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Abstract
Mesenchymal stem cells (MSCs) have potential role in organ regeneration therapy. Previous work indicating that MSCs 
confer protection against liver disease. Here, we aimed to determine the potential application in liver regeneration 
of human placenta-derived MSCs extracellular vesicles (hPMSCs-EVs) via experimental hepatectomy. hPMSCs-EVs 
were administered intravenously 24 h before 70% partial hepatectomy, the specific composition of hPMSCs-EVs was 
identified by sequencing and validated by the quantitative polymerase chain reaction, including circ-RBM23. The role 
of circ-RBM23 in L02 cell was evaluated and it was found that circ-RBM23 knockdown inhibited L02 cell proliferation 
both in vitro and in vivo. The competing endogenous RNA function of circ-RBM23 was evaluated by the RNA 
immunoprecipitation assay and found that circ-RBM23 shares miRNA response elements with RRM2. Overexpressed 
circ-RBM23 bound competitively to miR-139-5p, preventing the miRNA-mediated degradation of RRM2, activating 
the expression of eIF4G and AKT/mTOR, and facilitating liver regeneration. These results indicate that hPMSCs-EVs 
prevent hepatic dysfunction and improve liver regeneration in vivo and hepatocytes proliferation in vitro, potentially 
via circ-RBM23 delivery.
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Introduction

Liver regeneration is a compensatory process in which func-
tional liver that has been lost to injury or disease is 
replaced.1,2 The mechanisms by which regeneration occurs 
are highly complex and involves multiple factors including 
the actions of cytokines, extracellular vesicles (EVs), 
growth factors, and signaling pathways.3–5 Liver possesses 
the extraordinary capacity to regenerate after partial hepa-
tectomy (PH). However, subtotal hepatectomy often results 
in an insufficient future liver volume (FLV), which can lead 
to post-hepatectomy liver failure (PHLF).2 The available 
treatments mostly alleviate symptoms but do not cure the 
condition. Novel therapeutic options are thus required to 
enhance regeneration and improve hepatic failure.

Transplantation with MSCs can improve liver function 
in acute hepatic failure and end-stage liver disease.3,6–8 
Human placental-derived mesenchymal stem cells (hPM-
SCs) exhibit self-renewing potential and can differentiate 
into multiple cell type lineages.9 The therapeutic potential 
of hPMSCs for tissue damage repair following ischemic 
disorders such as stroke or myocardial and cerebral infarc-
tions has been demonstrated, indicating that hPMSCs-
based therapies might be developed for future clinical 
application.10–14 Alternatively, stem cells may have benefi-
cial effects through paracrine effects, which are mediated 
by the release of soluble factors. hPMSCs release EVs, 
growth factors and cytokines via paracrine signaling to 
regulate hemostasis, improve microcirculation, and inhibit 
inflammatory storms, thereby promoting liver regenera-
tion.15 The latest evidence suggests that the cell-free hPM-
SCs-EVs treatment, which is not limited by ethical 
requirements, possesses approximately the same biologi-
cal effect as hPMSCs.14 Discovering the key factors by 
which hPMSCs promote liver regeneration can better tar-
get and regulate liver regeneration.

Circular RNAs (circRNAs) are special types of long 
non-coding RNAs (lncRNAs) with stable properties, spe-
cial structures, and conserved sequences in different bio-
logical tissues and cells.16 Some circRNAs increase the 
complexity of RNA regulatory networks by acting as 
microRNA (miRNA) sponges, thereby suppressing the 
functional activity of the miRNAs.17 Salmena et al.18 pro-
posed a regulatory mechanism in the form of competing 
endogenous RNAs (ceRNAs), which act as molecular 
sponges.18 Recent studies have showed that circRNAs play 
an important role in the occurrence and development of 
liver disease and can serve as potential therapeutic targets. 
For instance, circRNA-14723 has been reported to pro-
mote cyclin D1 translation and enhance cell cycle progres-
sion, enhancing rat liver regeneration.19 Nevertheless, few 
studies have reported on the action of circRNAs in liver 
regeneration, especially following hepatectomy.

EVs are typically bilayer-enclosed spherical particles 
covered in phospholipids that are secreted by all MSCs 

and other cell types into the extracellular space.20 EVs can 
also be detected in all biological fluids such as blood, bile, 
urine, and ascites fluid, and carry complex cargo loads that 
may include active molecules such as proteins, DNA, and 
RNAs, which potentially influence multiple biological cel-
lular processes.20–22 While the role of MSCs-derived solu-
ble factors in effecting the paracrine effect have been 
investigated, the contribution of MSCs-derived EVs, espe-
cially hPMSCs-EVs circRNAs, and their function in liver 
regeneration have not been well characterized. Thus, we 
aimed to evaluate the effects of hPMSCs-EVs in experi-
mental hepatectomy and thereby to determine the potential 
utility of these vesicles as therapeutic agents for tissue 
repair and functional restoration in liver regeneration.

This study is an evaluation of the effects of hPMSCs-
EVs on murine/human hepatocytes (in vitro) and a 70% PH 
model (in vivo), as well as the underlying mechanisms.

Materials and methods

Human placenta mesenchymal stem cell 
preparation

The methods for preparing hPMSCs have been described 
previously.23 The sample collection and use were approved 
by the review board and ethics committee at Zhu Jiang 
Hospital (approval number: 2019-KY-015-02). All partici-
pants provided written informed consent prior to sample 
collection.

Ribonuclease R (RNase R) treatment

RNase R was utilized to degrade linear RNA. The total 
RNA (2 μg) was incubated at 37°C for 30 min with 0 or 
20 units of RNase R. The RNA was then purified by phe-
nol-chloroform extraction, retro-transcribed, and used for 
real-time polymerase chain reaction (RT-qPCR) using 
actin as a reference gene.

Isolation of EVs

EVs were harvested from primary hPMSCs. To extract 
EVs from the conditioned medium of cell cultures, 
5 × 107 cells were seeded in 25 mL media supplemented 
with 10% exo-depleted FBS in a 150 cm2 tissue culture 
plate for 48 h. Standard differential centrifugation was 
used to isolate EVs from the conditioned medium, which 
was then subjected to sequential centrifugation of 200g for 
10 min and 2000g for 15 min to eliminate excess cells and 
cellular debris. The supernatant was then centrifuged at 
10,000g for 30 min and filtered using a 0.22 μm filter 
(Merck Millipore, Germany) to eliminate any remaining 
cell debris membranes and EVs. Ultracentrifugation was 
then conducted for 70 min at 100,000g to produce a pellet 
that was collected using a P28Ti fixed angle rotor (Himac 
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CP100xn, Japan) before resuspension in 100 µL PBS for 
downstream analyses.

Characterization of EVs

The characterization of EVs was administrated according 
to the guidance of minimal information for studies of 
extracellular vesicles 2018 (MISEV2018). 20 µL EVs 
sample were added to a copper-mesh grid and was then 
negatively stained with 2% uranyl acetate solution for 
4 min, dried off with filter paper, then observed under 
transmission electron microscopy (TEM; H-600 HITACHI 
microscope, Japan) at 80 keV.

The size and number of EVs were established and ana-
lyzed using nanoparticle tracking analysis (NTA) ZetaView 
(Particle Metrix, Germany). EVs were resuspended in 
1 mL of PBS with filtered PBS as a control. Five microliter 
EVs samples were diluted with PBS to 30 µL, and a perfor-
mance test conducted with a standard before samples were 
loaded. Testing was performed using the manufacturer’s 
instructions. ZetaView software 8.04.02 was used to ana-
lyze the EVs parameters. Analysis was started once the 
pictures of the particle on the screen become stable. The 
particle size and concentration information were obtained 
after completing the sample test. EVs purity was examined 
by Western blotting (see the after methods) to determine 
EVs surface markers (CD9, CD63, CD81, and HSP70), 
please refer to section on Western blotting.

EVs labeling and uptake

EVs were isolated from hPMSCs culture medium and 
labeled using a PKH26 red fluorescent labeling kit 
(Umibio, China) in line with standard protocols. Briefly, 
100 μg of EVs (approximately 6.9 × 1010 EVs) and 4 μL of 
PKH26 dye were mixed with 1 mL Diluent C and incu-
bated for 5 min, stopped the reaction with 1% BSA. Excess 
dye was removed by centrifugation at 200,000g for 30 min 
with a 30% sucrose/D2O density gradient. The sucrose was 
then removed using a 100-kD ultrafiltration tube to obtain 
PKH26-labeled EVs. PKH26-labeled EVs were co-cul-
tured with cells for 3 h, and fixed with 4% paraformalde-
hyde at 25°C for 30 min, fixed cells were rinsed with PBS 
thrice, nuclear staining with DAPI for 10 min (Invitrogen, 
USA). Confocal laser scanning microscopy was applied to 
detect the cellular uptake and internalization of EVs.

XenoLight DiR (Perkin Elmer, USA) was used to track 
hPMSCs-EVs in vivo. The XenoLight DiR solution was 
diluted to 300 μM in PBS and the resultant XenoLight 
DiR solution was then added to 10 μg of hPMSCs-EVs in 
1 mL PBS to obtain a final concentration of 2 μM. The 
cells were incubated with hPMSCs-EVs at 25°C for 
30 min. The solution was then centrifuged for 3 min at 
14,000 rpm. The pellet containing the fluorescently 
labeled hPMSCs-EVs was resuspended in 100 μL of PBS 
before 50 μg of hPMSCs-EVs were administered via the 

tail vein. IVIS analysis (Caliper Life Sciences, USA) was 
performed after 2 and 8 h.

High-throughput sequencing

High-throughput sequencing and OE Biotech (Shanghai, 
China) were used to determine the circRNAs expression 
profiles. Total RNA (2 μL) was extracted with TRIzol and 
the RNA purity and concentration (100–150 ng/uL) were 
determined, and a cDNA library was constructed follow-
ing the removal of ribosomal RNA and RNase R digestion. 
The Illumina sequencer (HiSeqTM 2500) was used after 
passing a quality inspection. Then, circRNAs were con-
firmed and statistically analyzed.

Bioinformatics analysis

Gene expression profiles were obtained from the GEO 
database (https://www.ncbi.nlm.nih.gov/geo/). Data 
describing differentially expressed genes (DEGs) were 
analyzed via heatmap and clustering with R software (ver-
sion 3.6.2) and limma, with |logFC| > 1 and p = <0.05 set 
as the cut-off for DEG identification. R software (version 
3.6.2) was also applied for functional and pathway enrich-
ment analyses of the DEGs, including the GO and KEGG 
pathways. Pathway enrichment analysis depended on ref-
erences from the KEGG pathways. A false discovery rate 
(FDR) of <0.05 was applied as the cut-off.

Animals

Male C57BL/6 mice (6–8 weeks) were purchased from the 
animal center at Guangdong Medical Laboratory (Certificate 
of Conformity: SYXK (YUE) 2019-0215). The experimen-
tal protocols were approved by the Institutional Animal 
Care and Use Committee Center at Zhu Jiang Hospital 
(Southern Medical University, Guangzhou, China). The 
mice were housed in plastic cages at a controlled tempera-
ture of 22°C ± 1°C. Standard rodent chow and water were 
provided. All animals and samples were assigned a number 
that did not expose their treatment group so that blind analy-
sis could be performed.

Murine 70% PH model

Anaesthetization was performed using 70 mg/kg pentobar-
bital prior to PH as described in Mitchell and Willenbring.24 
The left, median, and posterior right lobes were ligated and 
excised, and 70% of the liver was removed.

RNA-binding protein immunoprecipitation (RIP) 
assay

Immunoprecipitation of circ-RBM23 that was bound to 
Ago2 was performed using a Magna RIP™ RNA-Binding 
Protein Immunoprecipitation Kit (Merck Millipore, 

https://www.ncbi.nlm.nih.gov/geo/
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Germany). A total of 2 × 107 L02 cells were harvested in 
RIP lysis buffer and lysates were stored at −80°C. Samples 
comprising 8 µg of anti-Ago2 (MA5-23515, Invitrogen, 
USA) or normal control IgG were then incubated with 
magnetic beads at 25°C for 2 h. RIP lysate (100 µL) was 
mixed with 900 µL RIP immunoprecipitation buffer and 
added to the bead-antibody complexes before incubation 
overnight at 4°C. The beads were then mixed with protein-
ase K buffer and incubated at 55°C for 30 min before RNA 
was extracted for PCR.

Dual-luciferase report assay

A dual-luciferase reporter assay kit (Promega, USA) was 
used to conduct the dual-luciferase assay. L02 cells were 
seeded on 24-well plates and cultured to 50% confluence 
before transfection with circ-RBM23-wt or circ-RBM23-
mut plasmids, or negative control renilla luciferase plas-
mid with miR-139-5p for 48h. The same procedure was 
conducted with miR-139-5p and RRM2. Cells were lysed 
then luciferase and renilla substrates were added and left 
for 24 h. Luciferase analysis was then performed using the 
dual-luciferase reporter kit following the manufacturer’s 
instructions.

Cell culture

Murine hepatocyte cell line AML12 was purchased from 
the Procell Life Science & Technology Co., Ltd (Wuhan 
China). Cells were cultured in RPMI-1640 medium sup-
plemented with 10% FBS and 100 units/mL penicillin/
streptomycin mixture (Gibco, USA). Human hepatocyte 
cell line L02 was purchased from Procell Life Science & 
Technology Co., Ltd (Wuhan China). Cells were cultured 
in RPMI-1640 medium supplemented with 10% FBS. Cell 
lines were incubated at 37°C under 100% humidity in 5% 
CO2.

Cell transfection

Circ-RBM23-knockdown vector, miR-139-5p inhibitor, 
and miR-139-5p mimics were obtained from GenePharma 
Co., Ltd (Shanghai, China). Gene-specific siRNAs, 
scrambled control siRNAs, miR-139-5p inhibitor, and 
miR-139-5p mimic were transfected into L02 cells using 
Lipofectamine 2000 (Invitrogen, USA) for 48 h before 
cells were collected for use in subsequent experiments.

Flow cytometry

Flow cytometry was used to analyze the characteristics of 
the cultured hPMSCs. Briefly, cells were incubated in 1% 
bovine serum albumin (BSA; Gibco, USA) in PBS for 
30 min to block nonspecific antigens. Conjugated mono-
clonal antibodies were then used according to the 

manufacturer’s instructions. Samples were analyzed using 
an Epics xL flow cytometer (Beckman Coulter, High 
Wycombe, UK).

Cell proliferation assays

In vitro hepatocyte proliferation was determined by CCK8 
assay. Hepatocytes were treated with hPMSCs-EVs for 
24 h prior to the CCK8 assay (10 μL/well, APExBIO, 
USA). The results were normalized by the number of via-
ble cells and compared with the control. The absorbance at 
450 nm was then measured using a microplate absorbance 
reader (Thermo Scientific, USA).

Liver histological and serum aminotransferase 
analysis

The liver tissues were processed and sectioned into 4μm 
sections for paraffin embedding. The sections were then 
routinely stained with hematoxylin and eosin (H&E 
staining). For hepatocyte proliferation examination, tis-
sue samples were fixed in 10% neutral-buffered formalin 
and embedded in paraffin. The sections were then stained 
for proliferating cell nuclear antigen (PCNA). PCNA 
staining was performed according to the manufacturer’s 
instructions (Ser10; dilution of 1:200, Cell Signaling 
Technology, USA). Sections were counterstained with 
hematoxylin. The positive nuclei were quantified, and the 
percentages calculated (400–600 hepatocytes from 4 to 
6 fields at 200× magnification were counted for each 
mouse).

The serum levels of alanine aminotransferase (ALT) 
and aspartate aminotransferase (AST) were measured 
using a Hitachi 7600 automatic analyzer (Hitachi, Ltd., 
Japan).

Western blotting analysis (WB)

WB and the analysis of the blot results was conducted as 
previously reported. In brief, liver tissue or cultured cells 
were lysed in RIPA buffer containing 50 mM Tris-HCl pH 8, 
150 mM NaCl, 1% Triton X-100, 0.1% sodium deoxycho-
late, 0.1% sodium dodecyl sulfate (SDS), phosphatase inhib-
itors, and a protease inhibitor cocktail (Roche, Germany). 
Then centrifuged at 12,000g for 10 min at 4°C. The superna-
tants were denatured at 100°C for 5 min and mixed with a 
loading buffer (Beyotime, China). Solubilized proteins were 
collected by centrifugation and quantified using a BCA pro-
tein assay kit (Thermo Scientific, USA). Proteins were sepa-
rated on SDS-PAGE gels and transferred to polyvinylidene 
difluoride (PVDF) membranes (Bio-Rad, USA) for antibody 
blotting. Next, the PVDF membranes with the transferred 
proteins were blocked with 5% nonfat milk diluted in TBST 
for 2 h at 25°C and incubated with primary antibodies at 4°C 
for 12 h. Then the membrane was washed again with TBST 
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and incubated with a 1:10,000 dilution of horseradish peroxi-
dase (HRP)-labeled anti-rabbit IgG (Beyotime, China) for 
1 h at 25°C. Finally, the respective protein bands were visual-
ized using enhanced chemiluminescence reagents (BOSTER, 
China). The protein band positions were determined accord-
ing to the protein molecular weight suggested by the anti-
body specification and the results of preliminary experiment. 
Protein bands were quantified using the grayscale analysis 
function in ImageJ software. The primary antibodies: CD9, 
CD63, CD81, HSP70, RRM2, AKT, p-AKT, eIF4G, 
p-mTOR, mTOR (Abcam, UK), and β-actin (Sigma-Aldrich, 
Germany).

Statistical analysis

Continuous variables were presented as mean ± the stand-
ard error of the mean (SEM). Analysis of variance 
(ANOVA) and post hoc Bonferroni analysis were 

conducted for multiple comparisons using GraphPad Prism 
8.0. p < 0.05 was considered statistically significant.

Results

Identification of hPMSCs and hPMSCs-EVs

The obtained hPMSCs were found to have the same 
essential features of MSCs and were positive for the sur-
face cell markers CD73, CD90, CD105 and negative for 
CD45 and HLA-DR (Figure 1(a)). EVs were isolated 
from hPMSCs supernatant as described previously.20 
TEM revealed that hPMSCs-EVs were spherical in 
shape (Figure 1(b), Supplemental Figure S1F). NTA 
indicated hPMSCs-EVs diameters of 30–150 nm (Figure 
1(c)). WB analysis demonstrated that the collected hPM-
SCs-EVs expressed precise surface markers including 
CD9, CD63, and CD81 (Figure 1(d)), and exhibit 

Figure 1. Identification of hPMSCs and hPMSCs-EVs. (a) Flow cytometry analysis of surface markers of hPMSCs (the positive 
markers CD73, CD90, CD105 and the negative markers CD45, HLA-DR). (b) TEM image of hPMSCs-EVs (scale bar, 100 nm). 
(c) Particle size of EVs was detected with NTA. The X-axis shows the particle size inside of the sample, and the Y-axis shows 
the concentration of particles with a certain size (the EVs particle size mean: 130 nm). (d) Total protein was extracted from EVs 
and analyzed with Western blots. The specific surface markers CD9, CD63, CD81, and HSP70 were measured in hPMSCs-EVs. 
Western blots were quantified based on at least three replicates. CM: culture medium.
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specific characteristics that are identical to those 
described previously.20

HPMSCs-EVs promoted liver regeneration in 
vivo and hepatocyte proliferation in vitro

To determine whether hPMSCs-EVs facilitate hepatocyte 
proliferation in vivo, 1 × 108 particles/mL hPMSCs-EVs 
were administered 24 h before 70% PH surgery by tail vein 
injection. Relative to control mice, EVs treatment was 
found to significantly increase liver mitosis after 2 days as 
indicated by H&E staining (Figure 2(a) and (b)). 
Additionally, PCNA staining showed that EVs promoted 
cell proliferation after 2 days post PH (Figure 2(c) and (d)). 
Compared to EVs treated mice, untreated mice exhibited 
significantly higher levels of ALT and AST (Figure 2(e)), 
indicating that hPMSCs-EVs have a protective effect on 
the liver. Since the effective absorption of EVs into hepat-
ocyte was one of the prior conditions for further treatment 
experiments, AML-12 and L02 cells were co-cultured with 
hPMSCs-EVs labeled with PKH26 (a cell membrane 
marker for EVs). Confocal analysis showed that EVs were 
directly absorbed by cells (Figure 2(f)), indicating uptake 
of hPMSCs-EVs by hepatocytes. Besides, in order to track 
the distribution of the hPMSCs-EVs in vivo, the XenoLight 
DiR and IVIS system was used, and the results indicated 
that most of the hPMSCs-EVs distributed in liver 
(Supplemental Figure S1G). Moreover, CCK8 assays 
showed elevated cell proliferation after 24 h treatment with 
hPMSCs-EVs (Figure 2(g)). These results indicating that 
hPMSCs-EVs showed a functionally protective role in PH 
mice and facilitated the proliferation of hepatocytes.

Identification and characteristics of circ-RBM23 
in hPMSCs-EVs

circRNAs expression in hPMSCs-EVs was profiled using 
high-throughput sequencing. Fourteen possible circRNAs 
were selected based on their higher expression (Figure 
3(a)). Of these, circ-RBM23, circ-SWAP70, circ-MAPK9, 
circ-FKBP8, and circ-EPHB4 were highly expressed in 
hPMSCs-EVs. RT-qPCR revealed the highest expression 
for circ-RBM23 (Figure 3(b), circRNAs primers are given 
in Supplementary Table 1). Therefore, circ-RBM23 was 
selected for subsequent analysis. Linear RBM23 and circ-
RBM23 primers are given in Supplemental Table 2. 
Compared to linear RBM23, circ-RBM23 was found more 
resistant to RNase R digestion (Figure 3(c)). Sanger 
sequencing and circPrimer 2.0 were used to verify the 
head-to-tail splicing and circular features and characterize 
circ-RBM23 expression in hPMSCs (Figure 3(d)). siRNA 
assay was used to knock down circ-RBM23 in L02 cells, 
which was confirmed by RT-qPCR assay (p < 0.01, Fig 
3E). CCK8 assay also showed that downregulating circ-
RBM23 inhibited the proliferation of L02 cells (Fig 3F).

Circ-RBM23 functions as a sponge for miR-
139-5p

Previous studies have indicated that circRNAs primarily 
function as miRNA sponges. A rough miRNA target predic-
tion was made for circ-RBM23 using the bioinformatics 
tool starBase2.0 (https://starbase.sysu.edu.cn/). The top-5 
potential circ-RBM23 target miRNAs and the associated 
primers are listed in Supplemental Table 3. RT-qPCR analy-
sis showed that circ-RBM23 silencing upregulated miRNA 
expression and that miR-139-5p was the most significantly 
upregulated (Figure 3(g)). Dual-luciferase reporter analysis 
identified that the co-transfection of wild circ-RBM23 and 
miR-139-5p hindered Rluc expression, indicating the 
sponge effect of circ-RBM23 (Figure 3(h)). RIP showed 
that circ-RBM23 was more enriched in Ago2-containing 
immunoprecipitates than actin or miR-139-5p (Figure 3(i)), 
suggesting the predicted function of circ-RBM23 as a 
sponge for miR-139-5p. Compared to sham mice, circ-
RBM23 expression was found to increase in PH mice while 
miR-139-5p expression decreased (Supplemental Figure 
S1A, B).

Circ-RBM23 regulated miR-139-5p/RRM2 in 
cell proliferation

To identify the important genes involved in liver regenera-
tion, R software was utilized to analyze dataset GSE97429 
from GEO for the genes that are involved in liver regen-
eration following PH. Gene expression profiles from 12 
samples were extracted from the GEO database. The sam-
ples were then divided into control and LR (liver resection, 
70% PH) groups (Figure 4(a)). Volcano plot analysis was 
used to visualize DEGs (Figure 4(b)). Functional enrich-
ment analysis was conducted to analyze the functions of 
the DEGs. Gene Ontology (GO) analysis showed that the 
DEGs were implicated in both “DNA replication” and 
“nuclear division” (Figure 4(c)). KEGG pathway analysis 
indicated that the DEGs have significant involvement in 
cell cycle signaling and DNA replication pathways (Figure 
4(d) and (e)). Among the DEGs, RRM2 (Ribonucleotide 
Reductase Regulatory Subunit M2) elicited attention. 
RRM2 is one of the targets for miR-139-5p that provides 
DNA synthesis precursors and accelerates the biosynthesis 
of deoxyribonucleotides from the corresponding ribonu-
cleotides. Huang et al.25 reported that RRM2 bound with 
miR-139-5p in a dual luciferase reporter assay of non-
small cell lung cancer cells. Our data also showed that 
RRM2 was the target gene for miR-139-5p, and that bind-
ing occurred in L02 cells (Supplemental Figure S1C). 
Therefore, we hypothesized that circ-RBM23 might regu-
late RRM2 via miR-139-5p.

The administration of hPMSCs-EVs upregulated the 
expression of RRM2, p-AKT, p-mTOR, and eIF4G in L02 
cells, indicating that hPMSCs-EVs might regulate cell 

https://starbase.sysu.edu.cn/
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proliferation via the AKT/mTOR pathway (Figure 5(a)). 
Further, we found that the miR-139-5p mimic downregu-
lated RRM2 expression while the miR-139-5p inhibitor 
upregulated RRM2 expression. A similar expression pat-
tern was observed in p-AKT, p-mTOR, and eIF4G (Figure 
5(b)). Finally, the results indicated that miR-139-5p inhib-
its the expression of AKT, mTOR, and eIF4G, and that this 
inhibition is blocked by RRM2 overexpression in L02 
cells (Figure 5(c)). circ-RBM23 upregulated the expres-
sion levels of RRM2, p-AKT, p-mTOR, and eIF4G; how-
ever, this upregulation was inhibited by miR-139-5p in 

L02 cells (Figure 5(d)). Binding sites for circ-RBM23, 
miR-139-5p, and RRM2 are summarized in Supplemental 
Table 4.

Circ-RBM23-EVs regulate RRM2 via the AKT/
mTOR pathway

The EVs of stable si-circ-RBM23 cells showed low circ-
RBM23 expression; thus, these cells were used to establish 
whether EVs circ-RBM23 regulates RRM2 in L02 cells 
(Figure 6(a)). After co-culturing si-circ-RBM23-EVs with 

Figure 3. hPMSCs-EVs circ-RBM23 serve as a sponge for miR-139-5p. (A) High-throughput sequencing was used to obtain the top 
14 expression levels of circ-RNA in hPMSCs-EVs, of which circ-RBM23 was highest. (b) Related RNA expression level (RT-qPCR) of 
the top five circ-RNAs in hPMSCs-EVs. (c) RT-qPCR analysis showed that linear RNA can be digested by RNase R and that β-actin 
expression decreased significantly while circ-RBM23 was not particularly affected. (d) Sanger sequencing and circPrimer2.0 were 
used to confirm the characteristics of circ-RBM23 in hPMSCs. (e) Related RNA expression level of the circ-RBM23 in L02 cells 
treated with circ-RBM23-siRNA for 72 h. (f) Cell viabilities were measured by CCK8 in L02 cells treated with circ-RBM23-siRNA 
for 72 h. (g) Relative RNA expression level of indicated miRNAs after L02 cells were co-transfected with circ-RBM23-siRNA. (h) 
Relative luciferase activity detected after L02 cells were co-transfection with miR-139-5p and circ-RBM23 promoter or circ-RBM23-
siRNA. (i) RIP experiment using anti-Ago2 or lgG antibodies as immunoprecipitates; circ-RBM23 and miR-139-5p expressions 
measured by RT-qPCR. Error bars represent the SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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L02 cells for 24 h, RT-qPCR analysis showed that si-circ-
RBM23-EVs activate miR-139-5p expression (Supplemental 
Figure S1D), while WB analysis indicated that si-circ-
RBM23-EVs inhibit the expression of RRM2, p-AKT, 
p-mTOR, and eIF4G (Figure 6(b)).

Si-circ-RBM23-EVs were injected into the tail veins  
of mice 24 h prior to 70% PH. RT-qPCR analysis showed 
si-circ-RBM23-EVs activated miR-139-5p expression 
(Supplemental Figure S1E) and WB analysis showed simi-
lar results, with downregulated RRM2, p-AKT, p-mTOR, 
and eIF4G expression observed in the si-circ-RBM23-EVs 
treated liver (Figure 6(c)). H&E staining revealed that the 
mitotic counts were significantly lower in the hepatocellular 

area of si-circ-RBM23-EVs treatment as compared to hPM-
SCs-EVs treatment. PCNA staining also showed a similar 
trend in si-circ-RBM23-EVs treated mice as compared to 
hPMSCs-EVs treated mice. Interestingly, no differences 
were observed in terms of liver mitosis and PCNA staining 
for si-circ-RBM23-EVs treated mice as compared to the 
control (Figure 6(d)).

Discussion

This study described a novel and significant function of 
hPMSCs-EVs. The results show that hPMSCs-EVs fuse 
directly with hepatocytes, promoting their proliferation 

Figure 4. The key gene involved in liver regeneration following PH. (a) Hierarchical cluster analysis. Analysis correctly classified 
five PH (red lines) and seven control samples (blue lines). (b) Volcano plot for differentially expressed genes. Red and green points 
represent DEGs that are statistically significant (p < 0.05) or show fold change >1, respectively. RRM2, in the red area, represents 
an upregulated gene. (c) GO term analysis for all DEGs, with top eight GO terms indicated (p < 0.05). BP: biological process; CC: 
cellular component; MF: molecular function. (d) KEGG pathway analysis for all DEGs. Top 10 pathways are showed in the figure 
(p < 0.05). (e) Bubble plot of signaling pathways analyses for DEGs. The rich factor indicates the ratio of DEG numbers to total 
genes annotated in this pathway group. A larger rich factor represents a larger degree of pathway enrichment, with FDR ⩽ 0.05 
indicating significant pathway enrichment. DEGs: differentially expressed genes; GO: gene ontology; FDR: false discovery rate.
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both in vitro and in vivo. hPMSCs-EVs circ-RBM23 regu-
late hepatocyte proliferation by sponging miR-139-5p via 
RRM2/AKT/mTOR signaling. The results of this study 
improve our current understanding of hPMSCs-EVs and 
highlight the therapeutic potential of these vesicles against 
liver disease.

circRNA is a special type of non-coding RNA (ncRNA) 
with a stable structure and conserved sequence in different 
biological tissues and cells.16,17 hPMSCs-EVs contain cir-
cRNAs, of which circ-RBM23, circ-SWAP70, circ-
MAPK9, circ-FKBP8, and circ-EPHB4 were more enriched 
in EVs. Of these, only circ-RBM23 was found to promote 
hepatocyte proliferation both in vitro and in vivo. hPMSCs-
EVs with fewer circ-RBM23 were found to significantly 
decrease hepatocyte proliferation as compared to normal 
EVs. These results suggest that this type of circRNA could 
stimulate the growth of hepatic cells. Previous studies have 

indicated that circRNA plays a critical role in various liver 
diseases, including metabolic-associated fatty liver disease, 
hepatitis, liver cirrhosis, and hepatocellular carcinoma 
(HCC).26 Zhu et al.27 showed that exosomes derived from 
circ_0000623-modified adipose-derived MSCs can prevent 
liver fibrosis. Previous reports have described several func-
tions for RBM23, including the regulation of HCC behav-
iors and autism neuronal conduction disorders. Han et al.28 
revealed that RBM23 promotes the angiogenesis properties 
of HCC via the NF-κB signaling pathway. Thus, the func-
tion of RBM23 in normal hepatocytes and HCC cells may 
differ. However, no study has yet reported a link between 
circ-RBM23 and liver regeneration. The therapeutic 
approach of circ-RBM23 in liver disease therefore requires 
more thorough investigation. Here, we discovered that circ-
RBM23 is potentially a key circRNA in hPMSCs-EVs, and 
that it regulates hepatocyte cell proliferation.

Figure 6. Knockdown of hPMSCs-EVs circ-RBM23 inhibits hepatocyte proliferation. (a) Related expression level (RT-qPCR) of 
the circ-RBM23 in hPMSCs-EVs treated with circ-RBM23-siRNA for 72 h. (b) mRNA and protein levels of RRM2 and AKT/mTOR 
associated protein after co-culture with circ-RBM23-siRNA EVs or circ-RBM23-siRNA NS in L02 cells. (c) mRNA and protein 
levels of RRM2 and AKT/mTOR associated protein after PH with circ-RBM23-siRNA EVs or circ-RBM23-siRNA NS treatment in 
liver tissues. Western blots were quantified based on at least three replicates. (d) After 2 days post PH, liver tissue sections from 
hPMSCs-EVs, circ-RBM23-siRNA EVs or control treatment were performed H&E staining and PCNA staining, the number of 
mitotic hepatocytes and percentages of PCNA-positive cells were counted. Error bars represent the SEM. *p < 0.05, ***p < 0.001. 
NS siRNA: non-specific siRNA.
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ceRNA is one of the mechanisms by which circRNAs 
regulation occurs.18 To further validate the relationship 
between circ-RBM23 and miR-139-5p and RRM2, we 
examined the protein expression of RRM2 with or without 
treatment with hPMSCs-EVs. The luciferase reporter assay 
indicated an interaction between miR-139-5p and circ-
RBM23 in L02 cells. RIP assay showed that circ-RBM23 
interacts with miR-139-5p. Bioinformatic analysis revealed 
that RRM2, which is targeted by miR-139-5p, regulates the 
development and promotes liver proliferation following PH. 
These findings suggested that circ-RBM23 could sponge 
miR-139-5p to inhibit its function in hepatocytes during the 
PH. Xiong et al.29 indicated that RRM2 activates the AKT 
pathway in renal cell carcinoma, and Jiao et al.30 found that 
RRM2 may regulate doxorubicin-induced cardiotoxicity 
through the AKT/mTOR signaling pathway. Huang et al.25 
reported that AFAP1-AS1 upregulates RRM2 expression by 
sponging miR-139-5p in NSCLC cells. The comprehensive 
analysis of qRT-PCR confirmation and the subsequent lucif-
erase reporter, RIP assay in this study revealed that circ-
RBM23 enhances hepatocyte proliferation through the 
upregulation of RRM2 by inhibiting miR-139-5p expres-
sion. The WB results indicate that the action of circ-RBM23 
in sponging miR-139-5p upregulates RRM2 through the 
AKT/mTOR signaling pathway.

Several recent studies have demonstrated that MSCs-
EVs exhibit hepato-protective effect.31,32 Our results 
revealed that ALT and AST were significantly decreased 

after hPMSCs-EVs administration, indicating that hPM-
SCs-EVs ameliorate liver injuries in the early stages fol-
lowing PH. Liver function recovery is associated with 
hepatocyte proliferation, and MSCs-EVs have been 
reported to increase hepatocyte proliferation after liver 
injury via carbon tetrachloride.6,33 Similarly, we observed 
a proliferative effect of hPMSCs-EVs in mice following 
PH. These results indicate a possible treatment that can 
enhance liver regeneration following post-hepatectomy-
associated liver failure.

MSCs-EVs carry complex cargo, including nucleic 
acids, proteins, and lipids.20 Ultracentrifugation and NTA 
assay were used for the isolation and characterization of 
hPMSCs-EVs, and the fluorescent dye PKH26 was utilized 
for EV labeling. PKH26 is readily incorporated into any 
lipid structure and has been used widely for labeling lipo-
proteins and proteins. Takov found that the ultracentrifuga-
tion of plasma leads to the co-isolation of EVs and 
lipoproteins owing to their physically associated structure, 
and that density gradient centrifugation cannot be used to 
separate EVs from HDLs (high density lipoproteins) 
because of their similar densities.34 Thus, irrespective of 
the method used, the complete separation of lipoproteins 
from EVs is unlikely to be achieved. After careful consid-
eration, we selected circRNAs for further research because 
the circular structure is more stable than that of linear 
nucleic acid, which is likely to enhance the reliability of the 
results. Previous research indicated that EVs cargos can 

Figure 7. Schematic diagram of the mechanism by which hPMSCs-EVs circ-RBM23 leads to liver regeneration. Released hPMSCs 
contained circ-RBM23 hPMSCs-EVs, which were endocytosed and taken up by hepatocytes. The circ-RBM23 hPMSCs-EVs activate 
the miR-139-5p/RRM2/AKT/mTOR pathway to promote liver regeneration.
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play important role in modulating the recipient cell behav-
ior in liver disease. Ichinohe et al.35 indicated that miR-
146a-5p is involved in the production of EVs by BM-MCs, 
may play a major role in accelerating liver regeneration. 
Similarly, our results showed that the downregulated hPM-
SCs-EVs circ-RBM23 suppresses hepatocyte proliferation. 
These findings suggested that hPMSCs-EVs promote 
hepatocyte proliferation, which is in line with the results of 
previous studies. The hPMSCs-EVs that are involved in 
regulating liver regeneration and the role of circ-RBM23 
require further clinical investigation.

However, the other main functional substance in hPM-
SCs-EVs and their regulatory mechanisms are still ambig-
uous and have attracted more attention. In addition, the 
pathogenesis of liver regeneration involves many kinds of 
cells, such as Kupffer cells and hepatic stellate cells. The 
multi-omics bioinformatics analysis of hPMSCs-EVs in 
different participant cells and the exchange of information 
between cells need to be further explored.

Conclusion

In summary, for the first time, the proliferative and protec-
tive impacts that hPMSCs-EVs have on hepatocytes fol-
lowing PH were described, and the hPMSCs-EVs 
circ-RBM23 serve as efficient miR-139-5p sponges and 
regulate liver regeneration of mouse after 70% PH via the 
RRM2/AKT/mTOR pathway (Figure 7). Our findings sug-
gest a novel mechanism for liver regeneration and pro-
vides a potential therapeutic approach against liver disease 
following transplantation. This highlighted the importance 
of the ceRNA mechanism in pathogenesis and the cell-free 
treatment with hPMSCs-EVs as a possible therapeutic 
development for liver regeneration in the future.
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