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Abstract
Background: Inflammatory bowel disease (IBD) is a group of chronic intestinal
inflammation that is a risk factor for many gastrointestinal cancers. Exosomes are

gradually gaining attention as an emerging treatment method for IBD due to their
*The first two authors contributed equally

o thiswork important biological characteristics. NF-kB is an important pro-inflammatory
0O thiS work.

transcription factor kept inactive by IxB protein in the cytoplasm by masking
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uitination, and this depends on neddylation.

Methods: In this study, we established a dextran sulfate sodium (DSS)-induced
IBD model in BABL/C mice to evaluate the effect of human umbilical cord mes-
enchymal stem cell-derived exosomes (hucMSC-exosomes, hucMSC-Ex) on the
repair of IBD. At the same time, human colorectal mucosa cells (FHC) were stim-
ulated by LPS (lipopolysaccharide) in vitro to activate the inflammatory envi-
ronment to study the mechanism of hucMSC-Ex regulating neddylation. The
microRNA (miRNA) obtained by sequencing and transfection with hucMSC-Ex

552018003 was used to verify the role of miR-326/neddylation/IxB/NF-xB signaling pathway

in IBD repair.
Results: HucMSC-Ex inhibited the process of neddylation in relieving DSS-

induced IBD in mice. The binding of NEDD8 (neural precursor cell-expressed,

Abbreviations: CD, Crohn’s disease; Co-IP, coimmunoprecipitation; CRL, cullin-RING ligase; DAI, disease activity index; DC, dendritic cell; DSS,
dextran sulfate sodium salt; Evs, extracellular vesicles; FBS, fetal bovine serum; FHC, human colorectal mucosa cell; H&E, hematoxylin and eosin
staining; HucMSC, human umbilical cord mesenchymal stem cell; HucMSC-Ex, human umbilical cord mesenchymal stem cell-derived exosomes; IBD,
inflammatory bowel disease; IEC, intestinal epithelial cell; IF, immunofluorescence; IFN-y, interferon-y; IHC, immunohistochemistry; IxB, inhibitor
of NF-xB; LPS, lipopolysaccharide; MSC, mesenchymal stem cell; NEDDS, neural precursor cell expressed developmentally down-regulated 8; NF-xB,
nuclear factor-xB; NK, natural killer cell; PCNA, cell proliferation nuclear antigen; qRT-PCR, real-time fluorescence quantification PCR; TGF-8,
transforming growth factor-B; TNBS, 2,4,6-trinitrobenzene sulfonic acid; TNF-a, tumor necrosis factor-a; Treg, regulatory T cell; UC, ulcerative colitis
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1 | INTRODUCTION

Inflammatory bowel disease (IBD) is a group of inflamma-
tory disorders caused by environmental, genetic, infection
and immune factors. These factors interact to affect the
intestinal mucosal immune system. IBD mainly includes
ulcerative colitis (UC) and Crohn’s disease (CD). The inci-
dence of IBD has increased rapidly in recent years."> In
patients with IBD, chronic intestinal inflammation is a
major risk factor for the development of gastrointesti-
nal cancer, including colon cancer, small intestinal ade-
nocarcinoma, intestinal lymphoma, anal cancer, and bile
duct cancer,® hence IBD interventions can prevent the
occurrence of gastrointestinal cancer.* At present, despite
the use of various protocols such as immunomodulators,
thiopurine agents, and anti-TNF monoclonal antibodies in
the treatment of IBD, the therapeutic outcomes are still not
satisfactory.* There is a need for alternative methods in the
clinical treatment of IBD.

Mesenchymal stem cells (MSCs) isolated from various
tissues have the ability of inducing regeneration, main-
taining general tissue dynamic balance, and home to target
site.” The role of MSCs in tissue repair has been addressed
in a variety of disease models®’ with the report that their
efficacy in improving the function of damaged tissues
is mainly related to paracrine effects rather than direct
implantation and differentiation.®'” As one of the com-
posite factors contributing to the paracrine effect of MSCs,
extracellular vesicles (EVs) have recently been identified
as new participants in cell-to-cell communication.'?
EVs are nano-sized (40-150 nm) membranous vesicles
produced during the formation of multivesicular bodies
(MVB)**"'® and can transport lipids, mRNA and proteins,
and alter cell behavior through paracrine or autocrine
processes.'””'® They mediate short- and long-distance

developmentally downregulated gene 8) to cullin 1 and the activation of NF-
xB signaling pathway were suppressed along with reduced expression levels of
neddylation-related enzyme molecules. The same phenomenon was observed
in FHC cells. The miRNA comparison results showed that miR-326 was highly
expressed in hucMSC-Ex and played an important role in inhibiting the ned-
dylation process. The therapeutic effect of hucMSC-Ex with high expression of
miR-326 on IBD mice was significantly stronger than that of ordinary hucMSC-

Conclusions: HucMSC-Ex relieves DSS-induced IBD in a mouse model by
inhibiting neddylation through miR-326.

hucMSC-Ex, IBD, miR-326, NEDDS8, neddylation, NF-xB

intercellular communication and deliver different types
of biologically active substances to recipient cells.'”?"
Exosomal-mediated pathway can enhance the antigen-
presenting capacity of intestinal epithelial cells (IEC).
Compared with B cells and T cells, exosomes bind pref-
erentially to dendritic cells (DCs) for efficient antigen
presentation.”’ In addition to antigen presentation,
exosomes serve as new mediators to promote the role
of intestinal epithelial cells in maintaining intestinal
mucosal homeostasis: thus maintaining the integrity of
the epithelium, the production of mucus layers and the
secretion of antibacterial peptides.?” Therefore, exosomes
may be a part of IEC-mediated innate immunity. They
are also involved in immune regulation of Treg cells,
known to play a role in maintaining immune tolerance
and suppressing excessive immune response.’
Neddylation is a post-translational protein modification
in which a ubiquitin-like protein NEDD8 (neural precur-
sor cell-expressed, developmentally downregulated gene
8) is covalently tagged to a targeted protein. In this pro-
cess, NEDDS is activated by NEDDS8 enzyme El (het-
erodimer of NAel and Uba3), NEDDS8 conjugated enzyme
E2 (UBC12), and NEDDS8 E3 ligase, after which it binds
to a specific substrate protein, thereby forming a unique
complex structure. NEDD8 combined with substrate does
not degrade the protein, but rather regulates the confor-
mation, stability, localization, and function of the sub-
strate protein.?* The function of neddylation modification
mainly reflects the following aspects®: (a) regulating the
interaction between proteins; (b) regulating the activity of
transcription factors to control the cell cycle and cell prolif-
eration; and (c) antagonizing ubiquitination. Cullin neddy-
lation leads to the activation of cullin-RING ligase (CRL),
which is the largest family of E3 ubiquitin ligases respon-
sible for the ubiquitination and degradation of many key
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signaling or regulatory proteins. Neddylation regulates
many biological processes by regulating CRLs, including
cell cycle progression, signal transduction, and tumori-
genesis. MLN4924 is a representative NEDD8-activating
enzyme (NAE) inhibitor, known to show a good inhibitory
effect on NAE, thereby regulating the target protein func-
tion and expression level.?® By affecting the substrate pro-
tein neddylation, MLLN4924 has potential effects on caus-
ing DNA damage, regulating the transmission of transcrip-
tion factors, and inducing cancer cell apoptosis.?’-*

Current research has shown that neddylation plays an
important regulatory role in IBD, but the mechanism by
which human umbilical cord mesenchymal stem cell-
derived exosomes (hucMSC-Ex) specifically regulate ned-
dylation needs further exploration.

2 | MATERIALS AND METHODS
The study was approved by the Ethical Committee of
Jiangsu University (2012258).

2.1 | Cellculture

MSCs were isolated and cultured in a-MEM medium
(Invitrogen) as previously described.”’ Human colorectal
mucosa cells (FHC) were purchased from Beiner Biotech-
nology and cultured in RPMI 1640 medium (Invitrogen).
They were maintained in medium supplemented with 10%
fetal bovine serum (FBS; Invitrogen) at 37°C in humidified
air with 5% CO,.

2.2 | Exosomal extraction

The MSCs were normally cultured in a-MEM medium
(containing 10% FBS). After 24 h, the supernatant was
discarded, the cells were washed with PBS, followed by the
addition of a new a-MEM medium (10% without exosomal
FBS). The supernatant was collected in sterile tubes after
48 h, and organelles were removed by centrifugation;
during which cell debris was also removed. The resultant
supernatant was poured into a 100 KD ultrafiltration
centrifuge tube and repeatedly centrifuged until the
supernatant was concentrated to 250 uL. Exosome extrac-
tion reagent (SBI) was added (supernatant:reagent = 5:1),
and allowed to precipitate at 4°C overnight. The pre-
cipitated supernatant was centrifuged and washed to
obtain hucMSC-Ex. It was then resuspended in PBS,
filtered through a 0.22 um filter, and finally stored
at —80°C.

3

2.3 | NanoSight nanoparticle tracking
analysis

HucMSC-Ex was diluted with PBS, and 1 mL of suspension
analyzed by NanoSight Nano Analyzer (Malvern).

2.4 | TEM scanning

The diluted solution of hucMSC-Ex in PBS was pipetted
onto the copper net and made to stand at room temper-
ature for 2-3 min, after which it was counterstained with
3% phosphotungstic acid for 1-2 min. The observation was
done using an electron microscope (Philips).

2.5 | Animal model establishment
and treatment

Male BABL/C mice (6 weeks old, 20 g) were purchased
from the Animal Research Center of Jiangsu University
(Jiangsu, China), and related research was carried out after
the approval by the Ethics Committee of Jiangsu Univer-
sity and the Experimental Animal Management and Use
Commnittee.

Mice were randomly divided into three groups
(n = 6/group): negative control group (Neg), DSS-
induced mouse IBD model group (DSS), and hucMSC-Ex
remission mouse IBD experimental group (hucMSC-Ex).
Mice in the Neg group drank autoclaved purified water,
while both DSS group and hucMSC-Ex group drank 3%
DSS water in autoclaved purified water. In the hucMSC-Ex
group, 1 mg hucMSC-Ex was injected into the tail vein
of mice on the third, sixth, and ninth day after drinking
3% DSS, the other mice were injected with PBS. The
body weights of the mice were recorded at the same time
point every day, in addition to observation of the fecal
characteristics and the presence of bloody stools. All the
mice were sacrificed on the 10th day. The disease activity
index (DAI) of the mice was analyzed (Table 3), and the
tissues were also obtained for colorectal observation.

2.6 | Animallive imaging analysis

1 mg hucMSC-Ex and 1 ug DIR were incubated on a
shaker at 37°C for 30 min. the hucMSC-Ex-DIR complex
formed was collected by centrifugation and diluted in PBS.
HucMSC-Ex-DIR was injected into the tail vein and 12 h
later, a live imaging system was used to track the fluores-
cence distribution in the mice. The mice were sacrificed,
and the colorectal tissue observed for fluorescence.
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Co-culture of FHC with hucMSC-Ex

2.7 |

FHC concentration was adjusted to 1 X 10%/mL, followed
by the addition of 2 mL cell suspension to each well of
the six-well plate. These cells were set up into negative
control group (Neg), FHC + LPS group (LPS), FHC +
LPS + hucMSC-Ex group (hucMSC-Ex), and FHC + LPS
+ MLN4924 group (MLN4924). 2 ug of LPS (100 ng/mL,
Sigma), 200 pg of hucMSC-Ex, and 0.2 uL of MLN4924
(MedChemExpress) were added to the respective groups.
After co-cultivation for 12 h, cells were collected for subse-
quent experiments.

2.8 | Transfection

The transfection reagent (Gamma gene) was configured,
1 x 10° FHC was added to each well of the six-well plate.
After 60% cellular adherence was obtained, the original
culture solution was discarded, followed by the addition of
blank 1640 without FBS (including transfection reagent).
The cells were cultured in the dark for 6 h, after which the
medium was replaced with a normal 1640 nutrient solu-
tion (containing 10% FBS) for an additional 48 h; the cells
were then collected for subsequent analysis. HucMSC-
Ex was transfected with Exo-Fect™ Exosome Transfection
Reagent (SBI).

2.9 | Hematoxylin and eosin
(H&E) staining

A portion of the colorectal tissue (about 4 mm) was cut out
and fixed in 4% paraformaldehyde. Following subsequent
tissue processing, they were finally embedded in paraffin
and sectioned with microtome. The sections were fixed
on slides, dewaxed, and stained with H&E, followed
by mounting and scanning using pathological section
scanner.

2.10 | Western blot analysis

RIPA lysate (Pierce) was added to the tissues/cells to
obtain the protein that was mixed with the loading buffer
(Life Technologies) at a ratio of 3:1, and boiled at 100°C for
8-10 min. Protein samples were added to the gel well and
the target protein was separated by electrophoresis. The
protein was transferred to a PVDF membrane (Millipore),
and non-specific antigens blocked with 5% skim milk.
The membranes were incubated with corresponding
primary antibodies: anti-CD9 (1:500; Proteintech), anti-
CD63 (1:500; Proteintech), anti-CD81 (1:500; Proteintech),

anti-NEDD8 (1:500; CST), anti-cullin 1 (1:500; Abcam),
anti-IxB (1:500; CST), anti-NF-xB (1:500; Abclonal), anti-P-
NF-xB (1:500; Abclonal), anti-PCNA (1:500; Abcam), and
anti-g-actin (1:500; SAB) overnight at 4°C. After washing
with 1x TBS/T buffer, the membranes were incubated
with the secondary antibody for 30 min at 37°C. Pictures
were taken with a chemical gel imaging system (GE).

2.11 | Coimmunoprecipitation

The Pierce TM Co-Immunoprecipitation Kit (Thermo
Fisher Scientific) was used to immobilize the antibodies
in the resin, followed by Coimmunoprecipitation (Co-IP).
The eluted target protein was pretreated and then detected
and analyzed by Western blot.

2.12 | Real-time fluorescence
quantification PCR

Trizol (Gibco) was added to the tissues/cells, and RNA
was obtained by chloroform extraction. cDNA was
obtained through a corresponding reverse transcription
kit (Vazyme), real-time fluorescence quantification PCR
(qRT-PCR) was carried out in a Step One Plus Real-
Time PCR System (ABI) to detect gene expression. The
sequences of primers used are listed in Tables 1 and 2.

2.13 | Immunohistochemistry (IHC)

The tissue embedded in paraffin were fixed and dewaxed,
followed by endogenous peroxidase blocking with 3%
hydrogen peroxide solution at room temperature for
30 min. Tissues were steamed for 30 min in citrate buffer to
repair antigens and incubated with 5% BSA solution for 30
min to block non-specific antigens. The tissues were then
incubated with antibodies: anti-NEDDS (1:200; CST), and
anti-cullin 1 (1:200; Abcam) at 4°C for overnight, and with
the secondary antibody at 37°C for 30 min. Subsequently,
tissue color rendering by DAB (Biorad) was used, resin
sealing applied, and pathological section scanner used to
obtain pictures.

2.14 | Immunofluorescence (IF)

Cells obtained from culture were washed with PBS and
fixed in 4% paraformaldehyde at room temperature for
30 min. Triton X-100 (0.1%) was added, gently mixed for
30 min, and non-specific antigens blocked by the addi-
tion of 5% BSA solution. The cells were incubated with the
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TABLE 1 Primer sequence

Species Gene

Mouse B-actin

IL-18

IL-6

IL-10

TNF-a

NAel

Uba3

UBCI12F

DCNL1

E2M

TABLE 2 Primer sequence

Species Gene

Human NAel
Uba3
UBCI2F

CLINICAL AND TRANSLATIONAL MEDICINE 50f17
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Primer sequence Temperature
FOR: CTCAGGAGGAGCAATGATCT 58°C
REV: GACCTGTACGCCAACACAGT

FOR: AGCTTCAGGCAGGCAGTATC 61°C
REV: TCATCTCGGAGCCTGTAGTG

FOR: AAGTCCGGAGAGGAGACTTC 58°C
REV: TGGATGGTCTTGGTCCTTAG

FOR: CCTGGCTCAGCACTGCTATG 58°C
REV: TCACCTGGCTGAAGGCAGTC

FOR: AACTCCAGGCGGTGCCTATG 63°C
REV: TCCAGCTGCTCCTCCACTTG

FOR: GCAACGGCTACAGGAACTGA 60°C
REV: GCTCGGTTCTTGCCAATACT

FOR: GCTGGTGGCTTAGGATGTGA 60°C
REV: GTACCACGTTGCAGTTAG

FOR: CCAAGGGCAGCAGCAAGA 58°C
REV: AGTGGGTCCTCAGGGTTCG

FOR: GGGGTTCAGTCTTCGTGT 58°C
REV: TTATTGCCTCCGTGGGTA

FOR: AGACGACCTCCTCAACTTCA 58°C
REV: TCGGCTCCAAGAAGAGATAC

Primer sequence Temperature
FOR: AATGTTACGGGCTGTTGA 60°C
REV: AAGGTGCTTGCTTACTCTAC

FOR: TTGCCACGATTTGTCTTT 60°C
REV: CTCCAGGTATCATTTCTCAT

FOR: AGCTGTTCTCGCTGAAGCA 58°C

REV: AAGTTGAGGAGGTCGTCTGG

antibodies: anti-NEDDS8 (1:200; CST), and anti-cullin 1
(1:200; Abcam) overnight at 4°C, then incubated with flu-
orescent secondary antibody at 37°C for 60 min. They were
finally incubated with honchest (Biorad) for 10 min at

TABLE 3 The clinic disease activity index (DAI) value

Weight Stool Rectal
Values loss (%) consistency bleeding
0 None Normal Normal
1 1-5 +
2 5-10 loose stool +
3 10-15 ++
4 more than 15 watery diarrhea +++

DAI = (Weight loss + Stool consistency + Rectal bleeding)/3.

room temperature, and anti-quenching agent, after which
pictures were taken by scanning with a confocal laser
microscope (Nikon). The light was avoided in the entire
process.

215 | CCKS8

A total of 100 uL of FHC suspension was added to a 96-
well plate. When the cell density reached 60%, the nutrient
solution was replaced and CCK8 solution (Vazyme) added
at12, 24, 36, and 48 h to the culture wells. The resultant cell
suspensions were incubated for 30 min in the dark, and
absorbance measured at 450 nm with microplate reader
(Thermo Fisher Scientific).
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2.16 | Luciferase reporter assay of
miRNA target

The NEDD8 mRNA 3’-UTR region containing the miR-
326 binding site, WT/Mut (GGCCCAGAG mutated to
gcaagcgge), was cloned into a dual-luciferase miRNA tar-
get expression vector (GP-miRGLO, Gamma gene). The
two vectors were co-transfected into FHC with miR-326
mimics, mimics NC, inhibitor, and inhibitor NC, and
then cultured for 12 h. Dual-luciferase reporter gene kit
(Promega) was used to detect related expression.

2.17 | Image and statistical analysis

All data were shown as mean + SEM. Statistical analysis
was performed by using GraphPad Prism software for anal-
ysis of variance (ANOVA), with P < .05 considered statisti-
cally significant.

3 | RESULTS

3.1 | Extraction and identification
of hucMSC-Ex

The results of NanoSight and TEM showed that the
extracted hucMSC-Ex was 30-200 nm in diameter, vesicle-
like, and highly concentrated (Figure 1A,B; Figure S1). At
the same time, western blot results showed that hucMSC-
Ex expressed CD9, CD63, and CD81 (Figure 1C).

3.2 | HucMSC-Ex relieves DSS-induced
mouse IBD

To determine the effects of hucMSC-Ex in damaged colon
tissue, we labeled hucMSC-Ex with DIR fluorescent dye
and injected it into IBD mice. 12 h post-injection, treated
mice (with hucMSC-Ex-DIR) showed a large area of flu-

orescence in vivo (Figure 2A). The mice were subse-
quently sacrificed, and the colorectal tissue further ana-
lyzed. Colon tissue of hucMSC-Ex-DIR-treated IBD mice
expressed strong fluorescence, but the colorectal tissue of
untreated group did not express fluorescence (Figure 2B).

The weight of the mice in the Neg group increased with
time, but the weight of the mice in the DSS group decreased
on the fifth day with blood also appearing in stool. The
body weight of the mice in the hucMSC-Ex group basi-
cally remained unchanged in the first 6 days, but slightly
decreased after day 6 though not obvious (Figure 2C).
Although the DAI of all the groups did not increase in the
first 5 days, that of the DSS group increased sharply on
the sixth day, and continued the upward trend. The DAI of
the hucMSC-Ex group also began to increase on the sixth
day, but turned a downward trend from the seventh day
(Figure 2D). All mice were sacrificed, and their colon tis-
sues were taken for further observations. While the colon
tissue of mice in the Neg group was longer (87 mm),
that of the DSS group was significantly shorter (64 mm).
After treatment with hucMSC-Ex, the colon length recov-
ered (77 mm) (Figure 2E). H&E staining results showed
that DSS induced intestinal inflammation led to severe
villi structural damage, but treatment with hucMSC-Ex
restored the structural integrity of the colon tissue (Fig-
ure 2F). QRT-PCR results showed that compared to mice
in the Neg group, pro-inflammatory factors (IL-13, IL-6)
were increased in colon tissue of the DSS group, but signifi-
cantly decreased in the hucMSC-Ex group. Conversely, the
expression of anti-inflammatory factor (IL-10) was reduced
in the colon tissue of the DSS group, while increased in the
hucMSC-Ex group (Figure 2G).

3.3 | HucMSC-Ex inhibits neddylation
to relieve IBD

Western blot results showed that NEDD8 was overex-
pressed in the colon tissue of DSS mice, and IxB expression
was decreased. However, NEDDS8 decreased in hucMSC-Ex
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treated mice with inhibited IxB degradative activity. At the
same time, P-NF-xB expression was upregulated in the DSS
group and decreased in the hucMSC-Ex group (Figure 3A;
Figure S2). Co-IP results showed an enhanced binding of
NEDDS to cullin 1in the colon tissue of the DSS group, but
hucMSC-Ex treatment inhibited this activity (Figure 3B).
In addition to the binding of NEDDS to cullin 1, qRT-
PCR results also showed significantly increased expression
of neddylation-related molecules (NAel, UBA3, UBCI2F,
DCNL1) in the colon tissue of the DSS group, but decreased
after treatment with hucMSC-Ex (Figure 3C), the expres-
sion levels were statistically significant (P < .05). For a
more intuitive observation of the expression of NEDD8 and
cullinl in the colon tissue, IHC was performed, and results
showed increased levels of NEDD8 and cullinl in DSS
group but decreased levels in hucMSC-Ex treated group
(Figure 3D).

3.4 | HucMSC-Ex inhibits neddylation
process of FHC in an inflammatory
environment

Cell counting kit-8 (CCK8) experiment indicated that cell
proliferation did not change after 12, 24, 36, and 48 h when
FHC was induced by LPS. However, after co-culture with

MLN4924, although the cell proliferation did not change at
12 and 24 h, the cell viability began to decline after 36 h, and
at 48 h, viability had significantly decreased (Figure 4A),
P < .05. Western blot showed that after 12 h of cell cul-
ture, the Neg, LPS, and hucMSC-Ex groups all expressed
proliferating cell nuclear antigen (PCNA), but the expres-
sion level in cells of LPS and hucMSC-Ex groups increased.
On the other hand, PCNA expression in cells of MLN4924
group significantly decreased (Figure 4B; Figure S3A).
From the background that hucMSC-Ex and MLN4924
had no effect on FHC proliferation at 12 h, few other inves-
tigations were performed. Western blot analysis showed
overexpression of NEDDS8 but decreased IxB in FHC of the
LPS group. Again, NEDDS expression was decreased in the
MLN4924 group cells, and IxB degradation was inhibited.
At the same time, P-NF-kB expression was upregulated
in the LPS group and decreased in the MLN4924 group.
The expression changes of NEDDS, IxB, and P-NF-xB in
cells of HucMSC-Ex group were consistent with those of
MLN4924 group (Figure 4C; Figure S3B,C). Co-IP results
showed that although NEDDS binds to cullin 1 in the con-
trol, the degree of binding in the LPS group is significantly
enhanced, but inhibited in hucMSC-Ex and MLN4924
groups (Figure 4D). QRT-PCR analysis indicated signifi-
cantly increased cellular expression of neddylation-related
molecules (NAel, UBCI12F, UBA3) in the LPS group,
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but decreased expression in hucMSC-Ex and MLN4924
groups (Figure 4E). IF analysis of FHC showed that
the fluorescence intensity of cullinl in the cells of LPS
group was significantly enhanced and mainly concen-
trated in the nucleus, while hucMSC-Ex and MLN4924
groups decreased (Figure 4F). Similarly, the fluorescence
intensity of NEDD8 in FHC of LPS group was significantly
enhanced with stronger expression in both the cytoplasm
and nucleus, while that of hucMSC-Ex and MLN4924
groups decreased (Figure 4G). The overall fluorescence
intensity of P-NF-xB in the hucMSC-Ex and MLN4924
groups decreased, thus less fluorescence in the nucleus and
cytoplasm (Figure 4H).

3.5 | HucMSC-Ex-expressed miR-326
inhibits neddylation

Both in vivo and in vitro experiments have shown that
hucMSC-Ex can inhibit the process of neddylation, but
key molecules within hucMSC-Ex involved in this reg-
ulatory process need further study. We used Illumina
Hiseq (Oebiotech, OE2015H1459) to sequence hucMSC-

P <.001 by ANOVA; D, THC analysis of colon tissue level of neddylation-

Ex and HFL1-Ex separately for comparison (Figure 5A,
source: Key Laboratory of Medical Science and Laboratory
Medicine of Jiangsu Province, School of Medicine, Jiangsu
University), and made prediction of possible miRNAs
that could target NEDDS using http://www.targetscan.org
website. Alignment results singled out four miRNAs: miR-
27b, miR-326, miR-411-5p, and miR-665. To verify the cel-
lular expression of selected miRNAs, FHC was treated
with different batches of hucMSC-Ex. QRT-PCR results
showed that only miR-326 was stably and significantly
expressed in cells under hucMSC-Ex treatment, and less
expressed in Neg and LPS groups (Figure 5B). Based on
this outcome, the probable binding site between miR-326
and NEDD8 mRNA 3’URT was predicted (Figure 5C). The
result showed that the ratio of the two luciferase activ-
ities of the WT in the miR-326 mimics group was sig-
nificantly reduced. In contrast, the activity ratio of the
inhibitor group increased, which was statistically signifi-
cant (P < .05). There was no significant difference in the
ratio of luciferase activity (Figure 5D). FHC was trans-
fected with miR-326 mimics, mimics NC, inhibitor, and
inhibitor NC for 48 h. QRT-PCR results showed that miR-
326 was significantly overexpressed in miR-326 mimics
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cells but no significant change in miR-326 inhibitor group
(Figure 5E).

FHC was successfully transfected with miR-326 mimics
and miR-326 inhibitor for further studies on the regulation
of neddylation. Western blot results showed that NEDDS8

and P-NF-xB were overexpressed in FHC of the LPS group,
but IxB expression showed a slight reduction. On the other
hand, NEDD8 and P-NF-xB decreased in mimics group,
while IxB degradation was slightly inhibited. In contrast to
the LPS group, the expression of NEDD8 and P-NF-xB in
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the inhibitor group was enhanced, while IxB was further
reduced, but no significant change in the mimics NC and
inhibitor NC groups (Figure 6A; Figure S4). Co-IP results
showed that the binding degree of NEDDS to cullin 1 in
LPS and inhibitor groups was significantly enhanced, but
inhibited in mimics group (Figure 6B). Upon qRT-PCR
analysis, there was a significant expression of neddylation-
related molecules (NAel, UBCI2F, Uba3) in the LPS group,
but the reduced expression in mimics group (Figure 6C).
IF results also showed that while the fluorescence inten-
sity of cullin 1 in the cells of the LPS group was signifi-
cantly enhanced but reduced in the mimics group, the flu-
orescence in the inhibitor group had no significant reduc-
tion (Figure 6D). The expression of NEDDS followed a sim-
ilar trend (Figure 6E). Again, the fluorescence of P-NF-
xB in the LPS group was enhanced and mainly concen-
trated in the nucleus. The overall fluorescence of miR-326
mimics group cells was significantly weak and reduced in
the nucleus but appeared in the cytoplasm, while that of

miR-326 inhibitor group had no significant reduction in
the nucleus (Figure 6F).

3.6 | HucMSC-Ex miR-326 relieves IBD
in mice by inhibiting neddylation

In order to verify the effect of miR-326 in IBD mice,
hucMSC-Ex was transfected with miR-326 mimics, mim-
ics NC, inhibitor, and inhibitor NC, for subsequent
treatment of IBD. The initial qRT-PCR analysis showed
that miR-326 expression was significantly upregulated in
the mimics group but reduced in the inhibitor group
(Figure 7A) indicating a successfully constructed miR-
326 overexpressed/underexpressed hucMSC-Ex for subse-
quent experiments.

The trend of weight loss in the mimics group was sup-
pressed compared to mimics NC group, with reduced DAI
score. Similarly, mice in the inhibitor group had a more
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FIGURE 6 HucMSC-Ex expressing miR-326
inhibits neddylation. A, Western blot analysis of
neddylation-related molecules in FHC; B, Co-IP
analysis of binding of NEDDS to cullin 1; C,
QRT-PCR analysis of neddylation-related
molecules expression in FHC, P < .05; “P < .01;
“*P < .001 by ANOVA; D, IF analysis of
neddylation-related molecules in FHC (cullin 1)
(scale bar = 50 um); E, IF analysis of
neddylation-related molecules in FHC (NEDDS8)
(scale bar = 50 um); F, IF analysis of P-NF-xB
expression in FHC (scale bar = 50 um)
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significant weight loss and higher DAI score than those
of inhibitor NC group (Figure 7B,C). After treatment, all
mice were sacrificed and colon taken for further observa-
tion. The colon of mimics group (75 mm) was significantly
longer than those of DSS (42 mm) and mimics NC groups

ook

P <0.001 by ANOVA

(65 mm). The mice of the inhibitor group (57 mm) had
shorter colon than inhibitor NC group (63 mm), but longer
than the DSS group (42 mm; Figure 7D). H&E staining
results showed that the intestinal villous structure of DSS
group was severely damaged, while that of mimics group



CLINICAL AND TRANSLATIONAL MEDICINE
A
I_P'.—-—-—-. “P-IKB B
IxB & NEDDS-cullin 1
P-NF-xB
T-NF-xB E IF' cullin 1
—

| w NEDDS

| ———*—l B-actin

C < g 7 2y
(=]
g g 84
2= 579
£33 " T 3
&g iy
% ] & e 24
23 55
Sz & 3 1
&~ 2
= -
D
>
=]
a
=
4
-
g1
=
=
©
Neg DSS mimics
FIGURE 8

|—_-———| B-actin

the
RelativeExpression
of DCNL1/B-actin

inhibitor NC

inhibitor

mimics NC

HucMSC-Ex overexpressing miR-326 suppresses neddylation process during to relieve IBD. A, Western blot analysis of the

expression level of neddylation-related molecules in colon tissue; B, Co-IP analysis of the binding of NEDDS to cullin 1; C, QRT-PCR analysis of

the expression level of neddylation-related molecules in colon tissue, “P < .05; P < .01;

level of neddylation-related molecules (scale bar = 50 um)

was restored. The structural integrity of the colonic tissue
of mimics NC group was partially recovered, and that of
the inhibitor group was relatively disordered (Figure 7E).
QRT-PCR results showed the reduced expression level of
pro-inflammatory factors (IL-13, IL-6) in mimics group
compared to mimics NC group. Similarly, the expression
was lower in the inhibitor NC group than the inhibitor
group (Figure 7F).

Western blot analysis indicated reduced expression of
NEDDS but increased expression of IxB in mimics group

ook

P <.001 by ANOVA; D, THC analysis of colon tissue

compared to mimics NC group, and higher expression
of NEDDS but promoted degradation of IxB in inhibitor
group. P-NF-xB was down-regulated in the mimics group
and up-regulated in the inhibitor group (Figure 8A;
Figure S5). Co-IP results showed that the degree of bind-
ing of NEDDS to cullin 1 was inhibited in the mimics group
and enhanced in the inhibitor group (Figure 8B). QRT-
PCR showed reduced expression of neddylation-related
molecules (NAel, Uba3, DCNL1) in the colon tissues of
mice in the mimics group and increased in the inhibitor
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group (Figure 8C). Analysis by IHC showed weak expres-
sion of NEDDS8 and cullin 1in the mimics group. Compared
to the inhibitor NC group, the NEDDS8 and cullin 1 in the
colon tissue of the inhibitor group increased (Figure 8D).

4 | DISCUSSION
Common proteins in exosomes are members of the
tetraspanin (TM4SF) superfamily. The TM4SF family is
a group of scaffold membrane proteins including CD63,
CD81, and CD9. They are located on the surface of exo-
somes and serve as detection markers.’° Exosomes also
contain messenger RNA (mRNA) and miRNA. When exo-
somes are endocytosed by recipient cells, the genetic infor-
mation carried by RNA affects protein expression in these
cells.*"*? Exosomes can be used for disease diagnosis, drug
delivery, and as therapeutic agents.>® Because exosomes
contain unique biologically active molecules, they repre-
sent the composition, physiological state, and character-
ization of parent cells,* hence they can also be referred
to as the “fingerprints” of parent cells.”®> The structure
of exosomes is similar to liposomes, so it can protect its
contents from the external environment, thus maintaining
the integrity of its biological activity. Exosomes can medi-
ate cell-to-cell communication between various parts of
the human body, and are transported in the body through
the blood yet avoid inducing immune responses.*® Com-
pared with the uncontrolled growth of cells in cell ther-
apy, exosomes will not mutate, replicate, or induce metas-
tasis, making them safer and easier to control. Collectively,
these functions support exosomes making them potential
therapeutics and delivery tools. In recent years, some stud-
ies have shown that intestinal epithelial-derived exosomes
repair intestinal mucosal damage through ANXA1,”” and
exosomes secreted by bone marrow-derived DC can
relieve 2,4,6-trinitrobenzenesulfonic acid (TNBS)-induced
colitis.*® Schistosoma japonicum and hookworm-derived
exosomes alleviate intestinal mucosal damage by inhibit-
ing the secretion of pro-inflammatory factors.***° Cur-
rently, stem/progenitor cells, especially MSCs, are impor-
tant active ingredients in regenerative medicine.*' This
study shows that after injecting hucMSC-Ex through the
tail vein into IBD mice, the hucMSC-Ex can reach the dam-
aged colon tissue and act on the target tissue through direct
contact or paracrine mode to exert its effect. HucMSC-
Ex treatment mitigated clinical symptoms associated with
IBD (weight loss, shortened colon, and bloody stool),
restored structural integrity of colon tissue, and inhibited
secretion of pro-inflammatory factors in colon tissue.
NF-xB is a ubiquitous pro-inflammatory transcription
factor in mammalian cells and plays a key role in regu-
lating the production of pro-inflammatory factors (IL-18,

TNF-).*>* 1B kinase complexes are part of the upstream
NF-xB signal transduction cascade. IxB proteins inacti-
vate NF-xB transcription factors by masking the nuclear
localization signals of NF-xB proteins to keep them inac-
tive in the cytoplasm. It has been shown that the deteri-
oration of IxB is mainly ubiquitination, and that this pro-
cess is dependent on neddylation. When cullin activation is
blocked, it leads to accumulation of many CRL substrates
including IxB, which inhibits NF-xB activity.*** Cullin
1 is one of the most important substrates in neddylation,
and its expression level can indirectly show the progress
of neddylation. The intensity of neddylation depends on
the expression level of free NEDDB. Free NEDDB is acti-
vated by El activase and transferred to E2 ligase, and then
to E3 ligase to get it activated.*® NAE is currently the
only El activating enzyme (dimer formed by NAel and
Uba3), and UBCI2F is an E2 ligase involved in the ned-
dylation modification process. Five DCNL (DCNI1-like pro-
teins) can be found in mammals, and DCNLI1 plays a role
in cullin 1 neddylation as E3 ligase.*”*% In this study, we
have demonstrated that in the process of relieving IBD
in mice, hucMSC-Ex inhibits the expression level of free
NEDDS and thus prevents the binding of NEDDS to cullin
1. Related enzymes involved in the neddylation process
including E1 activases (NAel, Uba3), E2 ligase (UBCI2F),
and E3 ligase (DCNLI), also had reduced expression
levels, indicating the inhibitory effect of hucMSC-Ex on
neddylation. Additionally, IxB (a substrate of CRL), was
inhibited by hucMSC-Ex, and its degradation effect allevi-
ated. IxB accumulation caused inhibition of NF-xB phos-
phorylation.

As a selective NAE inhibitor, MLN4924 regulates mul-
tiple signaling pathways by inhibiting the neddylation of
target molecules.*” FHC is a human colorectal mucosal
cell that grows steadily in nutrient solutions. This study
demonstrated that LPS and hucMSC-Ex had no significant
effect on the growth of FHC within 48 h, but the inhibitory
effect of MLLN4924 on cell proliferation became more obvi-
ous as time progressed. Although MLN4924 is known to
effectively inhibit neddylation, long-term damage to cells
cannot be ignored, and it is currently used clinically as
a tumor suppressor.*’ This study showed that treatment
with hucMSC-Ex after LPS-induced acute inflammation of
FHC, resulted in similar inhibitory effect to MLN4924. For
example, both of them inhibited the expression of NEDDS
and thus prevented the binding of NEDDS to cullin 1. The
expression levels of related enzymes were reduced, IxB
accumulated, and NF-kB phosphorylation was inhibited.
At the same time, the transfer of P-NF-xB from the cyto-
plasm to the nucleus was inhibited. These results indicate
that hucMSC-Ex treatment leads to loss of NF-«B signaling
pathway through the inhibition of neddylation in vivo and
in vitro, thereby alleviating inflammation.
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miRNAs are a class of endogenous noncoding single-
stranded small RNAs that are involved in regulating the
expression of the gene of interest at the post-transcriptional
level. The expression levels of miRNAs in different tissues
and different developmental stages are significantly dif-
ferent, further indicating that miRNAs play an important
role in regulating gene expression. miRNAs regulate many
physiological processes, including early development,”
cell proliferation and differentiation,” cell death, inflam-
mation, immune response, and fat metabolism. Studies
have shown that many miRNAs play a regulatory role in
immune cells, including monocytes/macrophages, DCs,
natural killer (NK) cells, mast cells, and so on, and thus
participate in the development of IBD. Highly expressed
miR-21 in intestinal epithelial cells promotes Akt phos-
phorylation and inhibits PTEN expression, leading to dam-
age to the intestinal mucosa®; miR-141 inhibits leukocyte
migration by downregulating the chemokine CKCL128,
thereby alleviating TNBS-induced colitis.>* The NF-xB
family contains heterodimer transcription factors, which
are mainly responsible for inflammatory response and
cell survival, and play a leading role in the signal path-
way of neddylation. Studies have shown that miR-122
relieves intestinal mucosal damage by regulating the NF-
kB signaling pathway.> Exosomes can secrete abundant
miRNAs. In this study, hucMSC-Ex and HFL1-Ex were
sequenced and compared, and miRNAs that target NEDD8
were selected. Verification of hucMSC-Ex extracted from
different batches showed that miR-326 was stably and
highly expressed in hucMSC-Ex. There was no signifi-
cant difference in the expression level of miR-326 in FHC
after LPS stimulation, which may be due to lower basal
expression level of miR-326 in FHC. In accordance with
the predicted target, a corresponding luciferase reporter
gene vector was constructed, and miR-326 identified as
a key molecule targeting NEDDB. In subsequent exper-
iments, FHC was transfected with miR-326 mimics and
inhibitors. Cells in the mimics group significantly overex-
pressed miR-326, while this expression was reduced in the
inhibitor group. Suppression is associated with lower basal
expression levels of miR-326 in FHC. Under LPS stimula-
tion, the levels of NEDD8 and cullin 1 were significantly
reduced in cells that overexpressed miR-326, the degree
of binding between NEDDS8 and cullin 1 was suppressed,
and the expression levels of related enzymes decreased.
At the same time, the CRL substrate IxB accumulated
and inhibited the activation of the NF-xB signaling
pathway.

To verify the reparative effect of miR-326 in IBD mice,
the study transfected hucMSC-Ex with miR-326 mim-
ics and inhibitor to establish miR-326 high/low expres-
sion. Since miR-326 cannot be injected directly into mice,
hucMSC-Ex acted as corresponding carriers, with results

3

showing that hucMSC-Ex carrying miR-326 relieves IBD
by inhibiting neddylation of cullin 1.

5 | CONCLUSION

HucMSC-Ex homes to damaged colorectal tissues to
relieve IBD in mice. In the process of alleviating inflam-
mation, it inhibits the binding of NEDDS to the substrate
protein cullin 1, the expression of E1, E2, and E3 enzymes in
the neddylation process, as well as the activation of NF-xB
signaling pathway. HucMSC-Ex is rich in miR-326 which
targets the expression of NEDDS to inhibit the neddylation
process and achieve the effect of relieving IBD.

6 | STUDY HIGHLIGHTS

Findings in this research add up to knowledge on the reg-
ulatory effect of hucMSC-Ex in intestinal mucosal inflam-
mation, as it modulates cullinl neddylation. miR-326, an
active cargo in hucMSC-Ex, targets NEDD8 and prevents
it from binding to cullin 1. CRL/NF-xB signaling pathway
isa classic pathway in neddylation, and loss of its transduc-
tion signal inhibits the synthesis and production of related
inflammatory factors. MLLN4924 is currently used as a clin-
ical antitumor drug and has not been applied in the treat-
ment of inflammatory damage. HucMSC-Ex has no detri-
mental effect on target cells, avoids unwanted immune
response caused by immunogenicity, hence providing a
new target and strategy for future treatment of IBD.
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