify products from cDNA but not from gDNA
(Figure 2B). Moreover, analysis for stability of circEpc1
and linear Epc1 in RAW264.7 cells treated with
Actinomycin D, an inhibitor of transcription, showed that
circEpc1 was more stable than linear Epc1 (Figure 2C). In
addition, the nuclear-cytoplasmic fractionation results
revealed that circEpc1 was primarily located in the
cytoplasm rather than nuclear (Figure 2D). These results
further confirm the characteristics of circEpc1 as a circRNA
and imply that its function may be benefited from the
biological stability.

CircEpc1 Acts as a Facilitator in RT-Induced
Inflammation of RAW264.7 Cells
Next, we examined the expression of circEpc1 in RT-treated
and normal RAW264.7 cells via qRT-PCR. The expression of
circEpc1 was significantly increased in RT-treated cells
(Figure 3A). Meanwhile, based on our previous work,
ELISA assays showed that the secretion of TNF-a and IL-6
in the supernatant of RT-treated cells was significantly higher
than that of the control group (Dong et al., 2020).
Collectively, these results suggested that circEpc1 may be
involved in RT-induced inflammation.

To investigate the role of circEpc1 in RT-induced
inflammation, two small hairpin RNAs (sh-circEpc1#1 and sh-
circEpc1#2) were constructed to target the unique back-splicing
junction of circEpc1. The shRNAs significantly decreased
circEpc1 expression without decreasing the linear Epc1 mRNA
level. In addition, RAW264.7 cells were also transfected with the
circEpc1 lentivirus vector to overexpress circEpc1. The efficiency
and specificity of circEpc1 knockdown and overexpression in
RAW264.7 cells verified by qRT-PCR (Figures 3B,C). However,
after knockdown of circEpc1, the secretion of TNF-α and IL-6
was significantly decreased. On the contrary, the overexpression
of circEpc1 showed the opposite result. (Figure 3D). Taken
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together, these data suggest that circEpc1 played as a facilitator in
RT-induced inflammation.

MiR-5114 Is Sponged by circEpc1 and Plays
aNegative Role in RT-Induced Inflammation
Extensive studies have reported that circRNAs mostly function as
miRNAs sponge to regulate downstream genes (Han et al., 2017; Yu
et al., 2018). Therefore, taking the sequence of circEpc1 as a bait, we
constructed a circEpc1-miRNAs-NOD2 network and performed a
cross-analysis using two miRNA target prediction online databases
(TargetScan and miRanda). This network included three candidate
miRNAs (miR-1930–3p, miR-5114, and miR-719), containing
common binding sites for the circEpc1 and NOD2 (Figure 4A).
Based on our previous work, RNA-Seq technology was used to
perform an analysis of the miRNA profiles of RT-treated
RAW264.7 macrophage cells. Interestingly, we found that the

expression of miR-5114 was significantly downregulated and the
same results were obtained by qRT-PCR assays in RT-treated
RAW264.7 cells (Figure 4B), suggesting that there may be a
regulatory relationship between circEpc1 and miR-5114.

To confirm miR-5114 could be regulated by circEpc1, a dual-
luciferase reporter assay was used to determine the direct binding
between circEpc1 and miR-5114 based on their complementary
sequences. We constructed luciferase reporters containing wild
type and mutated putative binding sites of circEpc1 transcripts
(Figure 4C). Then, we co-transfected a miR-5114 mimic with the
reporter gene into HEK293T cells. Results of luciferase reporter
assays showed that the luciferase activities of circEpc1 wild type
reporter were significantly reduced when transfected with miR-
5114 mimics compared with control reporter or mutated
luciferase reporter (Figure 4D). Thus, the direct interaction
between circEpc1 and miR-5114 was confirmed. Furthermore,
FISH analysis was performed in RT-treated RAW264.7 cells, and

FIGURE 2 | Characterization of circEpc1 in RT-treated RAW264.7 cells. (A) Genomic loci of circEpc1 gene. circEpc1 is produced at the Epc1 gene (ID: 13,831)
locus containing exons 3–8. The back-splice junction of circEpc1 was identified by Sanger sequencing. (B) RT-PCR analysis for circEpc1 and its linear isoform Epc1 in
cDNA and gDNA in the presence or absence of RNase R supplementation from RAW264.7 cells using divergent and convergent primers. (C) qRT-PCR for the
abundance of circEpc1 and Epc1 in RAW264.7 cells treated with Actinomycin D at the indicated time point. (D) Levels of circEpc1 in the nuclear and cytoplasmic
fractions of RAW264.7 cells. Data represent the mean ± SD from three representative experiments (*p < 0.05, **p < 0.01, ***p < 0.001).
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we found that miR-5114 was co-localized with circEpc1 in the
cytoplasm, which further verification the interaction between
circEpc1 and miR-5114 (Figure 4E).

To study the function of miR-5114, miR-5114 mimics was
separately transfected into RAW264.7 cells and its effect on the
expression of miR-5114 was detected (Figure 4F). Moreover, we
found that, miR-5114 mimics significantly suppressed the TNF-a
and IL-6 secretion, and this effect could be reversed after
transfection with circEpc1 overexpressing lentivirus vector
(Figure 4G). In conclusion, these results revealed that miR-
5114 played a negative role in RT-induced inflammation and
circEpc1 serves as a sponge of miR-5114.

CircEpc1 Facilitates RT-Induced
Inflammation by Upregulating the
Expression of NOD2 and Activating the
NF-κB and MAPK Signaling Pathways
With the aim to detect the detailed mechanism of circEpc1 in
RT-induced inflammation, we focused on a gene involved in
inflammation responses to get some key clues. Increasing
evidences demonstrate that NOD2, an intracellular PRR,
plays an important role in innate immune regulation. Once
activated, NOD2 oligomerizes and interacts with the serine/
threonine kinase receptor-interacting protein 2 (RIP2)
though the CARD domains, resulting in the activation of
NF-κB and MAPK signaling pathways (Hasegawa et al., 2008;

Tao et al., 2009; Fridh and Rittinger, 2012). Here, we
investigated whether there is interaction between circEpc1,
miR-5114 and NOD2.

Online bioinformatics predictions (TargetScan) indicated that
miR-5114 possesses binding sites that are potentially
complementary to NOD2 (Figure 5A). Intriguingly, NOD2
and RIP2 were both significantly increased in RT-treated
RAW264.7 cells at mRNA and protein levels according to the
results of qRT-PCR and Western blot assays (Figures 5B,C),
suggesting that NOD2 expression was positively correlated with
the circEpc1 expression level in RT-induced inflammation.
According to the NOD-Like Receptor signaling pathway
shown in Figure 5D, NOD2 mediates the expression of
inflammatory cytokines by activating downstream NF-κB and
MAPK signaling pathways. Thus, we confirmed this signal
transduction mechanism in RT-treated RAW264.7 cells
(Figures 5E,F). Furthermore, the regulatory function of
circEpc1 was also confirmed in lentivirus-constructed cell lines
(Figures 5G,H). Sum up the above results, CircEpc1 facilitates
RT-induced inflammation by upregulating the expression of
NOD2 and activating the NF-κB and MAPK signaling pathways.

CircEpc1 Promotes RT-Induced
Inflammation in vivo
To evaluate the contribution of circEpc1 to RT-induced
inflammation in vivo, the following animal experiment was

FIGURE 3 | Characterization of circEpc1 in RT-treated RAW264.7 cells. (A) Expression level of circEpc1 in control and RT-treated RAW264.7 cells. (B) Two
shRNAs were designed to silence circEpc1 by targeting the spliced junction of circEpc1, it revealed that the shRNAs could significantly downregulate the expression level
of circEpc1 but had no effect on that of linear Epc1. (C) Expression level of circEpc1 in RAW264.7 cells after transduction with over-expressing circEpc1 lentivirus. (D)
ELISA assays were performed to determine the role of circEpc1 in RT-induced inflammation. Data represent the mean ± SD from three representative experiments
(*p < 0.05, **p < 0.01, ***p < 0.001).
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conducted. Mice were challenged with RT by means of liquid
aerosol lung delivery, and the effects of challenge dose and time
on the secretion of TNF-α and IL-6 in BALF of mice were
evaluated via ELISA (Figure 6A). Based on the results,
treatment with RT (2 µg/ml) for 24 h was took as the
condition of the follow-up animal experiment. To further
investigate the effects of circEpc1 in vivo, gain-and-loss
function assays were performed through AAV transfection
system. Mice were randomly divided into the following three
groups: NC, OE-circEpc1, and sh-circEpc1. The transfection
effect was detected by ex vivo fluorescence imaging system and
qRT-PCR after transfection 3 weeks (Figures 6B,C). Meanwhile,
overexpression of circEpc1 significantly suppressed the

expression of miR-5114 (Figure 6D). In the case of exposed to
RT (2 µg/ml), the protein level of NOD2 and RIP2 were
significantly upregulated in OE-circEpc1 group, but showed
the opposite trend in sh-circEpc1 group (Figure 6E).
Furthermore, to investigate the potential pro-inflammatory
function of circEpc1, H&E staining was used to detect
inflammatory injury in lung tissue (Figure 6F). Following RT
exposure, the alveolar wall was thickened, there was extensive
neutrophil infiltration, and a large number of inflammatory cell
foci appeared around the blood vessels. It was further showed that
circEpc1 could significantly promote the secretion of TNF-α and
IL-6 (Figure 6G). These results suggested that circEpc1 functions
as a promoter in RT-induced inflammation in mice.

FIGURE 4 | CircEpc1 serves as a miRNA sponge of miR-5114. (A) The schematic flowchart shows the pipelines of miRNAs which could bond to circEpc1 and
NOD2 3′-UTR via online bioinformatic network. (B) Expression level of miR-5114 in control and RT-treated RAW264.7 cells. (C, D) Dual-luciferase reporter activity of
circEpc1 in HEK-293T cells co-transfected with miR-5114 mimics or mimics NC. (E)MiR-5114 co-localized with circEpc1 in the cytoplasm by FISH analysis, scale bar �
100 μm (F) Expression level of miR-5114 in RAW264.7 cells after transduction with miR-5114 mimics lentivirus. (G) TNF-a and IL-6 secretion in RT-treated
RAW264.7 cells transfected with miR-5114 mimics alone or co-transfected with circEpc1. Data represent the mean ± SD from three representative experiments (*p <
0.05, **p < 0.01, ***p < 0.001).
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FIGURE 5 |CircEpc1 facilitates RT-induced inflammation by relieving repression of miR-5114 for NOD2 expression in RAW264.7 cells. (A) The binding sites of miR-
5114 and NOD2 were predicted by TargetScan database. (B) Expression level of NOD2 and RIP2 in control and RT-treated RAW264.7 cells. (C) The protein expression
level of NOD2 and RIP2 in control and RT-treated RAW264.7 cells. (D) NOD-Like Receptor signaling pathway. (E, F) Western blot assays were used to evaluate the
activation of MAPK and NF-κB signaling pathways in RAW264.7 cells induced by RT. (G, H)Western blot assays were used to evaluate the effects of circEpc1 and
miR-5114 on NOD2, RIP2, MAPK and NF-κB signaling pathways in RT-induced inflammation. The intensity of bands were scanned and measured by ImageJ software,
and were summarized as bar graphs. Data represent the mean ± SD from three representative experiments (*p < 0.05, **p < 0.01, ***p < 0.001).
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DISCUSSION

Currently, due to the supreme cytotoxicity of RT, it is still a great
challenge to deal with the severe inflammatory injury caused by
inhaled RT. However, although significant improvements have

been made in diagnosis and treatment strategies, there is no
effective and approved treatment for RT inhalation poisoning, so
new and effective treatments for this injury are needed. Growing
evidence indicates that circRNAs, as novel noncoding RNAs, play
important roles in multiple inflammatory responses and may be

FIGURE 6 |CircEpc1 promotes RT-induced inflammation in vivo. (A) Effects of RT concentration and exposure time on TNF-α and IL-6 secretion inmice. (B) Ex vivo
fluorescence imaging of lung tissue in control and AAVs transfected mice groups. (C, D) qRT-PCR assays were used to determine the expression of circEpc1 and miR-
5114 in AAVs transfected mice. (E)Western Blot assays were used to determine the protein expression level of NOD2 and RIP2 in AAVs transfected mice. (F) The image
(H&E staining) of mouse lungmorphological changes and inflammatory cell infiltration in control and RT exposed groups of AAVs transfectionmodel mice (scale bar:
100 μm). (G) CircEpc1 promotes the secretion of TNF and IL-6 in mice exposed to RT. Data represent the mean ± SD from three representative experiments ( *p < 0.05,
**p < 0.01, ***p < 0.001).
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involved in the pleiotropic modulation of cellular functions (X. Li
et al., 2020; Li et al., 2019). Thus, it is essential to analyze the
differentially expressed circRNAs in RT-treated RAW264.7
macrophage cells and elucidate its basic mechanism in RT-
induced inflammation.

In the present study, we profiled circRNA expression in
RT-treated and normal RAW264.7 macrophage cells by
RNA-Seq, resulting in the identification of 23 significantly
differentially expressed circRNAs, including 17 upregulated
and six downregulated circRNAs. We identified circEpc1 as a
significantly upregulated circRNA in RT-treated RAW264.7
cells and RT-injured mice. Gain-and-loss function assays
suggested that the circEpc1 promotes RT-induced
inflammation through circEpc1/miR-5114/NOD2 axis
(Figure 7).

Our circRNA high-throughput sequencing and qRT-PCR
results showed that circEpc1 is significantly overexpressed in
RT-treated RAW264.7 cells compared with the normal
RAW264.7 cells, and it was the first time to scan circRNAs
which play a promoting role in RT-induced inflammation. To
elucidate the detailed mechanism underlying circEpc1
function as a facilitator in RT-induced inflammation, we
constructed cell lines with circEpc1 overexpression and
knockdown using lentiviral vectors. CircEpc1
overexpression significantly promotes the secretion of
TNF-α and IL-6 in RAW264.7 cells, indicating a pro-
inflammatory effect of circEpc1 in RT-induced
inflammatory injury and its potential value as a biomarker
to for the diagnosis of RT poisoning.

Although it is not clear how circRNAs regulate the
progression of inflammation, studies have shown that they

may function as miRNA sponges to regulate the expression of
target genes via the miRNA response element (J. Chen et al.,
2019). It has been reported that CircBbs9 can promote PM2.5-
induced lung inflammation by activating NLRP3 via sponge
miR-30e-5p (M. Li et al., 2020). In addition, circGLIS2
abnormally activates NF-κB signaling pathway through
miR-671 sponge mechanism in colitis cells (J. Chen et al.,
2020). Moreover, circRNA, which is widely located in the
cytoplasm, often acts as a miRNA sponge (Su et al., 2019). We
confirmed that circEpc1 was mainly located in the cytoplasm
by nucleocytoplasmic separation experiments. Furthermore,
bioinformatics analysis showed that there were potential
binding sites between circEpc1 and miR-5114. Our results
showed that circEpc1 contains the binding site of miR-5114,
and it could bind to miR-5114 in RT-treated RAW264.7 cells
as verified by FISH and Dual-Luciferase reporter assays. In
addition, we also constructed cell lines with miR-5114
overexpression using lentiviral vectors. Compared with the
control cells, the secretion of TNF-α and IL-6 in miR-5114
overexpression cells was significantly downregulated. On the
contrary, when co-transfected with miR-5114 overexpression
and circEpc1 overexpression lentivirus vectors, this trend was
reversed. Therefore, we concluded that miR-5114 is sponged
by circEpc1 and plays a negative role in RT-induced
inflammation.

To further explore the regulatory mechanism of circRNA
as ceRNA, we identified a target gene NOD2 which can bind
to miR-5114 through TargetScan. NOD2 belongs to the
intracellular pattern-recognition receptors (PRRs) family,
which can sense bacterial peptidoglycan (PGN) and
muramyl dipeptide (MDP) (Girardin et al., 2003).
Furthermore, NOD2 regulates multiple signaling pathways
involved in a variety of cellular responses, including
inflammatory responses via activation of NF-κB, MAPK,
and type I IFNs, and autophagy (Trindade and Chen,
2020). Recent studies suggest that inhibition of NOD2
signaling pathway may be beneficial to the development of
inflammatory disorders (Cavallari et al., 2017; Miller et al.,
2018). Therefore, we thought that RT-induced RAW264.7
cells inflammation may due to NF-κB and MAPK activation
downstream of NOD2 signaling pathway. Studies have shown
that RIP2 is the essential adaptor kinase in NOD2 signaling
pathway, and formation of the NOD2-RIP2 multiprotein
complex after ligand recognition drives NF-κB/MAPK
activation (Chin et al., 2002; Park et al., 2007). In this
study, we found that the expressions of NOD2 and RIP2
were significantly upregulated in RT-treated RAW264.7 cells
via qRT-PCR and WB analysis. Furthermore, the
phosphorylation of IκB-α, p38, ERK, and JNK in
RAW264.7 cells were increased following RT treatment.
Studies on the regulatory mechanism of ceRNA confirmed
that circEpc1 upregulated the expression of NOD2 and RIP2.
Compared with the control cells, the phosphorylation of IκB-
α, p38, ERK, and JNK in circEpc1 overexpression cells was
significantly increased, while miRNA reversed these results.
Above all, circEpc1 functions as a ceRNA to up-regulate the
expression of NOD2 by competitive binding to miRNA-5114,

FIGURE 7 | The mechanism of circEpc1 promotes RT-induced
inflammation through the circEpc1/miR-5114/NOD2 axis.

Frontiers in Pharmacology | www.frontiersin.org October 2021 | Volume 12 | Article 76790011

Dong et al. circEpc1 Promotes Ricin Toxin-Induced Inflammation

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


leading to the progression of RT-induced inflammation via
NF-κB and MAPK signaling pathways.

Presently, there are relatively few reports about the role of
circRNAs in innate immunity and our study provided a novel
insight into the role of circRNA in RT-induced inflammation. For
this study, only the function of circEpc1 as a miRNA sponge has
been explored. However, besides this mechanism, circRNAs can
interact with RNA-binding protein to regulate gene expressions
and encode functional proteins, indicating there may be other
potential mechanisms for the role of circEpc1 in RT-induced
inflammation and further research is needed.

CONCLUSION

In summary, our findings reveals that circEpc1 competitively
binds miR-5114 to abolish the suppressive effect of miR-5114
on NOD2, then promotes RT-induced inflammation via NF-
κB and MAPK signaling pathways. The data provides a link
between circRNAs, NOD2 signaling pathway and innate
immunity. Based on this mechanism, it is believed that the
circEpc1/miR-5114/NOD2 axis has great potential as a new
biomarker and new therapeutic target for RT-induced
inflammation in the future.
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