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Abstract

microRNA-1827 (miR-1827) is proposed to be enriched in exosomes from mesenchymal stem cells (MSCs-Exos). A
recent study has addressed the suppressive effect of exosomes from human umbilical cord mesenchymal stem cells (hUC-
MSCs-Exos) on colorectal cancer (CRC) metastasis. Hence, our study aims at investigating whether hUC-MSCs-Exos can
modulate the liver metastasis in CRC by mediating miR-1827. Transmission electron microscopy (TEM) and nanoparticle
tracking analysis (NTA) were used to identify hUC-MSCs-Exos. Using gain- and loss-of-function approaches, the expres-
sion of miR-1827 and succinate receptor 1 (SUCNRI1) was altered. Consequently, the biological functions of CRC cells
were assessed by CCK-8 and Transwell assays and macrophage M2 polarization was assayed by flow cytometry. Dual-
luciferase reporter assay was applied to clarify interaction between miR-1827 and SUCNRI. CRC cells were incubated
with hUC-MSCs-Exos and tumor-bearing mice were injected with hUC-MSCs-Exos to examine the effects on CRC cell
growth and metastasis. SUCNRI, lowly expressed in CRC, could promote CRC cell growth and macrophage M2 polar-
ization. miR-1827 could target SUCNRI1 and hence suppress the progression and metastasis of CRC. hUC-MSCs-Exos
carried miR-1827 to inhibit M2 macrophage polarization by downregulating SUCNR1 expression, and inhibited prolifer-
ating, migrating and invading properties of CRC cells. Furthermore, hUC-MSCs-Exos carrying miR-1827 blocked CRC
liver metastasis in vivo. These findings indicate hUC-MSCs-Exos as an inhibitor of M2 macrophage polarization and
liver metastasis in CRC through inducing miR-1827-targeted inhibition of SUCNRI. This provides a theoretical basis for
understanding the mechanisms underlying Exos-based target therapy for CRC.
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Introduction

Colorectal cancer (CRC) has gradually become one of the
most wide-spread cancers, taking up about 10% to all diag-
nosed cancers every year [1]. Despite advancement in new
treatments, the cure rate and prognosis for people diagnosed
with CRC have not been improved in the last decades [2].
The etiology of CRC has been identified to involve genetic
and epigenetic alterations such as aberrant DNA methyla-
tion, dysregulation of microRNA (miRNAs) and noncoding
RNAs, and changes in histone modification [3]. In addition
to the genetic components, modifiable environmental com-
ponents are also proved to play vital roles in the development
of CRC, such as tobacco, alcohol intake, and physical activ-
ity [4]. Tumor metastasis is one of main factors inducing
CRC-associated deaths and among which the liver metas-
tasis is a frequent event [5]. In addition to surgical resec-
tion, radiotherapy in association with chemotherapy and
immunotherapy, are rising as alternative treatment options
for CRC patients with colorectal liver metastases [6, 7]. The
development of novel and effective non-surgical treatments
heavily relies on the understanding of the pathways related
to initiation and progression of CRC [8].

Exosomes (Exos), tiny vesicles originated from differ-
ent cell resources, are proposed as paracrine factors that can
transmit biomolecules including miRNAs between cells [9,
10]. Exosomes from human umbilical cord-derived mesen-
chymal stem cells (hUC-MSCs-Exos) have been reported
to inhibit CRC metastasis through carrying miRNAs [11].
miRNAs, dysregulated in tumor cells, can regulate the
expression of oncogenes or anti-oncogenes in different
types of cancer, whereby preventing or driving tumorigene-
sis [12, 13]. miR-1827 has been found to be lowly expressed
in CRC, which is associated with poor CRC prognosis [14],
yet no study has mentioned the relationship between miR-
1827 and Exos. Also, miR-1827 is lowly expressed in lung
and liver cancer cells, but upregulation of miR-1827 rep-
resents a promising anti-tumor target in these cancers [15,
16]. Succinate receptor 1 (SUCNRI1) mutation is one of
genetic mutations contributing to disease in rectal- and gas-
tric cancer [17]. This gene has also been addressed to drive
lung cancer metastasis by promoting macrophage polariza-
tion [18]. An existing has revealed the correlation between
SUCNRI1 and cAMP which is a key pathway involved in
the progression of rectal cancer [19, 20]. Based on infor-
mation from EVmiRNA database, miR-1827 was found a
miRNA enriched in MSCs-Exos. As miR-1827 was identi-
fied to target SUCNRI1 by in silico analysis, in this study, we
perform in vivo rat models and in vitro cultures to investi-
gate whether hUC-MSCs-Exos carry miR-1827 to modulate
SUCNRI, affecting macrophage M2 polarization involved
in colorectal liver metastasis.
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Methods
In silico analysis

Differential analysis of CRC microarray GSE108153 (nor-
mal sample n=21; CRC sample n=21) in the GEO database
was performed using the R language “limma” package, in
which the expression data of miR-1827 was extracted and
plotted in a box plot. The downstream genes of miR-1827
were predicted by the database TargetScan (Cumulative
weighted context + + score<-0.2), miRWalk (bindingp > 0.9,
accessibility<0.01, au>0.55), DIANA TOOLS (miTG
score>0.7), and RNA22. The target genes in the intersec-
tion were taken for KEGG pathway enrichment analysis by
KOBAS. The expression profiles of COAD and READ and
clinical data were downloaded from the TCGA database and
analyzed using the GEPIA. The binding sites between miR-
1827 and the key downstream genes were also predicted by
the TargetScan.

Clinical sample collection

Cancer tissues and the adjacent normal tissues were col-
lected from 28 CRC patients with liver metastases (aged
38-64 years with a mean age 0f 49.17 + 5.14 years; 15 males
and 13 females). The enrolled patients underwent palliative
surgery (resection of only the primary tumors) in Guang-
dong Provincial People’s Hospital from December 2016
to June 2019. Among them, there were 12 cases of rectal
cancer and 16 cases of colon cancer. All patients met the
2017 version of the Chinese CRC diagnostic criteria [21,
22], with tumor originated in the colorectum, a clear patho-
logical diagnosis, aged>18 years, and complete medical
records. The CRC epithelial tissues and adjacent normal tis-
sues were preserved in sterile tubes and kept in liquid nitro-
gen for subsequent experiments. All patients in this study
provided informed consent and the study was approved by
the clinical ethics committee of Guangdong Provincial Peo-
ple’s Hospital.

Cell culture

hUC-MSCs were purchased from the American Type Cul-
ture Collection (ATCC, Manassas, VA) and cultured in
serum-free medium (Gibco Company, Grand Island, NY) in
a constant temperature incubator at 37 °C and 5% CO,. Four
CRC cell lines (HCT-116, SW480, Caco-2, and HT-29) and
the human colonic epithelial cell line HCoEpiC were pur-
chased from the Cell Bank of the Chinese Academy of Sci-
ences and cultured in Dulbecco’s modified eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS)
in a constant temperature incubator at 37 °C and 5% CO?2.
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The adherent cells were passaged and digested with 0.25%
trypsin (Hyclone, Germany) and the log-phase cells were
taken for the experiment [23, 24].

The purity of hUC-MSCs was detected by flow cytom-
etry [25]. The hUC-MSCs were dispersed into single cell
suspension (3 x10° cells/mL). Antibodies used here were
sourced from BD Farmingen. hUC-MSCs were labeled
with antibodies CD34-FITC (555,821) and CDA45-FITC
(555,482), CD90-FITC (555,595), CD105-FITC (561,443)
and incubated together at 4 °C for 30 min, followed by treat-
ment with 4% paraformaldehyde (PFA, P804536, Maclin,
Shanghai, China). The expression of the above-mentioned
antibodies was detected by Accuri C6 Plus Flow cytometer
(BD pharingen, USA).

Isolation of macrophages

The nude mice were euthanized and fixed. Their skin was
scissored under aseptic conditions to expose the intact peri-
toneum [22, 26]. The peritoneal cavity was then filled with
S5mL of pre-cooled serum-free DMEM, and the abdomen
was gently rubbed for 5 min. The peritoneal cavity was
repeatedly rinsed with a pipette to collect the lavage fluid.
The harvested lavage fluid was injected into a centrifuge
tube and centrifuged at 1,000 x g for 10 min, twice in suc-
cession, and the supernatant was discarded. After the cell
precipitate was washed with DMEM, the cells were resus-
pended in DMEM with 10% serum. The cell suspension was
seeded in 6 cm culture dishes and placed in a constant tem-
perature incubator at 37°C and 5% CO, for 2 h. After 2 h,
the culture supernatant was discarded, and the culture dishes
were gently rinsed with DMEM with 10% 1-2 times, and
the adhered cells were obtained as macrophages.

Isolation and identification of Exos

The FBS was ultracentrifuged at 100,000 x g for 18 h to
delete Exos from the serum. When confluence reached
approximately 80%, hUC-MSCs were rinsed twice with
phosphate buffer saline (PBS) and incubated with 10%
Exos-free FBS at 37 °C and 5% CO, for 48 h. After incuba-
tion, the supernatant was centrifuged sequentially at 4 °C
(x 300 g for 10 min; x 2,000 g for 15 min; x 5,000 g for
15 min). The precipitate was discarded after each centrifu-
gation. The supernatant was centrifuged at x12,000 g twice
(30 and 70 min) at 4 °C, and the precipitate was collected.
After differential centrifugation, the supernatant was ultra-
centrifuged at x100,000 g for 70 min and the precipitate
containing Exos was collected. Another round of ultracen-
trifugation at x100,000 g for 70 min was performed after
resuspension with PBS. Finally, the precipitate containing
pure Exos was collected [27, 28].

A total of 20 ng of Exos was resuspended in 1 mL PBS
and spun for 1 min to maintain uniform distribution. The
nanoparticle tracking analysis (NTA) (NanoSight; Malvern
Panalytical, Worcestershire, UK) was performed to directly
measure the diameter and size distribution of the Exos.
The particles were tracked and measured based on Brown-
ian motion and diffusion coefficients. After isolation, Exos
were diluted in 1 umL filtered PBS. Control medium and fil-
tered PBS served as controls. NTA measurement conditions
were set to 23.75+0.5 °C, 25 frames per second for 60 s.
All samples had similar detection thresholds. Each reaction
was repeated three times and the result was averaged [29].

The prepared Exos were fixed in 4% paraformaldehyde
for 2 h at 4 °C and then fixed in 1% osmium tetroxide for
2 h after rinses. The Exos were routinely dehydrated with
gradient ethanol and acetone and then treated with ethoxyl-
ated resin, paraffin-embedded and polymerised. Next, the
Exos were cut into 0.5-pum semi-thin sections and visualized
under a light microscope. After identification of the Exo
location, 60 nm ultrathin sections were prepared for uranyl
acetate and lead citrate staining. Microscopic observation
was performed at 110 kV using a JEM 1230 transmission
electron microscope (TEM) (JEOL USA Inc., Peabody,
MA) [30].

Western blot assay was adopted to detect the expression
of Exos surface protein markers CD9, CD81, CD63, Tsg101,
and exosome negative protein marker Calnexin [31].

CRC cell uptake of Exos

Purified hUC-MSCs-Exos were tagged with PKH67 Green
Fluorescent Kit (PKH67GL-1KT, Sigma-Aldrich, St.Louis,
MO). Exos were resuspended in 1 mL Diluent C solution,
and 4 pL PKH-67 ethanol dye solution was also replen-
ished to the 1 mL Diluent C to prepare the dying solution
(4% 107° M) which was mixed with the 1 mL Exos suspen-
sion for 5 min. The staining was terminated with 2 mL of
1% bovine serum albumin (BSA) for 1 min. The labelled
Exos were ultracentrifuged at 100,000 x g for 70 min, re-
centrifuged, and resuspended in 50 uL PBS. Then, PKH67-
labelled Exos were incubated with CRC cells at 37 °C for
12 h. Cells were then fixed with 4% paraformaldehyde (PFA)
and washed with PBS, while cell membranes were stained
red with DiL (C1036, Beyotime Biotechnology, Shanghai,
China). Nuclei were stained with 4',6-diamidino-2-phenyl-
indole (DAPI). The uptake of labeled Exos by CRC cells
was observed using a fluorescent microscope (Zeiss LSM
800, Zeiss Public, Germany).

For study of the uptake of hUC-MSCs-Exos carrying
Cy3-miR-1827 by CRC cells, hUC-MSCs were infected
with Cy3-miR-1827 lentivirus (GenePharma, Shanghai,
China) (serum-free medium). After 6 h, the cells were
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cultured with a renewed Exos-free 10% serum medium
for 48 h. The cell supernatant was resuspended in PBS and
added to CRC cells, which were fixed in 4% PFA in the
same way as described above. After staining, the uptake of
Exos (red light) by CRC cells carrying Cy3-miR-1827 was
observed under fluorescence microscope (LSM710, Zeiss).

CRC cell transfection

When CRC cells reached 80-90% confluence, cell transfec-
tion was performed according to the lipofectamine 2000
instructions (11668-019, Invitrogen). Exos were isolated
from untreated hUC-MSCs, hUC-MSCs transfected with
NC mimic, and hUC-MSCs transfected with miR-1827
mimic, designated as hUC-MSCs-Exos, hUC-MSCs-Exos-
NC mimic, and hUC-MSCs-Exos-miR-1827 mimic. CRC
cells were treated with PBS, hUC-MSCs-Exos, hUC-MSCs-
Ex0s-NC mimic, hUC-MSCs-Exos-miR-1827 mimic or
transfected with short hairpin RNA against SUCNR1 (sh-
SUCNRI), SUCNRI overexpression vector (oe-SUCNR1),
plasmids of miR-1827 mimic, miR-1827 inhibitor, and/or
their corresponding negative controls (NC).

The final concentration of oe-SUCNRI1 or sh-SUCNRI
used for transfection was 50 nM, and the shRNA sequences
are shown in Table S1. NC-mimic, miR-1827 mimic, NC-
inhibitor, and miR-1827 inhibitor were supplied by RiboBio
(Guangzhou, China), and other above-mentioned plasmids
and sequences were designed and sequenced by GeneChem
(Shanghai, China) with pcDNA3.1 vector used for the con-
struction of stable transfection vectors.

Cell counting kit-8 (CCK-8)

The proliferative capacity of the cells was assayed using the
CCKS8 kit (CA1210-100, Solarbio, Beijing, China). Briefly,
cells were seeded in 96-well plates at 5x 10* cells per well
and cultured for 3 days. Each well was added with 10 pL
CCKS8 solution and incubated in an incubator for 2 h. Sub-
sequently, the absorbance at 450 nm was measured using
a microplate reader (BIO-RAD 680, BIO-RAD, Hercules,
CA), and the optical density (OD) values were measured
at different time points (0 h, 24 h, 48 h, 72 h), followed by
plotting of cell proliferation curves.
Transwell assay

Transwell assay

An 8 pm multi-well Transwell chamber (Item No. 3452,
NJXBio, Nanjing, China) with (for invasion assay) or with-
out Matrigel (for migration assay) was utilized to assess
cell migration and invasion abilities. Each well of the api-
cal chamber was filled with 300 pL of serum-free DMEM
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containing 1x 10> transfected cells/mL, while the basolat-
eral chamber contained 700 puL of complete medium. The
cells were incubated for 48 h, fixed in 4% PFA, and later
stained with crystal violet. Cells retained in the apical cham-
ber were removed with a cotton swab and imaged by light
microscopy (Olympus, China). Five fields of view were ran-
domly selected for counting, and the number of cells was
expressed as the mean number.

Western blot assay

The total protein of cells or tissues was extracted using pre-
cooled phenylmethanesulfonyl fluoride (PMSF)-contain-
ing radio immunoprecipitation assay (RIPA) lysis buffer
(R0010, Solarbio) at 4 °C strictly according to the instruc-
tions. Each protein sample was separated by electrophoresis
in 10% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to the polyvinylidene
fluoride membrane (Millipore, Germany) by wet transfer
method, which was blocked with 5% BSA at room tem-
perature for 1 h. Diluted primary antibodies to SUCNRI1
(NBP1-00861, 1:5000, Novus Biologicals, Beijing, China),
ARGI1 (9819, 1:5000, Cell Signaling, Danvers, MA), Bcl2
(ab182858, 1:2000, Abcam), PCNA (ab29, 1:1000, Abcam),
Ki67 (ab16667, 1:1000, Abcam), MMP2 (ab92536, 1:1000,
Abcam), MMP9 (ab283575, 1:1000, Abcam), N-cadherin
(ab76011, 1:5000, Abcam), E-cadherin (ab231303, 1:1000,
Abcam), Fizzl (ab271225, 1:1000, Abcam), Mgll (PAS-
120697, 1/1000, Invitrogen), GAPDH (ab8245, 1:1000,
Abcam) were incubated with the membrane overnight at
4 °C in a shaker. The membrane was washed 10 min x 3
times with TBST. The horseradish peroxide (HRP)-labeled
goat anti-rabbit secondary antibody to immunoglobulin G
(ab6721, 1:5000, Abcam, Cambridge, UK) was added for
1 h incubation. The HRP substrate enhanced chemilumi-
nescent luminescent solution was purchased from Lians-
huo Biological (WBKLS0050, Shanghai, China). Finally,
glyceraldehyde-3-phosphate  dehydrogenase (GAPDH;
ab8245, 1:5000, Abcam) was utilized as the internal refer-
ence and the relative protein expression was analyzed using
a gel imaging analysis system (GIS-500, QMgene, Beijing,
China) and Image J software.

Reverse transcription quantitative polymerase
chain reaction (RT-qPCR)

Total RNAs were extracted from cells using a Trizol
reagent (Invitrogen), while a NanoDrop spectropho-
tometer (Thermo) was utilized to analyze the amount of
RNAs. The complementary DNA (cDNA) was obtained
according to the instructions of miRNA Reverse Transcrip-
tion Kit (B532451, Sangon Biotech) and cDNA Reverse
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Transcription Kit (B532445, Sangon Biotech), followed by
amplification of gene fragments. miR-1827 reverse tran-
scription primer was purchased from RiboBio (Guangzhou,
China). The other target gene primers were synthesized by
Takara (Dalian, China) (Table S2). The reaction system
was prepared according to the instructions of the fluores-
cent quantitative PCR kit (AQ101-02, TransGene Biotech,
Beijing, China). Fluorescent quantitative PCR was per-
formed in an ABI ViiA 7 (DaanGene, Guangzhou, China)
with GAPDH served as an internal reference. For miRNA
detection, the reaction system was prepared according to the
instructions of the miRNA fluorescence quantitative PCR kit
(AQ101-02, TransGene Biotech), in which 1 pL of reverse
transcribed cDNA was taken and the reaction amplification
system was 10 pL, with U6 as internal reference. The rela-
tive quantification method (27T method) was utilized to
calculate the relative transcription level of the target gene.

Dual-luciferase reporter gene assay

The relationship between the SUCNRI1 gene and miR-
1827 was confirmed through the bioinformatics database
microRNA.org. Human embryonic kidney (HEK)-293T
cells were cultured in DMEM containing 10% FBS at 37 °C
and 5% CO,. The luciferase reporter gene assay was used to
verify whether the SUCNR1 mRNA 3’untranslated region
(UTR) has a binding relationship with miR-1827. A dual
luciferase reporter gene vector containing SUCNRI1 3°’UTR
and mutants with mutated binding site to miR-1827 were
constructed: pGLO-SUCNR1 wild type (Wt) and pGLO-
SUCNR1 mutant type (Mut) (5’-CCAGCUGCCAU-
UGCAGACGGAUG-3), respectively. The two reporter
plasmids were co-transfected into HEK293 cells with miR-
1827 mimic and pRL-TK (an internal reference plasmid
expressing renilla luciferase), respectively. Cells were col-
lected 48 h after transfection and relative luciferase activ-
ity values were determined using a dual luciferase reporter
assay system (E1910; Promega Corporation, Madison, WI).
Relative luciferase activity was expressed as the firefly
luciferase activity/sea kidney luciferase activity.

Macrophage M2 polarization and flow cytometry

Peritoneal macrophages were seeded in 6-well plates at a
density of 3x10° cells per well. Cells were subsequently
treated with different conditioned media (Control, HT-29,
HT-29-sh-NC, or HT-29-sh-SUCNRI1) for 3 days. Cells
were harvested and fixed by incubation in PBS containing
1% formaldehyde on ice for 15 min. Cells were then washed
and blocked with 1% BSA on ice for 1 h. Next the cells
were stained with anti-CD106 (Vcaml)-FITC (BD Biosci-
ences, San Diego, CA), anti-CD11c-PE (BD Biosciences),

and anti-CD11b-PerCP (Biolegend, Los Angles, CA) on ice.
After 3 h of staining, cells were washed and resuspended in
PBS. Flow cytometry was performed by a FACS Calibur
(BD Biosciences) and analyzed using FlowJo software. For
the analysis of macrophage M2 polarization at tumour sites,
tumour tissues were lysed and macrophages were collected
for subsequent experiments.

Xenograft tumors in nude mice

A total of 1x10® CRC cells were injected subcutane-
ously into BALB/c nude mice (Slac Laboratory Animal,
Hunan, China) to construct a subcutaneous transplanta-
tion tumor model in nude mice. When the tumors reached
about 100 mm®, the nude mice were untreated or injected
with agomir NC, miR-1827 agomir, hUC-MSCs-Exos-
NC mimic+o0e-NC, hUC-MSCs-Exos-NC mimic + oe-
SUCNRI1, hUC-MSCs-Exos-miR-1827-mimic + 0e-NC, or
hUC-MSCs-Exos-miR-1827-mimic + oe-SUCNRI1, with 10
mice in each treatment, 70 mice in total.

Oligonucleotides, plasmids and transfected plasmid
complexes were diluted according to the instructions of En-
transterTM-in vivo. Each mouse was locally injected with 3
pL PBS mixture containing 0.5 nM transfection content for
consecutive 3 d at the site of the subcutaneous tumors. The
control mice were locally injected with the same amount of
PBS (3 uL) for consecutive 3 d at the site of the subcutane-
ous tumors. Operations were strictly in accordance with the
instructions. All vector construction, sequencing and iden-
tification were carried out by GeneChem. After 5 weeks of
treatment, nude mice were euthanized to obtain livers for
observation of metastatic tumor nodules.

Statistical analysis

The SPSS version 21.0 (IBM SPSS Statistics, Chicago)
was used for statistical analysis. Measurement data were
expressed as meanztstandard deviation. Paired f-tests
were conducted for comparison of paired data with nor-
mal distributions and homogeneous variances between
two groups and unpaired #-tests for that of unpaired data.
One-way analysis of variance (ANOVA) and Tukey’s post
hoc test were utilized for multiple group comparisons. Data
among groups at different time points were compared using
repeated measures ANOVA with Bonferroni post hoc tests.
Patient survival was assessed using Kaplan-Meier method
and compared by Log-rank test. A p <0.05 indicates a statis-
tically significant difference.
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Fig. 1 Bioinformatics analysis reveals a possible mechanism of
miR-1827/SUCNRI1 involved in CRC growth and metastasis.
A, Expression of miR-1827 in microarray GSE108153 (42 samples
including 21 normal samples and 21 CRC samples); the blue box on the
left indicates the gene expression in normal samples and the red box on
the right indicates the gene expression in CRC samples. B, EVmiRNA
prediction of miR-1827 expression in various Exos. C, Venn diagram
of downstream genes obtained from TargetScan, miRWalk, DIANA
TOOLS, and RNA22 databases. D, KEGG enrichment analyses of the

Results

Significance of MSCs-derived Exos/miR-1827/
SUCNRT1 in CRC progression and patient prognosis

Low expression of miR-1827 in CRC tissues and cells was
identified by differential analysis on microarray GSE108153
(Fig. 1 A). Our predictions from the EVmiRNA database
revealed enrichment of miR-1827 in MSCs-derived Exos
(Fig. 1B). Combined with the known knowledge previously
reported, we hypothesized that MSCs-derived Exos carried
miR-1827 to influence CRC growth and metastasis.
Subsequently, 1747, 887, 1508, and 8785 downstream
genes of miR-1827 were obtained by TargetScan, miRWalk,
DIANA TOOLS, and RNA22 prediction, respectively, and
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36 intersection genes; the vertical axis indicates the enriched entry and
the horizontal axis indicates the number of genes enriched; the bubble
color (right color scale) indicates enrichment significance-logP values.
E, Expression of SUCNRI in the COAD and READ datasets from the
TCGA database by GEPIA analysis; red boxes indicate cancer samples
while gray boxes indicate normal samples. * indicates p <0.05. F, Sur-
vival curves of SUCNRI in the COAD and READ datasets from the
TCGA database. G, TargetScan prediction of binding sites between
miR-1827 and SUCNRI1. RPM: reads per million mapped reads

36 genes were found in the intersection (Fig. 1 C). Sub-
sequent KEGG enrichment analysis by KOBAS revealed
highest enrichment in the cAMP signaling pathway, where
the enriched genes were CAMK2A, SUCNR1, and HCN4
(Fig. 1D, Supplementary Table S3). [20, 32] Through
GEPIA analysis of the TCGA database COAD and READ
datasets, we identified high expression of SUCNR1 in CRC
(Fig. 1E), while CAMK2A and HCN4 are lowly expressed
in CRC (Figure S1A, S1B). Since miRNAs always exerted
inhibitory effect on the expression of target genes, SUCNR1
was selected as the object of our study. Combined analysis
of COAD and READ clinical data revealed close association
between high SUCNRI1 expression with reduced survival
of CRC patients (Fig. 1 F). Additionally, SUCNR1 con-
tained miR-1827 binding sites as predicted by TargetScan
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Fig. 2 Effect of miR-1827 on the growth and metastatic capacity
of CRC cellsin vitroandin vivo.A, RT-qPCR detection of miR-1827
expression in HT-29 cells. B, CCKS8 assay of proliferation ability
of HT-29 cells. C, Transwell assay of migrating cells. D, Transwell
assay of invading cells (* indicates p <0.05 compared with NC mimic
group). E, Expression of miR-1827 in tumor tissues of nude mice by

(Fig. 1G). In summary, we hypothesized that MSCs-derived
Exos carrying miR-1827 may affect CRC progression and
patient prognosis by regulating SUCNR1 expression.

Overexpression of miR-1827 inhibits CRC growth
and metastasis

The study focus was shifted on the role of miR-1827 in
CRC considering its low expression in CRC [14]. miR-1827
expression was markedly enhanced by manipulation with
miR-1827 mimic in CRC cells HT-29 (Fig. 2 A). Conse-
quently, proliferative, migrating, and invading abilities of
HT-29 cells were attenuated after re-expression of miR-
1827 (Fig. 2B-D, Figure S2A, S2B).

Additional in vivo experiments were performed and
the results exhibited that miR-1827 expression remained
unaffected after local injection with agomir-NC at the site
of tumors; whereas, miR-1827 expression in the tumor-
bearing mice was elevated by local injection with agomir-
miR-1827 at the site of tumors (Fig. 2E), resulting in
significant reductions in tumor volume and weight (Fig. 2 F,
2@G). Furthermore, 5 weeks later, elevated miR-1827 expres-
sion contributed to fewer metastatic tumor nodes in the liver
of the tumor-bearing mice (Fig. 2 H). Thus, miR-1827 acted
as an inhibitor of CRC growth and metastasis.

miR-1827 miR-1827

RT-qPCR (10 mice per group). F, Representative images of xenograft
tumor formation and folded graph of tumor volume change in nude
mice. G, Tumor weight statistics of nude mice. H, Statistics of the
number of tumor metastatic nodules in the liver of nude mice (* indi-
cates p<0.05 compared to agomir-NC group). All cellular experiments
were repeated 3 times

hUC-MSCs-Exos deliver miR-1827 to CRC cells and
inhibit the malignant phenotypes of CRC cells

As EVmiRNA database revealed the presence of miR-1827
in MSCs-derived Exos, and hUC-MSCs-Exos are reported
to curb CRC metastasis via carrying miRNAs [26]. There-
fore, h(UC-MSCs were utilized as the study target and Exos
from which were isolated for subsequent experiments. We
tested the purity of hUC-MSCs by flow cytometry prior to
the experiment. The results of the flow cytometry exhibited
that the positive rate of CD90 and CD105 in hUC-MSCs was
more than 98%, while CD34 and CD45 were absent (Fig-
ure S3). It was indicated that the purity of hUC-MSCs was
high and could be used for subsequent experiments. TEM
and NTA supported the identification of Exos that most of
the Exos were round- or oval-shaped, with a diameter of
30~ 150 nm (Fig. 3 A), and distributed within the range of
30~ 140 nm (Fig. 3B). Western blot identification of exo-
some markers showed that compared with cell lysate, CD9,
CD63, CD81 and TGS101 were highly expressed in Exos,
while Calnexin was basically not expressed (Fig. 3 C). The
miR-1827 expression was abundant in hUC-MSCs-Exos
relative to PBS (Fig. 3D). Also, miR-1827 expression was
enhanced in the hUC-MSCs transfected with miR-1827
mimic but reduced in the hUC-MSCs transfected with miR-
1827 inhibitor (Fig. 3E).
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Fig. 3 Effect of hUC-MSCs carrying miR-1827 on proliferation,
migration and invasion of CRC cells. A, TEM identification of Exos
structure. B, NTA of Exos diameter size. C, Western blot analysis to
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CD81, CD63, and Tsgl01 and exosome-negative protein marker Cal-
nexin. D, RT-qPCR detection of miR-1827 expression in PBS and
hUC-MSCs-Exos (* indicates p<0.05 compared with PBS). E, RT-
gPCR detection of miR-1827 expression after hUC-MSCs transtected
with miR-1827 mimic and miR-1827 inhibitor (* indicates p<0.05
compared to hUC-MSCs-NC-mimic group; # indicates p <0.05 com-

Furthermore, we labeled hUC-MSCs-Exos with PKH-67
to investigate whether hUC-MSCs-Exos could enter into
HT-29 cells. Fluorescence microscopic data exhibited no
green fluorescence in the HT-29 cells treated with PBS or
culture medium, but strong green fluorescence in the cyto-
plasm of the HT-29 cells incubated with hUC-MSCs-Exos
(Fig. 3 F). This indicated that hUC-MSCs-Exos could be
successfully internalized by HT-29 cells. Further, the miR-
1827 in hUC-MSCs-Exos was labeled with Cy3, and the
Cy3-miR-1827 content was observed by fluorescence
microscopy after treatment of HT-29 cells with PBS, cul-
ture medium, and hUC-MSCs-Exos. Red fluorescence was
visualized in more than 70% of the HT-29 cells treated with
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pared to hUC-MSCs-miR-1827-mimic). F, fluorescence microscopy
observation of PKH-67-labeled hUC-MSCs-Exos internalized by
HT-29 cells. G, Cy3-miR-1827 content in the HT-29 cells co-cultured
with hUC-MSCs-Exos. H, RT-qPCR detection of miR-1827 expres-
sion in HT-29 cells. I, CCKS8 assay for proliferation of HT-29 cells.
J, Transwell assay for number of migrated cells. K, The number of
invading cells assessed by Transwell assay. L, Bcl2, PCNA, Ki67,
MMP2, MMP9, and N-cadherin and E-cadherin protein levels mea-
sured by Western blot assay. (* indicates p<0.05 compared to PBS
groups). All experiments were repeated three times

hUC-MSCs-Exos (manifested as high Cy3-miR-1827 con-
tent) rather than in PBS-treated cells (Fig. 3G). The above-
mentioned results suggested that hUC-MSCs-Exos could
carry miR-1827 into HT-29 cells.

Additionally, miR-1827 expression was interestingly
raised in the HT-29 cells after incubation with hUC-MSCs-
Exos instead of culture medium (Fig. 3 H). Afterwards,
proliferative, migratory, and invasive potentials of HT-29
cells were restrained after incubation with hUC-MSCs-Exos
(Fig. 31-K, Figure S2C, S2D), corresponding to reductions
in the protein levels of Bel2, PCNA, Ki67, MMP2, MMP9,
and N-cadherin as well as an elevation of E-cadherin protein
level (Fig. 3 L). Taken together, hUC-MSCs-derived Exos
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Fig. 4 Expression of SUCNRI1 in CRC tissues and cells and its
effect on macrophage M2 polarization and CRC cell migration
and invasion capacities. A, RT-qPCR detection of SUCNRI expres-
sion in CRC tissues (n=28, * indicates p <0.05 compared to adjacent
normal tissues). B, RT-qPCR detection and Western blot analysis of
SUCNRI1 mRNA and protein expression in four CRC cell lines (HCT-
116, SW480, Caco-2, and HT-29) and human normal colonic epithe-
lial cell line HCoEpiC expression (* indicates p<0.05 compared to
the other four cell lines). C, RT-qPCR determination and Western
blot analysis of SUCNRI silencing efficiency in HT-29 cells with
sh-SUCNRI sequence (* indicates p <0.05 compared to the sh-NC
group). D, Western blot analysis of ARG1 expression in macrophages
treated with CM from different HT-29 cells. E, RT-qPCR determi-
nation of Argl mRNA expression in macrophages treated with CM

deliver miR-1827 to CRC cells and inhibit their in vitro
malignancy.

Upregulation of SUCNR1 in CRC and its contributory
role in macrophage M2 polarization

SUCNRI was experimentally determined to be expressed
highly in CRC tissues versus adjacent normal tissues
(Fig. 4 A), as well as in four CRC cell lines (HCT-116,
SW480, Caco-2, HT-29) versus normal colon cell line HCo-
EpiC (Fig. 4B). Among them, HT-29 cells with the highest
SUCNRUI level were used in all subsequent studies.

100

50+

Number of invasion cells
Relative protein expression

O.
B8 sh-NC
sh-SUCNR1

from different HT-29 cells. F, RT-qPCR determination and Western
blot analysis of Fizzl mRNA and protein expression in macrophages
treated with CM from different HT-29 cells. G, RT-qPCR determina-
tion and Western blot analysis for Mgll mRNA and protein expression
in macrophages treated with CM from different HT-29 cells. H, Quan-
titative analysis of M2 macrophages after treatment with CM from dif-
ferent HT-29 cells through Flow cytometry. (* indicates p <0.05 com-
pared to Ctrl-CM group; # indicates p <0.05 compared to sh-NC-CM
group). I, Transwell assay for number of migrating cells (* indicates
»<0.05 compared to sh-NC). J, Transwell assay for number of invad-
ing cells (* indicates p<0.05 compared to sh-NC). K, Bcl2, PCNA,
Ki67, MMP2, MMP9, and N-cadherin and E-cadherin protein levels
measured by Western blot assay. (* indicates p<0.05 compared to
sh-NC). All experiments were repeated 3 times

To test the role of SUCNRI in macrophage M2 polar-
ization, SUCNRI1 was silenced in the HT-29 cells using
sh-SUCNR1-1, sh-SUCNR1-2, and sh-SUCNRI1-3, with
sh-SUCNRI1-1 exhibiting the optimum silencing efficacy,
which was selected for following experiments (Fig. 4 C).
To examine the factors affecting macrophage polarization
in CRC cells, we incubated nude mouse peritoneal macro-
phages with differentially treated HT-29 cell conditioned
medium (CM) and analyzed the expression of the mac-
rophage M2 polarization marker arginase 1 (ARG1). CM
from the HT-29 cells and that from the HT-29 cells trans-
fected with sh-NC resulted in elevated levels of ARGI in
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Fig. 5 Targeted regulation of SUCNR1 by hUC-MSCs-Exos car-
rying miR-1827. A, Dual-luciferase reporter gene assay verified that
miR-1827 could bind to SUCNRI1 (* indicates p<0.05 compared to
NC-mimic group). B, After overexpression or silencing of miR-1827,
RT-gPCR to detect transfection efficiency of miR-1827. C, SUCNR1
protein expression in HT-29 cells transfected with miR-1827 mimic
or inhibitor (* indicates p<0.05 compared to NC-mimic group; #
indicates p<0.05 compared to NC-inhibitor group). D, RT-qPCR

macrophages, whereas ARG1 expression in macrophages
was significantly lowered by incubation with CM from the
SUCNR I-deficient HT-29 cells (Fig. 4D and E). Moreover,
the levels of other macrophage M2 polarization mark-
ers (Fizzl and Mgll) and the number of tumor-associated
macrophages (VCAMI1+CDllc+CDI11blow-TAMs) in
the macrophages showed elevations after incubation with
CM from the HT-29 cells and that from the HT-29 cells
transfected with sh-NC but reductions in response to incu-
bation with CM from the SUCNRI1-deficient HT-29 cells
(Fig. 4 F-H). Transwell assays revealed that the migrating
and invading abilities of HT-29 cells were inhibited after
SUCNRUI silencing (Fig. 41J, Figure S2E, S2F). Meanwhile,
SUCNRI deficiency caused reductions in the protein lev-
els of Bcl2, PCNA, Ki67, MMP2, MMP9, and N-cadherin
and an elevation of E-cadherin protein level (Fig. 4 K). The
above results indicated that SUCNRI1 could enhance macro-
phage M2 polarization, thus promoting CRC cell migration
and invasion.
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to detect the expression of miR-1827 in HT-29 cells incubated with
hUC-MSCs-Exos (* indicates p<0.05 compared with the PBS+NC-
inhibitor group; # indicates p<0.05 compared with the hUC-MSCs-
Exo0s+NC- inhibitor group). E, Protein expression of SUCNRI in
HT-29 cells after different treatments (* indicates p <0.05 compared
to PBS + NC-inhibitor group; # indicates p<0.05 compared to hUC-
MSCs-Exos + NC-inhibitor group). All experiments were repeated 3
times

hUC-MSCs-Exos downregulates SUCNR1 by carrying
miR-1827

As depicted in Fig. 1G, SUCNRI had a miR-1827 bind-
ing site. Subsequently, this binding relationship was verified
using a dual-luciferase reporter gene assay. The SUCNRI-
Wt/miR-1827 mimic cotransfected group had significantly
decreased luciferase activity, whereas, no significant dif-
ference existed in luciferase activity in the SUCNR1-Mut/
miR-1827 mimic cotransfected group (Fig. 5 A). The results
indicated that miR-1827 specifically bound to the SUCNR1
3’-UTR.

In addition, miR-1827 mimic and miR-1827 inhibitor
were successfully introduced into the HT-29 cells to elevate
and reduce miR-1827 expression, respectively (Fig. 5B),
consequently resulting in inhibition of SUCNRI expres-
sion and promotion of SUCNRI expression, respectively
(Fig. 5 C).

Additionally, HT-29 cells were manipulated with NC-
inhibitor or miR-1827 inhibitor and incubated with PBS
or hUC-MSCs-Exos. Incubation of hUC-MSCs-Exos
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significantly increased miR-1827 expression but decreased
that of SUCNRI in the HT-29 cells manipulated with NC-
inhibitor. However, miR-1827 expression was reduced
while SUCNRI expression increased by miR-1827 inhibi-
tor in the HT-29 cells incubated with hUC-MSCs-Exos
(Fig. 5D and E). Collectively, miR-1827 targeted SUCNR1
and downregulated its expression and hUC-MSCs-Exos can
inhibit SUCNRI1 expression via delivery of miR-1827.

hUC-MSCs-Exos carrying miR-1827 suppress
SUCNRT1 to inhibit macrophage M2 polarization

Our results above have demonstrated that inhibition of
SUCNRI attenuated macrophage M2 polarization and
slowed down HT-29 cell migration. Therefore, we hypoth-
esized that hUC-MSCs-Exos could carry miR-1827 to regu-
late SUCNR1, whereby inhibiting macrophage polarization
and HT-29 cell migration. Firstly, HT-29 cells were manipu-
lated with oe-NC or oe-SUCNRI1 and incubated with hUC-
MSCs-Exos-NC mimic or hUC-MSCs-Exos-miR-1827
mimic. Results demonstrated that oe-SUCNRI1 did not alter
the miR-1827 expression but induced a significant increase
in the SUCNRI expression in the HT-29 cells incubated
with hUC-MSCs-Exos-NC mimic. Incubation of hUC-
MSCs-Exos-miR-1827 mimic caused a significant increase
in miR-1827 expression and a decrease in SUCNRI1 expres-
sion in the HT-29 cells manipulated with oe-NC. Moreover,
0e-SUCNRI rescued the SUCNRI expression without
affecting the miR-1827 expression in the HT-29 cells incu-
bated with hUC-MSCs-Exos-miR-1827 mimic (Fig. 6 A,
6B).

In addition, function experiments revealed that SUCNRI1
overexpression promoted proliferating, migrating, and
invading properties of HT-29 cells incubated with hUC-
MSCs-Exo0s-NC mimic, while incubation of hUC-MSCs-
Exo0s-miR-1827 mimic inhibited these malignant functions
of HT-29 cells manipulated with oe-NC. On the contrary,
re-expression of SUCNRI reversed the inhibition of these
malignant functions of HT-29 cells induced by hUC-MSCs-
Exo0s-miR-1827 mimic (Fig. 6 C-E, Figure S2G, 2 H). At
protein levels, SUCNRI1 overexpression upregulated Bcl2,
PCNA, Ki67, MMP2, MMP9, and N-cadherin while down-
regulating E-cadherin in the HT-29 cells incubated with
hUC-MSCs-Exos-NC mimic; incubation of hUC-MSCs-
Exos-miR-1827 mimic resulted in decreased levels of Bcl2,
PCNA, Ki67, MMP2, MMP9, and N-cadherin proteins
and an elevated E-cadherin protein level. Furthermore, re-
expression of SUCNRI reversed the changes in the afore-
mentioned proteins caused by hUC-MSCs-Exos-miR-1827
mimic (Fig. 6 F).

Furthermore, mouse macrophages were incubated with
different CMs. In the presence of hUC-MSCs-Exos-NC

mimic, oe-SUCNR1 promoted secretion of macrophage M2
polarization markers (ARG1, Fizz]1 and Mgl1) and percent-
age of M2-polarized macrophages, while hUC-MSCs-Exos-
miR-1827 mimic induced suppressive effects. oe-SUCNR1
reversed the increases in macrophage M2 polarization
markers (Fig. 6G-I) and percentage of M2-polarized mac-
rophages (Fig. 6 J) induced by hUC-MSCs-Exos-miR-1827
mimic. These data suggested that hUC-MSCs-Exos can
carry miR-1827 to inhibit SUCNRI1, delaying macrophage
M2 polarization and CRC progression.

hUC-MSCs-Exos carrying miR-1827 inhibit
macrophage M2 polarization and block colorectal
liver metastasis in vivo

Finally, we examined the in vivo effect of hUC-MSCs-Exos
carrying miR-1827 by regulating SUCNRI1. There was no
difference in the miR-1827 expression, while SUCNRI
expression was elevated in the tumor-bearing mice injected
with hUC-MSCs-Exos-NC mimic + oe-SUCNRI1 relative to
the tumor-bearing mice injected with hUC-MSCs-Exos-NC
mimic +o0e-NC. However, miR-1827 expression increased
and SUCNRI expression decreased by injection with hUC-
MSCs-Exos-miR-1827 mimic in the tumor-bearing mice
injected with oe-NC. SUCNRI1 was rescued by injection
with oe-SUCNRUI in the tumor-bearing mice injected with
hUC-MSCs-Exos-miR-1827 mimic (Fig. 7 A-B).

Then macrophages were collected from tumor sites of
tumor-bearing mice and analyzed macrophage M2 polar-
ization. Increased secretion of macrophage M2 polarisa-
tion markers (ARG1, Fizzl and Mgll) was detected after
SUCNRI overexpression in the tumor-bearing mice injected
with hUC-MSCs-Exos-NC mimic. However, enhanced
miR-1827 expression by hUC-MSCs-Exos-miR-1827
mimic resulted in reduced secretion of macrophage M2
polarization markers in the tumor-bearing mice injected
with oe-NC. Furthermore, re-expression of SUCNRI coun-
teracted the reduced secretion of macrophage M2 polar-
ization markers induced by hUC-MSCs-Exos-miR-1827
mimic (Fig. 7 C-F). In addition, consistent results were
obtained regarding the percentage of macrophage M2 polar-
ization numbers (Fig. 7G).

SUCNRI overexpression led to increased tumor volume
and weight in the tumor-bearing mice injected with hUC-
MSCs-Exos-NC mimic. Enhanced miR-1827 expression
by hUC-MSCs-Exos-miR-1827 mimic resulted in reduced
tumor volume and weight in the tumor-bearing mice injected
with 0e-NC, which effect was negated by oe-SUCNRI1
(Fig. 7 H-I). Livers were obtained from nude mice after 5
weeks to observe tumor metastasis. A significant increase in
metastatic tumor nodes in the liver of tumor-bearing nude
mice was detected in response to SUCNR1 overexpression
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Fig. 6 Effect of hUC-MSCs-Exos carrying miR-1827 on macro-
phage M2 polarization and CRC cell migration and invasion. A,
RT-qPCR to detect the expression of miR-1827 in HT-29 cells (* indi-
cates p<0.05 compared to the hUC-MSCs-Exos-NC mimic group; #
indicates p <0.05 compared with hUC-MSCs-Exos-NC mimic + oe-
SUCNRI1 group. B, Western blot detection of SUCNRI protein
expression in HT-29 cells (* indicates p<0.05 compared with hUC-
MSCs-Exos-NC mimic group, # indicates p<0.05 compared with
hUC-MSCs-Exos-miR-1827 mimic+o0e-NC group). C, CCK8 assay
of proliferation ability of HT-29 cells. D, Number of migrating HT-29
cells by Transwell assay. E, Transwell assay of number of invading
HT-29 cells. F, Bcl2, PCNA, Ki67, MMP2, MMP9, and N-cadherin

in the presence of hUC-MSCs-Exos-NC mimic. However,
miR-1827 enhancement by hUC-MSCs-Exos-miR-1827
mimic caused a decrease in metastatic tumor nodes in the
liver of the tumor-bearing mice injected with oe-NC. How-
ever, oe-SUCNRI reversed the inhibitory effects of hUC-
MSCs-Exos-miR-1827 mimic on the metastatic tumor nodes
in the liver (Fig. 7 J). Additionally, SUCNR1 overexpression
led to upregulation of Bcl2, PCNA, Ki67, MMP2, MMP9,
and N-cadherin as well as downregulation of E-cadherin
protein level in the tumor-bearing mice injected with hUC-
MSCs-Exos-NC mimic. Enhanced miR-1827 expression by
hUC-MSCs-Exos-miR-1827 mimic resulted in reductions
in Bel2, PCNA, Ki67, MMP2, MMP9, and N-cadherin pro-
tein levels and an elevation in E-cadherin protein level in
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and E-cadherin protein levels measured by Western blot assay. G,
Western blot detection of ARG1 protein expression in macrophages
treated with CM from different HT-29 cells. H, RT-qPCR detection
of macrophage Fizzl mRNA expression in macrophages treated with
CM from different HT-29 cells. I, RT-qPCR detection of Mgll mRNA
expression in macrophages treated with CM from different HT-29
cells. J, The percentages of M2-polarized macrophages treated with
CM from different HT-29 cells (* indicates p < 0.05 compared to hUC-
MSCs-Exos-NC mimic+CM group; # indicates p <0.05 compared to
hUC-MSCs-Exos-miR-1827 mimic +o0e-NC + CM group). All experi-
ments were repeated 3 times

the tumor-bearing mice injected with oe-NC, which ipmact
was counteracted by SUCNRI re-expression (Fig. 7 K).

Based on these data, hUC-MSCs-Exos was suggested to
carry miR-1827 to inhibit SUCNRI expression, thus pre-
venting macrophage M2 polarization and liver metastasis
in vivo.

Discussion

Macrophage M2 polarization, which contributes to cancer
metastasis, exerts an vital role in invasion and metastasis
of CRC via facilitating angiogenesis and immunosuppres-
sion [33, 34], but the signaling mechanism underlying this
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Fig. 7 Effect of hUC-MSCs-Exos carrying miR-1827 on macro-
phage M2 polarization and liver metastasis in nude mice. A, RT-
gPCR detection of miR-1827 expression in tumor tissues of nude mice
(* indicates p <0.05 compared to NC-mimic-Exos + 0e-NC, # indicates
<0.05 compared to NC-mimic-Exos + oe-SUCNRI1). B, Western blot
detection of SUCNRI expression in tumor tissues of nude mice. C,
Western blot detection of ARG protein expression in macrophages
at tumor sites of nude mice. D, RT-qPCR for Argl mRNA expression
in macrophages at tumor sites in nude mice. E, RT-qPCR for macro-
phage Fizzl mRNA expression at tumor sites in nude mice. F, RT-
qPCR for macrophage Mgll mRNA expression at tumor sites in nude

process is unclear. In the present study, we explored the
mechanism by which hUC-MSCs-Exos could affect macro-
phage M2 polarization and liver metastasis in CRC accord-
ing to data from EVmiRNA database (Figure S5). Our study
highlighted the contribution of SUCNR1 to macrophage M2
polarization in CRC and cancer progression. Additionally,
miR-1827 was identified to target SUCNRI, whereby pre-
venting liver metastasis in CRC, which may provide novel
therapeutic targets against liver metastasis of CRC. Of great
importance, our data provided evidence that hUC-MSCs-
Exos could transmit miR-1827 into CRC cells to inhibit
SUCNRI expression whereby suppressing macrophage M2
polarization and liver metastasis.

We found an enrichment of miR-1827 in hUC-MSCs-
Exos. A previous research has reported that miR-1827 is fre-
quently down-regulated in human CRC while re-expression

-k A: B .
05 : ER— : . ..
0.0 d 4 A g Z

MMP2 MMP9  N-cadherin E-cadherin

Relative protein expression
-
o

PCNA

Ki67

mice. G, Flow cytometry to analyze the percentage of M2-polarized
macrophages at tumor sites of nude mic. H, Representative images
of xenograft tumor formation and folded line graph of tumor volume
change in nude mice. I, Tumor weight statistics for each group of
nude mice. J, Statistics on the number of tumor metastatic nodules
in the liver of nude mice. K, Bcl2, PCNA, Ki67, MMP2, MMP9, and
N-cadherin and E-cadherin protein levels in tumor tissues measured
by Western blot assay. Ten mice per group. For panels B-J, * indicates
<0.05 compared to NC-mimic-Exos+o0e-NC, # indicates p<0.05
compared to miR-1827 mimic-Exos +0e-NC. All cellular experiments
were repeated 3 times

of miR-1827 restrains the growth of xenograft colorectal
tumors [14]. Moreover, although the role of miR-1827 in
CRC has not been fully elucidated, another study has shown
that miR-1827 mimic could reduce the number of metas-
tases and ectopic vessels in the zebrafish embryo model,
and miR-1827 suppressed migration of lung adenocarci-
noma cells [35]. Similarly, our experimental data showed
that miR-1827 delivery by hUC-MSCs-Exos inhibited
proliferative, migratory, and invading functions of CRC
cells, and suppressed CRC growth and liver metastasis, as
manifested by reduced tumor volume and weight as well
as decreased metastatic nodules in livers which are indica-
tors for alleviated CRC progression [36]. Also, miR-1827
carried by hUC-MSCs-Exos could reduce the expression
of Bcl2, PCNA, Ki67, MMP2, MMP9, and N-cadherin
while elevating E-cadherin, offering additional molecular
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evidence. Since we determined the tumor-suppressive role
of miR-1827 in CRC, we further investigated the correlation
between miR-1827 and hUC-MSCs-Exos. hUC-MSCs are
reported to secret Exos that could repress cell proliferation
and induce cell apoptosis in glioma [37]. hUCMSC-Exos
have been frequently used in regenerative medicine and
various diseases due to low immunogenicity and no tumor-
ization [38]. Although miR-1827 could function to mediate
the function of human bone marrow MSCs during osteo-
genic differentiation [39], if miR-1827 could be encapsu-
lated in hUC-MSCs-Exos remains largely unknown. In our
study, miR-1827 delivered by hUC-MSCs-Exos could exert
tumor-suppressive effects on CRC, which was similar to the
mechanism that human bone marrow MSCs-Exos suppress
proliferation of acute myeloid leukemia cell line through the
delivery of miR-222-3p [40]. Similar to a prior work stat-
ing that MSC-Exos attenuate myocardial Ischemia/Reper-
fusion injury in mice via shuttling miR-182 which modifies
the polarization status of macrophages [41], we found that
hUC-MSCs-Exos suppressed M2 polarization by carrying
miR-1827. Accumulating evidence has verified the critical
role of exosomal miRNAs in macrophage M2 polarization
which contributes to CRC liver metastasis [42, 43]. In the
present study, we demonstrated that hUC-MSCs-derived
exosomal miR-1827 inhibited polarization of macrophages
to M2 phenotype, which in turn curtailed liver metastasis
of CRC.

After bioinformatics prediction, we further identified that
SUCNRI1 was negatively targeted by miR-1827. Succinate
is a metabolic intermediate of the tricarboxylic acid cycle
within host cells, and SUCNRI1 has been demonstrated to
enhance the intestinal inflammation [44]. Also, SUCNRI
is enriched in primary M2 macrophages and SUCNRI can
activate the Gq signaling to hyperpolarize the M2 phe-
notype of macrophages [45]. Our evidence showed that
SUCNRI was highly expressed in CRC cells, which was
rarely reported yet. Furthermore, the study demonstrated
that overexpressed SUCNRI promoted M2 polarization,
supported by high expression of Arg-1 and Fizzl. M2 mac-
rophages are featured with high expression of mannose
receptor CD206 and anti-inflammatory IL-10, together with
a potent Arg-1 activity to boost angiogenesis and tumor pro-
gression [46]. SUCNRI has been recently evidence to drive
macrophage polarization, leading to lung cancer metastasis
[17]. Both in vitro and in vivo experiments unraveled that
suppressive role of SUCNRI in preventing macrophage M2
polarization responsible for the anti-tumor effect of hUC-
MSCs-Exos carrying miR-1827.

In summary, our data presented that h UC-MSCs secreted
Exos, which carried and delivered miR-1827 into CRC cells
to suppress the expression of SUCNRI, thereby inhibiting
macrophage M2 polarization and further preventing CRC

@ Springer

liver metastasis (Fig. 8). This study highlights exosomal
miR-1827 as a valuable diagnostic biomarker and thera-
peutic target for metastasis of CRC. Due to limited time
and funding, we failed to explore the possible downstream
mechanisms of miR-1827/SUCNR1-mediated macrophage
M2 polarization in colorectal liver metastasis. At present,
there are still many questions that need to be addressed
regarding the clinical use of hUC-MSC-derived Exos in the
treatment of malignant tumors. Our findings are still at the
basic research stage and more in-depth studies are needed
to clarify the mechanism of hUC-MSC-derived Exos, and
more animal and clinical trials are required to verify its
safety and efficacy in order to promote the research and
application of hUC-MSC-derived Exos in the field of tumor
biotherapy.
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Fig. 8 Schematic map shows the mechanism by which hUC-MSC-Exos affect macrophage M2 polarization and liver metastasis in CRC.
hUC-MSCs-Exos carry miR-1827 to inhibit SUCNRI expression, thereby preventing macrophage M2 polarization and liver metastasis in vivo
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