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Abstract

Objective Ulcerative colitis (UC) is an inflammatory bowel disease that lacks satisfactory treatment. This study aimed to
investigate the role of bone marrow mesenchymal stem cell-derived exosomal circHECTD1 (Exo-circHECTD1) in UC and
its mechanism of action.

Methods An inflammatory model was created using LPS-stimulated MODE-K cells and an UC mouse model was estab-
lished using dextran sodium sulfate (DSS). Cell proliferation was assessed using CCK-8. Apoptosis and Th17/Treg cell dif-
ferentiation were analyzed by flow cytometry. Inflammatory factors were detected using ELISA. FITC fluorescence intensity
was measured to evaluate permeability. m®A modification and molecular binding were detected using immunoprecipitation
methods. Luciferase reporters were used to evaluate METTL3 promoter activity. RT-qPCR was used to detect RNA expres-
sion and western blotting was used to detect METTL3, CTCEF, claudinl, and tight junction proteins (ZO-1, occludin).
Results Exo-circHECTD1 enhanced viability and permeability and reduced apoptosis and inflammation factor levels in
LPS-treated MODE-K cells. Moreover, it reduced the Th17/Treg ratio, regulated gut microbiota, and promoted the recovery
of mice with DSS-induced UC. Claudinl knockdown reversed the protective effect of Exo-circHECTD1 on UC models.
CircHECTD1 binds to CTCF, which binds to the METTL3 promoter and promotes METTL3 promoter activity. METTL3
upregulates the level of claudinl m®A modification and inhibits claudinl expression. CTCF or METTL3 knockdown allevi-
ated LPS-induced MODE-K cell damage.

Conclusion Exo-circHECTDI inhibits METTL3 transcription by binding to CTCF to reduce claudinl m®A modification
and promote claudinl expression, thereby regulating the balance of gut microbiota and Th17/Treg cells and alleviating UC.
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Introduction

Ulcerative colitis (UC) is a lifelong inflammatory bowel
disease that is increasing in incidence worldwide [1]. It is
hypothesized to be associated with exposures to environ-
mental risk factors leading to an improper immune response
to the gut microbiota in genetically predisposed individuals
and is usually manifested by bloody diarrhoea, abdominal
pain, and fecal incontinence [2, 3]. Currently, a wide vari-
ety of drugs, including mesalamine, glucocorticoids, aza-
thioprine, biological agents, JAK inhibitors, and calcineurin
inhibitors, are available for the treatment of UC [4]. How-
ever, the rapidly expanding range of treatment options has
urged a need for personalized medicine to achieve optimal
disease control [5]. A better understanding of the biologi-
cal mechanisms driving UC may improve medical decisions
and support the development of novel drugs.

Colonic mucus barrier damage is a common and key
pathogenic event in UC [6]. This physical barrier is formed
by mucus secreted from goblet cells in the intestinal epithe-
lium to allow passage of small molecules and hinder translo-
cation of microorganisms, thereby protecting the epithelium
[7]. Tight junctions between epithelial cells are important
regulators of such transepithelial permeability [8]. Claudinl
is a tight junction protein that maintains intestinal epithe-
lial barrier function [9]. Claudinl expression is decreased in
UC [10, 11]. Therefore, claudinl can be targeted to improve
intestinal barrier function and alleviate UC.

In recent years, mesenchymal stem cell (MSC)-derived
exosomes have demonstrated great potential to manage vari-
ous diseases at both preclinical and clinical levels [12]. Exo-
somes can impose phenotypic and molecular alterations on
recipient cells by delivering their cargo of proteins, lipids,
metabolites, and nucleic acids (DNA, mRNA, and noncoding
RNAs) [13]. Circular RNAs (circRNAs) are a group of single-
stranded closed noncoding RNAs that have been recognized
as important regulators of gene expression in a variety of dis-
eases [14]. However, the role of circRNAs in UC has been
insufficiently studied. We have previously detected downregu-
lation of circHECTD1 expression in colonic mucosal tissues
of patients with UC and further discovered that circHECTD1
overexpression can reduce colonic injury and inflammation in
mice with DSS-induced UC by upregulating the expression
of the pro-autophagic protein HuR via targeted inhibition of
miR-182-5p [15]. Therefore, circHECTD1 may be delivered
using exosomes to target dysregulated factors such as claudinl
in the intestinal epithelium, thereby alleviating UC.

This study aimed to determine whether exosomal cir-
cHECTDI can alleviate UC by targeting claudinl and also
uncover the mechanism by which circHECTDI regulates
claudinl, providing novel insights into the pathogenesis of UC
and a theoretical basis for exosome treatment of this disease.
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Materials and methods
Bone marrow MSC (BMS(C) isolation and culture

BALB/c mice (Hunan SJA Laboratory Animal Co., Ltd.,
Changsha, Hunan, China) were used for experiments under
the approval of the Animal Ethics Committee of Xiangya
Hospital, Central South University. Animals were sacrificed
by cervical dislocation after ether anesthesia, followed by
the removal of tibiae and femora on a sterile operating table.
The epiphyses on both sides of the bone were cut off and
the bone marrow was flushed out with BMSC culture media
(RASMX-90011, Cyagen, Guangzhou, China). Cells were
disaggregated by pipetting. The single cell suspension was
poured through a cell filter (70 um) and spun at 1200 rpm
for 5 min to remove the fat layer and lymphocytes. The cell
pellet was washed thrice with PBS, resuspended in BMSC
culture media, and cultured at 37 °C with 5% CO,. After
24 h, the media were changed and non-adherent cells were
discarded. Thereafter the media were changed every 3 days.
Cells were passaged at a density of 1:2. Cells at passage 3
were used for experiments.

Cell identification by flow cytometry

BMSCs were incubated with CD105 (1:1000, ab2529,
Abcam, Cambridge, UK), CD90 (1:2000, ab307736,
Abcam), CD45 (1:2000, ab40763, Abcam), CD31 (1:2000,
ab9498, Abcam), or CD29 (1:500, ab30394, Abcam) anti-
bodies or corresponding isotype control antibodies for
25 min and analyzed by flow cytometry.

Osteogenic/adipogenic differentiation

Culture media were replaced to induce adipogenic or osteo-
genic differentiation of third-generation BMSCs in the loga-
rithmic growth phase. These cells were stained with Oil Red
O (Sigma, USA) or Alizarin Red (Sigma) to observe adipo-
genic or osteogenic differentiation, respectively.

Exosome isolation and identification

Third-generation BMSCs (80% confluent) were cultured in
exosome-free media consisting of DMEM/F-12 and 10%
exosome-free FBS (Gibco, USA). After 24 h of cell incuba-
tion, the supernatant was collected and centrifuged (300 x
g, 10 min; 2000 x g, 10 min; 10000 x g, 30 min; 100000 x
g, 70 min, twice). The precipitate was resuspended in PBS.
Exosomes were observed using a transmission electron
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microscope (Hitachi, Japan). The diameter of exosomes was
measured and analyzed using ZetaView (Particle Metrix,
Germany). The expression of calnexin, CD63, HSP70, and
TSG101 was detected by western blotting.

Exosome uptake detection by
immunofluorescence

MODE-K cells were seeded at a density of 2 x 10* cells per
well into a 24-well plate and cultured for 24 h. Then the
cells were cultured with PKH26 (Sigma)-labeled exosomes
(100 pg/mL) for 24 h. After fixation with 4% paraformalde-
hyde, the cells were stained with DAPI (Beyotime, China)
and observed under a microscope (Zeiss, Germany).

Cell culture and transfection

Mouse intestinal epithelial MODE-K cells (iCell, China)
were cultured in 10% FBS-containing DMEM (Gibco).
Knockdown vectors (sh-CTCF, sh-METTL3, and sh-clau-
dinl), overexpression vectors (OE-claudinl), and negative
control vectors (OE-NC and sh-NC) were purchased from
RiboBio (Guangzhou, China) and transfected into MODE-
K cells using a RiboFECT™ CP transfection kit (RiboBio).
The transfection efficiency was determined after 48 h. Suc-
cessfully transfected cells were incubated with 1 pg/mL
LPS (Sigma) for 24 h and then with exosomes or Exo-cir-
cHECTDI for 24 h before other experiments.

CCK-8 viability assay

Cells were transferred to a 96-well plate (5 10* cells/well)
and maintained for 48 h. Then the cells were incubated with
10 pL/well CCK-8 reagent at 37 °C in the dark for 2 h. Opti-
cal density at 450 nm (ODys ,,) Was determined using a
microplate reader (Thermo Fisher Scientific, USA) to assess
cell viability.

Apoptosis analysis

Cells were harvested at 80% confluence and 1x 10° cells
were washed twice with prechilled PBS. Then the cells
were suspended in 1X Annexin buffer, incubated with 5
pL of Annexin V-FITC (88-8005-74, eBioscience, New
York, USA) at room temperature for 10 min away from
light, suspended in 300 pL of 1X Annexin buffer after a
wash with precooled PBS, and injected into a flow cytom-
eter (Guava® easyCyte 12, Millipore, USA) to measure
apoptosis.

ELISA to detect inflammatory factors

Cell culture media or retroorbital blood of mice was cen-
trifuged and the supernatant was collected for the detection
of IL-1p (P1301, Beyotime) and TNF-a (PT512, Beyotime).
Sandwich enzyme immunoassay technique was utilized and
ODy,50 nm Was measured. According to the absorbance values
of the serially diluted cytokine standard, a standard curve
was drawn to calculate the sample concentration.

Permeability assay

Monolayer MODE-K cells seeded in transwell chambers
were incubated with FITC-Dextran 4 kDa (FD4; 60842-
46—8, Sigma-Aldrich, USA) for 2 h. The fluorescein inten-
sity of the medium in the lower chamber was determined to
analyze cell membrane permeability. FD4 was administered
by gavage to animals (n=8/group) at 400 pg/g. Intestinal
permeability was evaluated by quantifying FITC fluores-
cence in plasma.

UC mouse model establishment

All animal experiments were authorized by the Ethics Com-
mittee of Xiangya Hospital, Central South University and
were carried out in strict accordance with the Guidelines for
the Ethical Review of Laboratory Animal Welfare in China.
Male specific pathogen-free (SPF) C57BL/6 and BALB/c
mice (4 weeks, 15-17 g, Hunan SJA Laboratory Animal
Co., Ltd.) were housed in an SPF environment. Mice were
given an enema of 1 x 10'? vg/mL AAV-sh-claudin1 (Ribo-
Bio) to inhibit claudinl expression and the dextran sulfate
sodium (DSS)-induced UC model was established 4 weeks
later. DSS (3% m/v, MP Biomedicals, CA, USA) in water
was administered for 7 consecutive days. Starting from
1 day before modeling, mice in the DSS-Exo group were
intraperitoneally injected with 50 pg of exosomes every
other day and mice in the sham and DSS groups were intra-
peritoneally injected with PBS (control). During the entire
experimental period, the survival rate, general condition,
body weight, diarrhoea, and blood in stool of the animals
were monitored daily and the disease activity index (DAI;
Table 1) of each mouse was recorded daily according to the
standard protocol. The mice in each group were euthana-
tized by cervical dislocation on the 8th day and colon tissues
were collected. If the animal died prematurely, affecting the
collection of histological data, it was excluded.

Histological examination

Colon tissues were fixed with 4% paraformaldehyde,
embedded in paraffin, cut into 5-pm sections, attached to
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Table 1 Criteria for disease activity index

Loss of weight (%) Stool consistency Bloody stool Score

0 Normal Normal 0

1-5 / / 1

6-10 Loose Occult bleeding 2

10-15 / / 3

>15 Diarrhea Gross bleeding 4

Table 2 Histological scores

Score Inflammation Mucosal damage Regeneration Crypt damage Range of
lesions

0 None None Complete regeneration or normal None 0%

tissue
1 Mild Mucous layer Almost complete regeneration Basal 1/3 damage 1%-25%
2 Moderate Mucousa and Regeneration with crypt depletion ~ Basal 2/3 damage 26%—-50%
submucosa
3 Severe Transmural Surface epithelium not intact Crypt lost; surface epithelium present 51%—75%

No tissue repair

Crypt and surface epithelium lost 76%—-100%

slides, and then dyed with hematoxylin and eosin. The
slides were scanned using a Pannoramic MIDI scanner
(3DHISTECH Ltd., Budapest, Hungary) and viewed using
Pannoramic Viewer 1.15.4 (3DHISTECH Ltd.). Histopath-
ological changes were evaluated according to a previously
developed scoring system [16] (Table 2).

Microbiome analysis

DNA was extracted from mouse feces using a DNeasy Pow-
erSoil kit (Qiagen) and quantified using Quant-iT PicoGreen
(Invitrogen). DNA amplification was performed using a uni-
versal primer pair with [llumina adapter overhang sequences
(V3 forward primer: 5’-TCG TCG GCA GCG TCA GAT
GTG TAT AAG AGA CAG CCT ACG GGN GGC WGC
AG-3’; V4 reverse primer: 5’-GTC TCG TGG GCT CGG
AGA TGT GTA TAA GAG ACA GGA CTA CHV GGG
TAT CTA ATCC-3’). PCR products were quantified using
a KAPA Library Quantification kit (KAPA Biosystems Inc.)
and TapeStation D1000 ScreenTape (Agilent Technologies).
Paired-end sequencing was conducted by Macrogen using
the MiSeq™ platform (Illumina) to cluster operational taxo-
nomic units for diversity analysis.

Flow cytometry to determine the ratio of T-helper
(Th)17/regulatory T (Treg) cells

For Th17 cell staining, mesenteric lymph nodes and lam-
ina propria lymphocytes were stimulated with phorbol
12-myristate-13-acetate (100 ng/mL), ionomycin (I mg/
mL), and brefeldin A (10 mg/mL) at 37 °C for 5 h. After
blocking with anti-CD16+CD32 antibodies (1:2000,
ab223200, Abcam), cells were labeled with FITC anti-
CD4 antibodies (1:100, ab59474, Abcam). After fixation
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and permeabilization, intracellular staining was performed
with PE anti-IL-17 A antibodies. Similarly, Treg cells
were labeled using surface markers FITC anti-CD4 and
APC anti-CD25 antibodies (1:300, ab210330, Abcam) and
nuclear marker PE anti-Foxp3 antibodies (1:500, ab218773,
Abcam). Data were analyzed using FlowJo v10 software.

RNA Immunoprecipitation (RIP) detection of CTCF
binding to circHECTD1 or METTL3 binding to
claudin1 mRNA

When the cell confluence reached 80%-90%, the medium
was discarded and the cells were rinsed with 1 mL of cold
PBS and lysed with RIPA buffer in an ice bath for 5 min. The
lysate was centrifuged at 32876.4 x g for 10 min at 4 °C. A
portion of the cell extract was used as input, while another
portion was incubated with CTCF (1:1000, ab128873,
Abcam) or METTL3 (1:1000, ab195352, Abcam) antibod-
ies. Proteinase K was used to extract RNA for PCR detec-
tion of circHECTD]1 or claudinl mRNA.

Chromatin Immunoprecipitation (ChIP) detection of
CTCF binding to the METTL3 promoter

Experiments were performed according to the instructions of
a ChIP kit (26156, Thermo Fisher Scientific). Cells (5 x 10%)
were cultured until adherent, and 1% paraformaldehyde was
added to the medium. The cells were incubated at room tem-
perature for 10 min, and glycine was added to terminate the
crosslinking reaction. Chromatin fragments (300—1000 bp)
were obtained by ultrasonication. IgG or CTCF antibodies
(1:1000, ab128873, Abcam) were used for immunoprecipi-
tation. Streptavidin beads were used to capture the immune
complexes. After extensive washing, the bead complexes



Bone marrow mesenchymal stem cell-derived circHECTD1 targets claudin1 through the CTCF/METTL3 axis to...

Page50f17 41

were treated with 50 uL of DNA elution buffer at 37 °C for
30 min, boiled with 10 pL of 5X loading buffer at 100 °C
for 10 min, and centrifuged. The supernatant was collected
for RT-qPCR.

Luciferase reporter assay

The METTL3 promoter reporter plasmid and CTCF over-
expression plasmid were purchased from RiboBio. The
METTL3 promoter reporter plasmid was cloned into the
pGL3 Basic vector. Forty-eight hours after co-transfection
of the plasmids into MODE-K cells, the Renilla lucifer-
ase activity was detected using the Dual-Glo Luciferase
Reporter Assay System (Promega), normalized to the inter-
nal control firefly luciferase activity.

Me-RIP detection of claudin1 m®A modification

According to the instructions of the Magna MeRIP m®A Kit
(Millipore), bead-antibody complexes were prepared by
incubating Magna ChIP protein A/G magnetic beads with
anti-m®A or normal IgG. Then, extracted cellular RNA was
incubated with the bead-antibody complexes at 4 °C over-
night, and total RNA was used as input. Eluted RNA was
collected for the detection of m®A in claudinl mRNA.

RT-qPCR

Total RNA was extracted using TRIzol reagent (Invitrogen)
and cDNA was synthesized using a PrimeScript RT reagent
kit (Takara, Dalian, China). PCR was performed using
SYBR Green (Takara) with specific primers (Table 3). Rela-
tive expression was calculated using the 222" method and
normalized to B-actin.

Western blotting

Total protein was extracted with RIPA lysis buffer (Bey-
otime). After SDS-PAGE separation, proteins were

Table 3 Primer sequences used in the study

transferred onto PVDF membranes. After skim milk block-
ing, the membranes were probed with primary antibodies
(Abcam) including CD63 (1:5000, ab134045), TSG101
(1:1000, ab125011), HSP70 (1:500, ab2787), ZO-1 (1:1000,
ab276131), occludin (1:1000, ab216327), claudinl (1:1000,
ab203563), METTL3 (1:1000, ab195352), CTCF (1:1000,
ab300639), and B-actin (1:50000, ab8227), followed by the
treatment with secondary antibodies (1:3000, ab205718).
Protein bands were obtained using ECL reagent (Beyotime).
Signal intensity was analyzed using Image J software.

Statistical analysis

Statistical analysis was performed using SPSS software ver-
sion 25. Values are expressed as mean+standard deviation.
One-way analysis of variance and Tukey’s post hoc test
were employed to analyze statistical differences. P values
of <0.05 were considered statistically significant.

Results
Identification of BMSCs and exosomes

First, the collected BMSCs were identified. The cells were
observed to be spindle-shaped under a light microscope
(Fig. 1A). Directional differentiation was induced to evalu-
ate the multipotency of BMSCs. The isolated BMSCs were
positive for Alizarin Red staining after osteogenic differenti-
ation induction and Oil Red O staining after adipogenic dif-
ferentiation induction (Fig. 1B-C), indicating that they have
osteogenic and adipogenic differentiation capabilities. The
expression of stem cell surface markers was further detected
by flow cytometry. The positive rates of CD105, CD90, and
CD29 reached more than 98%, and a few cells expressed
CD45 (hematopoietic cell surface marker) or CD31 (endo-
thelial cell surface marker) (Fig. 1D). Next, BMSC-derived
exosomes were isolated. The morphology of the exosomes
was observed by transmission electron microscopy and their

Primer

Sequence (5'-3")

CircHECTDI-F
CircHECTDI1-R
METTL3-F
METTL3-R
CTCE-F
CTCF-R
Claudinl-F
Claudinl-R
B-actin-F
B-actin-R

ACCAGCCTCACATCAACTTCCA
GTGGATCAAGAGGCCAAGTTGC
TGGTGGTCCTAAGAGTTGAACC
GGGGCATGAGACTGAAGCAG
CAGCCACGGAGAGGTAAGTG
GCAGGGATTACACCATGCCT
AAACCATGCCTGGAGCAGTC
GCATCCTCCTAGCAACCGTC
GAAGGCTATAGTCACCTCGGG
ATGGTAATAATGCGGCCGGT

F, forward primer; R, reverse primer
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Fig. 1 Identification of BMSCs and exosomes. The obtained BMSCs
and exosomes were identified: (A) BMSC morphology was observed
by light microscopy. (B) Alizarin Red staining was performed after
osteogenic differentiation. (C) Oil Red O staining was performed after
adipogenic differentiation. (D) MSC markers were detected by flow

sizes were analyzed. The exosomes had a disc-like shape
with a diameter of 50-200 nm (Fig. 1E-F). Western blotting
results showed that the exosomes were positive for CD63,
TSG101, and HSP70 and negative for calnexin (Fig. 1G).
After incubation of MODE-K cells with PKH26-stained
exosomes, it was shown that exosomes could be ingested by
MODE-K cells (Fig. 1H).

Exo-circHECTD1 alleviates UC
Our previous study has shown that circHECTDI is
expressed at low levels in UC [15]. To explore the effect

of circHECTD1 encapsulated in BMSC-derived exosomes
on UC, the circHECTDI overexpression vector was first
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cytometry. (E) Exosome morphology was observed by transmission
electron microscopy. (F) Particle size analysis was performed to mea-
sure exosome sizes. (G) Exosome markers were detected by western
blotting. (H) Immunofluorescence staining was used to visualize exo-
some (100 pg/mL) uptake by MODE-K cells

transfected into BMSCs to obtain exosomes overexpress-
ing circHECTDI1 (Exo-circHECTD1) (Fig. 2A, P < 0.05).
MODE-K cells were incubated with Exo-circHECTDI1 and
then stimulated with LPS to establish a cell model. Com-
pared with the LPS group, the LPS + Exo group showed
increases in viability and tight junction protein (ZO-1, occlu-
din) expression and decreases in apoptosis, inflammatory
factor (IL-1B, TNF-a) levels, and FD4 permeability (Fig.
2B-F, P <0.05). Co-incubation with Exo-circHECTDI1 fur-
ther alleviated LPS-induced barrier damage among MODE-
K cells.

Next, we established a colitis mouse model to study the
effect of Exo-circHECTD1 on UC progression in vivo. Exo-
some treatment alleviated DSS-induced colitis, as shown by
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increased colon length and body weight, decreased DAI,
decreased IL-1B and TNF-a levels, increased ZO-1 and
occludin expression, and decreased FD4 flux (Fig. 2G-L,
P<0.05). Exo-circHECTD1 treatment further augmented
the variations in these colitis-related indicators. Histological
analysis showed that Exo-circHECTDI1 was also superior
in reducing colon mucosal damage and inflammatory cell
infiltration (Fig. 2M, P<0.05). Taken together, these results
indicate that Exo-circHECTDI1 alleviates DSS-induced
experimental colitis.

Claudin1 promotes the recovery of LPS-injured MODE-K
cells

We previously detected low claudinl expression in UC [17]
but did not analyze its function in this disease. In this study,
we first transfected claudinl-related vectors into MODE-K
cells. RT-qPCR and western blotting showed that claudinl
expression increased following OE-claudinl transfection
and declined following sh-claudinl transfection (Fig. 3A-
B, P < 0.05). Transfected cells were then treated with LPS.
Compared with the LPS group, the LPS + OE-claudinl
group showed increases in viability and ZO-1/occludin
expression and decreases in apoptosis, IL-1B/TNF-a lev-
els, and FD4 flux (Fig. 3C-G, P < 0.05). On the contrary,
sh-claudinl aggravated the damage to MODE-K cells (Fig.
3C-G, P < 0.05). This indicates that claudinl can alleviate
LPS-induced barrier damage among MODE-K cells.

CircHECTD1 modulates claudin1 expression via the
CTCF/METTL3 axis

We detected an increase in claudinl expression in MODE-K
cells treated with Exo-circHECTD!1 (Fig. 4A-B, P < 0.05).
In mice, treatment with Exo-circHECTD1 alleviated DSS-
induced suppression of claudinl expression (Fig. 4C-D, P <
0.05). These data suggest that circHECTD1 promotes clau-
dinl expression. However, the mechanism of circHECTD!1
regulating claudinl is unclear. Increasing evidence shows
that m®A methylation, as an important mode of post-tran-
scriptional regulation, is an important molecular regulatory
mechanism underlying UC. The SRAMP database (http://
www.cuilab.cn/sramp) predicted multiple m®A modificat
ion sites in claudinl. Me-RIP to detect m®A modification
showed that Exo-circHECTD]1 treatment reduced the m®A
modification level of claudinl in LPS-stimulated cells (Fig.
4E, P<0.05). This suggests that Exo-circHECTD1 regulates
claudinl m®A modification to promote claudinl expression.
The m®A methyltransferase METTL3 is involved in the
progression of UC [18]. To detect the regulatory effect of
METTL3 on claudinl, RIP was first used to verify the bind-
ing of METTL3 to claudinl mRNA. Abundant claudinl

mRNA was detected in the METTL3 antibody pull-down
product (Fig. 4F, P < 0.05). METTL3-related vectors were
then transfected into MODE-K cells. The m®A modification
level of claudinl was elevated by OE-METTL3 transfec-
tion and reduced by sh-METTL3 transfection (Fig. 4G, P <
0.05). Moreover, METTL3 inhibited the expression of clau-
dinl (Fig. 4H-I, P < 0.05).

The starBase database (https://rnasysu.com/) predicted
circHECTD1-binding sites in the transcription factor CTCF.
RIP results showed that circHECTD1 was enriched in the
CTCEF antibody pull-down product (Fig. 4], P<0.05), dem-
onstrating that circHECTDI1 directly binds to CTCF. The
JASPAR database (https://jaspar.genereg.net/) showed that
CTCF had binding sites in the METTL3 promoter. ChIP
experiments verified the binding of CTCF to the METTL3
promoter (Fig. 4K, P<0.05). Luciferase reporter assay
showed that CTCF promoted the activity of the METTL3
promoter (Fig. 4L, P<0.05). CTCF-related vectors were
transfected into MODE-K cells. OE-CTCF transfection
increased METTL3 expression and decreased claudinl
expression, whereas sh-CTCF group transfection reduced
METTL3 expression and promoted claudinl expression
(Fig. 4AM-N, P<0.05). Moreover, LPS stimulation increased
the expression of CTCF and METTL3 in MODE-K cells;
the expression of CTCF and METTL3 was decreased by
Exo-circHECTD] treatment in LPS-induced cells (Fig. 40-
P, P<0.05).

Collectively, these results demonstrate that circHECTD1
binds to CTCF to inhibit METTL3 transcription, thereby
reducing claudinl m®A modification and promoting clau-
dinl expression.

CTCF or METTL3 knockdown promotes the recovery
of LPS-injured MODE-K cells

To analyze the influences of CTCF and METTL3 on
MODE-K cell barrier damage, we transfected MODE-K
cells with sh-CTCF or sh-METTL3. Cell phenotype detec-
tion showed that CTCF or METTL3 knockdown enhanced
viability, reduced apoptosis, decreased IL-1 and TNF-a
levels, increased ZO-1 and occludin expression, and inhib-
ited FD4 flux in MODE-K cells (Fig. SA-E, P<0.05), indi-
cating that knocking down CTCF or METTL3 can alleviate
LPS-induced MODE-K cell barrier damage.

Exo-circHECTD1 targets claudin1 to alleviate
uc

To determine whether Exo-circHECTD1 protects MODE-

K cells by promoting claudinl expression, MODE-K
cells were transfected with sh-claudinl, incubated with
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{ Fig. 2 Exo-circHECTD]1 alleviates UC. In vitro experiments: MODE-
K cells were treated with LPS (1 pg/mL) for 24 h as a cellular model
and then incubated with exosomes (100 pg/mL) for 24 h for subse-
quent analysis. (A) Exosomal circHECTDI expression was detected
by RT-qPCR. (B) CCK-8 was used to assess cell viability after 48 h.
(C) Apoptosis was analyzed by flow cytometry. (D) ELISA was per-
formed to detect IL-1B and TNF-a (pg/mL). (E) ZO-1 and occludin
were detected by western blotting. (F) FITC fluorescence intensity was
measured to evaluate cell permeability. N=3. * P<0.05, ** P<0.01. In
vivo experiments: Mice with UC were treated with Exo-circHECTD1
(from the day before the modeling began, 50 pg of exosomes were
administered by gavage, once every two days. The detection was con-
ducted on the 8th day of the modeling process.) (G) Colon length. (H)
Body weight. (I) Disease activity index. (J) ELISA was performed to
detect serum IL-1f and TNF-a (pg/mL). (K) ZO-1 and occludin were
detected by western blotting. (L) FITC fluorescence intensity was
measured to evaluate intestinal permeability. (M) H&E staining was
conducted to visualize tissue damage. N=8. * P<0.05, ** P<0.01

Exo-circHECTDI, and then treated with LPS. Compared
with the LPS+Exo-circHECTD1 group, the LPS+Exo-
circHECTD1 +sh-claudinl group showed reductions in
viability and ZO-1/occludin expression and increases in
apoptosis, IL-1B/TNF-a levels, and FD4 flux (Fig. 6A-E,
P<0.05). This indicates that knocking down claudinl can
reverse the protective effect of Exo-circHECTDI1 on LPS-
treated MODE-K cells.

A B

Claudinl expression was inhibited by AAV infection to
analyze the regulation of Exo-circHECTDI1 on claudinl
in colitic mice. In comparison with the DSS+Exo-cir-
cHECTDI1 group, the DSS+Exo-circHECTD1+AAV-sh-
claudinl group showed reduced colon length and body
weight, increased DAI, elevated IL-1B and TNF-a levels,
reduced ZO-1 and occludin expression, increased FD4 flux,
aggravated tissue damage, and increased inflammatory cell
infiltration (Fig. 6F-L, P<0.05), indicating that claudinl
can reverse the alleviating effect of Exo-circHECTDI1 on
UC in vivo.

Exo-circHECTD1 targets claudin1 to regulate gut
microbiota in mice with UC

The impact of Exo-circHECTD1 on gut microbiota was
investigated. The composition of the gut microbiome at
the phylum level is displayed in Fig. 7A. DSS treatment
changed the relative abundance of Bacteroidetes, Fir-
micutes, Proteobacteria, Tenericutes, Deferribacteres,
Candidatus Melainabacteria, and Actinobacteria (Fig. 7B-
C, E-I, P<0.05) and increased the ratio of Firmicutes to
Bacteroidetes (Fig. 7D, E-I, P<0.05). Compared with the
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Fig. 3 Claudinl alleviates LPS-induced MODE-K cell damage.
MODE-K cells were transfected with claudinl-related vectors: (A-B)
RT-qPCR (A) and western blotting (B) were employed to detect clau-
din]l mRNA and protein. (C) CCK-8 was used to assess cell viability
after 48 h. (D) Apoptosis was analyzed by flow cytometry. (E) ELISA

Occludin

was performed to detect IL-13 and TNF-a (pg/mL). (F) ZO-1 and
occludin were detected by western blotting. (G) FITC fluorescence
intensity was measured using a fluorescence microplate reader. N=3.
* P<0.05, ** P<0.01
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4 Fig.4 CircHECTDI1 regulates claudinl through CTCF/METTL3. The
mechanism of circHECTD1 regulating claudinl: (A-D, H-I, M-P) RT-
gqPCR (A, C, H, M, O) and western blotting (B, D, I, N, P) were used
to measure mRNA and protein expression. (E, G) Me-RIP was used
to detect claudinl m®A modification. (F) RIP was used to detect the
binding of METTLS3 to claudinl mRNA. (J) RIP was used to detect
the binding of circHECTD1 to CTCF. (K) ChIP was used to verify the
binding of CTCF to the METTL3 promoter. (L) METTL3 promoter
activity was analyzed using luciferase reporters. N=3. * P<0.05, **
P<0.01

DSS group, the DSS+Exo-circHECTDI1 group showed
an increase in the relative abundance of Bacteroidetes
and decreases in the relative abundance of Proteobacte-
ria and Candidatus Melainabacteria and the ratio of Fir-
micutes to Bacteroidetes (Fig. 7B-I, P<0.05). Infection
with AAV-sh-claudinl reversed the regulatory effect of
Exo-circHECTDI1 on the gut microbiome. This indicates
that Exo-circHECTDI1 targets claudinl to regulate the gut
microbiota of colitic mice.

A

Exo-circHECTD1 targets claudin1 to modulate the
balance of Th17/Treg cells in mice with UC

Imbalance between Thl7 and Treg cell differentiation,
imbalance of gut microbiota, and damage to the intestinal
mucosal barrier may be important contributors to the devel-
opment of inflammatory bowel disease. Moreover, Th17 and
Treg differentiation are affected by gut microbiota. The ratio
of Th17/Treg cells in lymphocytes was measured to deter-
mine whether Exo-circHECTDI1 regulates Th17/Treg bal-
ance in colitic mice. DSS treatment increased Th17 cells and
reduced Treg cells. The DSS + Exo-circHECTD1 group had a
decreased ratio of Th17/Treg cells relative to the DSS group.
In comparison with the DSS+Exo-circHECTD1 group, the
DSS+Exo-circHECTD1 +AAV-sh-claudinl group showed
an increase in the Th17/Treg cell ratio (Fig. 8A-J, P<0.05).
This indicates that Exo-circHECTD]1 targets claudinl to reg-
ulate Th17/Treg balance in colitic mice.
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Fig.5 CTCF or METTL3 knockdown alleviates LPS-induced MODE-
K cell damage. sh-CTCF or sh-METTL3 was introduced into MODE-
K cells: (A) CCK-8 was used to assess cell viability after 48 h. (B)
Apoptosis was analyzed by flow cytometry. (C) ELISA was performed

to detect IL-1B and TNF-a (pg/mL). (D) ZO-1 and occludin were
detected by western blotting. (E) FITC fluorescence intensity was
measured using a fluorescence microplate reader. N=3. * P<0.05, **
P<0.01
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Fig. 6 Exo-circHECTDI targets claudinl to slow down UC progres-
sion. MODE-K cells were transfected with sh-claudinl and then
incubated with Exo-circHECTD1: (A) CCK-8 was used to assess cell
viability after 48 h. (B) Apoptosis was analyzed by flow cytometry. (C)
ELISA was performed to detect IL-1f and TNF-a (pg/mL). (D) ZO-1
and occludin were detected by western blotting. (E) FITC fluorescence
intensity was measured using a fluorescence microplate reader. N=3.
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Fig. 7 Exo-circHECTDI targets claudinl to regulate the microbial
composition of mice with UC. Relative abundance of gut microbiota
in the feces of mice from each group: (A) Relative abundance of fecal
microbiota at the phylum level. Relative abundance of Bacteroidetes

Discussion

UC is a chronic, relapsing gastrointestinal inflammatory
disease, for which there is currently no cure and no gold
standard diagnostic test [19]. Therefore, there is an urgent
need for effective diagnostic tools and treatments. MSC-
derived exosomes have recently emerged as a promising
therapeutic tool. In this study, we isolated BMSC-derived
exosomes to analyze their effect on UC in vivo and in vitro.
The therapeutic effect of BMSC-derived exosomes on UC
was partially due to circHECTDI, which can bind to the
transcription factor CTCF to inhibit METTL3 transcription
and subsequently reduce m®A modification to promote the
expression of the tight junction protein claudinl.

This study first demonstrated the therapeutic effect of
BMSC-derived exosomes on UC. Exosome treatment
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alleviated LPS-induced barrier damage among intestinal
epithelial MODE-K cells and reduced colonic mucosal
damage and inflammatory cell infiltration in mice with DSS-
induced UC. Moreover, exosome treatment restored the bal-
ance of gut microbiota and Th17/Treg cells in mice with
UC. Previous studies have also revealed that MSC-derived
exosomes can alleviate UC by regulating Treg cells, inflam-
mation, and epithelial regeneration [12, 20, 21]. The effi-
cacy of exosomes is largely dependent on their cargos, such
as proteins, RNA, and DNA [22]. BMSC-derived exosomes
can deliver EphB2 or miR-181a to enhance intestinal barrier
function and regulate immune balance in UC models [23,
24]. Hypoxia-preconditioned MSCs can release exosomes
containing miR-214-3p or HIF-1a to reduce oxidative stress
damage and alleviate UC [25, 26]. By far, the mechanisms
of action of MSC-derived exosomes in UC remain poorly
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{ Fig. 8 Exo-circHECTDI targets claudinl to regulate the differentia-
tion of Th17 and Treg cells. (A-B) Flow cytometry was used to mea-
sure the proportions of Th17 and Treg cells in mesenteric lymph nodes.
(C-D) Statistical analysis of Th17 (C) and Treg (D) cell proportions in
mesenteric lymph nodes. (E) The ratio of Th17/Treg cells in mesen-
teric lymph nodes. (F-G) Flow cytometry was used to measure the pro-
portions of Th17 and Treg cells in colonic lamina propria lymphocytes.
(H-I) Statistical analysis of Th17 (H) and Treg (I) cell proportions in
colonic lamina propria lymphocytes. (J) The ratio of Th17/Treg cells
in colonic lamina propria lymphocytes. N=8. * P<0.05, ** P<0.01

studied and warrant further investigations to promote their
application in clinical settings.

This study identified circHECTDI as responsible for
the therapeutic effect of BMSC-derived exosomes on UC.
Exosomes from BMSCs overexpressing circHECTD1 were
more effective than untreated exosomes against UC both in
vivo and in vitro. CircHECTD!1 has exhibited multiple func-
tions. It acts as an oncogene in several cancers including gas-
tric cancer [27, 28], glioma [29], hepatocellular carcinoma
[30], and glioblastoma multiforme [31]. In response to SiO,
exposure, circHECTD1 may be downregulated to promote
pulmonary fibroblast activation and subsequent fibrosis [32].
Knockdown of circHECTDI can be protective to neurons
under ischemic conditions [33] and also improve cerebro-
vascular function against atherosclerosis and ischemic stroke
[34]. Moreover, circHECTDI is involved in immune and
inflammatory responses [35-37], which is consistent with
our findings that circHECTD1 plays an immune regulatory
role in UC. Previously, we detected that circHECTD1 allevi-
ated UC by promoting HuR expression through inhibition
of miR-182-5p [15]. In this study, we found that exosomal
circHECTD!1 promoted claudinl expression.

It is notable that claudinl could mitigate LPS-induced
barrier damage among MODE-K cells. Claudinl knock-
down nullified the therapeutic effect of Exo-circHECTDI
on UC both in vivo and in vitro. Moreover, claudinl knock-
down disrupted the balance of gut microbiota and Th17/Treg
cells in mice with UC in the presence of Exo-circHECTDI.
These findings suggest that Exo-circHECTD1 alleviates UC
by promoting claudinl expression. Claudinl is a member of
the claudin family, a group of membrane proteins involved
in tight junction formation, and is predominantly expressed
in endothelial or epithelial cells [38]. Tight junction remod-
eling in response to environmental changes is essential for
maintaining the intestinal epithelial barrier against poten-
tially harmful molecules in the lumen [8]. Barrier defects
with corresponding claudinl downregulation are frequently
detected in UC [11, 39]. Our previous study also detected
decreased claudinl expression in UC and linked this to
CIRP upregulation and HuR downregulation [17]. There-
fore, the mechanism by which Exo-circHECTD1 regulates
claudinl was further investigated.

m®A methylation is an important RNA modification that
plays a potential role in UC [40]. A m®A methyltransferase
complex is comprised of a METTL3-METTL14 heterodi-
mer core and other binding partners [41]. A previous study
found that METTLS3 increased the inflammatory response of
LPS-stimulated MODE-K cells and promoted DSS-induced
inflammatory bowel disease in mice [18]. Therefore, we
wondered whether claudinl can be regulated by m°A. The
SRAMP database predicted multiple m°A modification
sites in claudinl mRNA. RIP assay verified that METTL3
can bind to claudinl mRNA. METTL3 promoted the m®A
modification of claudinl mRNA and inhibited claudinl
expression in LPS-stimulated MODE-K cells. Moreover,
METTL3 downregulation alleviated LPS-induced MODE-
K cell damage, which is consistent with the aforemen-
tioned findings about METTL3. METTL3 expression can
be affected by H3K4me3-mediated transcription [42]. The
transcription factor CTCF has been reported to modulate
H3K27me3 modification in UC [43]. We found that CTCF
can bind to the METTL3 promoter and promote METTL3
transcription. Moreover, CTCF knockdown alleviated LPS-
induced MODE-K cell damage, which is consistent with
the previous findings that CTCF is conducive to colonic
mucosal epithelial injury in UC [43]. CircRNAs can serve
as protein decoys, scaffolds, or recruiters, thereby regulating
gene expression [44]. We found that circHECTD1 can bind
to CTCF and inhibit CTCF expression.

In conclusion, BMSC-derived exosomal circHECTD1
inhibits METTL3 transcription by binding to CTCF to
reduce claudinl m®A modification and promote claudinl
expression, thereby improving intestinal barrier function
and alleviating UC. These findings suggest that exosomes
can be used as a new medication for UC. This study also
offers new insights into the pathogenesis of UC, which may
help the development of new drugs targeting these molecu-
lar interactions.

Limitations

BMSC-exosomes can be engineered to deliver circHECTDI,
thereby alleviating UC. The promise of BMSC-exosomal
circHECTD1 as a UC therapy is supported by advantages
such as the superior stability and low immunogenicity of
circRNAs and the biocompatibility and safety of exosomes
as natural biological nanoparticles. However, the low cargo
capacity and potential off-target effects of exosomes may
limit the use of exosomal circHECTDI1 therapy. Addition-
ally, the identification of Th17 cells in this study was pre-
liminary, which could not exclude the presence of ILC3
population. Therefore, the observed effects of Th17 shall be
carefully treated.
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