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ARTICLE INFO ABSTRACT

Keywords: microRNAs (miRNAs) are closely related to the progression of hepatocellular carcinoma (HCC).
miR-23a-5p Cancer-derived exosomes play an essential role in the establishment of the HCC microenviron-
PRDX2

ment. However, the possible effects and underlying mechanisms of exosome (exo) microRNA-23a-
5p (miR-23a-5p) in the progression of HCC remain unknown. In this study, we aimed to deter-
mine the role and specific molecular mechanism of exo miR-23a-5p in regulating HCC progression
and to investigate whether exo miR-23a-5p levels can serve as an indicator of the prognosis of
transarterial chemoembolization in patients with HCC. Our findings illustrated that miR-23a-5p
was downregulated in exosomes separated from the serum of HCC patients and that miR-23a-
5p carried by exosomes inhibited HCC cell proliferation and angiogenesis. Mechanistically,
miR-23a-5p negatively targeted peroxiredoxin-2 (PRDX2). Functionally, PRDX2 overexpression
relieved exosome-induced inhibition of HCC cell proliferation and angiogenesis by promoting
vascular endothelial growth factor (VEGF) expression. In conclusion, Exo miR-23a-5p inhibited
HCC proliferation and angiogenesis by regulating PRDX2 expression. Our results revealed the role
and specific molecular mechanism of exo miR-23a-5p in regulating HCC progression.

Exosomes
Angiogenesis
Hepatocellular carcinoma

1. Introduction

HCC is a common malignant tumor that is the second most common cause of cancer-related death worldwide. HCC remains a global
health challenge because of its high morbidity and mortality [1,2]. Because of the high clinical and biological heterogeneity of the
tumor, HCC is often detected at an advanced stage, and patients miss the optimal treatment period [3]. Therefore, it is necessary to
explore new detection biomarkers.

Exosomes are uniform vesicles secreted by cells with a diameter of 40-100 nm that were initially considered cell waste [4].
Exosomes were discovered in 1983 and gradually became a research hotspot until the beginning of the 21st century [5]. Exosomes are
distributed in a variety of body fluids, such as blood, lymph, and urine. Exosomes can carry a variety of biological small molecules,
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such as proteins, lipids, mRNAs and miRNAs, and play a vital role in the information exchange between cells [6,7]. Currently, in many
experiments, exosomes have become the best choice for high-quality carriers because of their relatively stable existence in the human
body and the ability to escape human immune responses [8]. In fact, exosomes can participate in many physiological and pathological
processes in the body, including antigen expression, cell migration, and tissue damage repair, and the specific functions of exosomes
are determined by the type of cells they come from Refs. [9,10]. In addition, exosomes play a vital role in tumorigenesis, invasion and
metastasis [11,12]. Therefore, in this study, we hypothesized that tumor-derived bioactive substances were transported into vascular
endothelial cells via exosomes and then activated vascular endothelial cells to regulate angiogenesis and eventually regulate HCC
progression.

miRNAs are noncoding RNA sequences that are approximately 18-22 base pairs in length [13]. Studies have shown that miRNAs
play a vital role in gene expression by regulating posttranscriptional translation, which is somewhat linked to disease progression [14].
Increasing evidence indicates that tumor-derived exosomes often transfer miRNAs to recipient cells to induce the regulation of target
genes. For example, tumor-derived exosomal miR-934 targets CXCL13 to promote the metastasis of colorectal cancer [15]. Moreover,
it has been reported that miR-23a-5p was downregulated in HCC cell lines, and miR-23a-5p overexpression inhibited HCC cell
metastasis [16], indicating that miR-23a-5p plays a negative role in HCC progression. Interestingly, our research preliminarily sug-
gested that compared with that 1 day before transcatheter arterial chemoembolization (TACE), miR-23a-5p was upregulated in
exosomes that were separated from the serum of HCC patients 3 days after TACE. Therefore, in this study, we hypothesized that
tumor-derived miR-23a-5p may participate in the regulation of HCC progression. However, the specific mechanism remains unclear.

PRDX2 is a member of the PRDX family, which is highly expressed in many cancers, and compared with patients with low
expression, patients with high expression of PRDX2 have a poor prognosis [17]. Under normal physiological conditions, the level of
reactive oxygen species (ROS) is strictly controlled to maintain basic biological function and normal cell homeostasis [18]. The
tumor-promoting effect of PRDX2 may be attributed to the protection of tumor cells from oxidative stress [19]. Therefore, we analyzed
the association between ROS levels and HCC progression. In addition, studies have shown that PRDX2 promotes VEGF expression in
cardiomyocytes under hypoxia, which in turn promotes angiogenesis and myocardial hypertrophy [20]. Moreover, at the beginning of
the study, we found that there were binding sites between miR-23a-5p and PRDX2 by using TargetScan prediction. Therefore, we
hypothesized that miR-23a-5p regulated VEGF expression by targeting PRDX2 in HCC. However, the specific molecular mechanism
has yet to be elucidated.

In summary, exosomes adjust the tumor microenvironment by changing the physiological state of target cells. Therefore, exosomes
are vital messengers in tumor progression. In this study, we first collected the serum of 12 patients with HCC before TACE and 3 days
after TACE. It was found that the exo miR-23a-5p in serum 3 days after TACE was significantly higher than that before the operation.
Subsequently, we collected and analyzed the serum of 110 HCC patients and found that miR-23a-5p was an independent predictor of
overall survival (OS) and progression-free survival (PFS), and miR-23a-5p overexpression may inhibit the proliferation and angio-
genesis of HCC cells. Therefore, we speculate that miR-23a-5p has a certain research value in the treatment of HCC. Our study
demonstrated, the role and specific molecular mechanism of exo miR-23a-5p in regulating HCC progression. Exo miR-23a-5p may be a
potential target for the treatment of HCC.

2. Materials and methods
2.1. Tissues and samples

According to the American Association for the Study of Liver Disease (AASLD) practice guidelines, first, the serum of 12 HCC
patients before TACE and 3 days after TACE was collected, and exosomes were separated. Subsequently, the levels of miRNAs,

including miR-23a-5p, miR-155-3p, miR-135b, miR-130b-3p and miR-210-3p, were measured by qRT-PCR. Furtherly, 110 patients
with HCC were included in the study in our hospital between September 2020 and October 2021. Notably, the patients did not received

Table 1

The correlation between clinicopathological features and miR-23a-5p expression in 110 HCC patients.
Clinicopathologic features miR-23a-5p expression P value

High (n = 58) Low (n = 52)

Gender (male, female) 36/22 33/19 0.863
Age (<60, >60) 22/36 26/26 0.435
Maximum tumor size (<10 cm, >10 cm) 41/17 24/28 0.012*
BCLC stage (A, B, C) 2/31/25 18/21/13 0.008**
Tumor number (N)(1, >1) 24/34 25/27 0.565
ALT (U/L)(<40, >40) 43/15 25/27 0.021*
AST (U/L)(<40, >40) 39/19 24/28 0.034*
ALB (g/L)(<35, >35) 35/23 39/13 0.109
PT (s) (<13, >13) 33/25 18/34 0.023*
AFP (ng/ml) (<20, 20-200, >200) 11/15/32 16/8/28 0.223

BCLC = Barcelona Clinic Liver Cancer; ALT = alanine aminotransferase; AST = aspartate aminotransferase; ALB = albumin; PT = prothrombin time;
AFP = a-fetoprotein.
*P < 0.05 indicates a statistically significant difference.
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anti-tumor treatment for HCC before TACE. All the protocols were approved by the Ethics Committee of Hunan Cancer Hospital, The
Affiliated Cancer Hospital of Xiangya School of Medicine, Central South University. Each participant provided written informed
consent to participate. The 110 patients’ sex, age, maximum tumor size, Barcelona Clinic Liver Cancer (BCLC) stage, tumor number,
ALT, AST, ALB, PT and AFP were recorded in detail (Table 1).

2.2. Exosome isolation and identification

The serum of patients with HCC days was collected and centrifuged at 300 xg for 10 min, and the supernatant was assimilated. The
supernatant was centrifuged at 2000xg (10 min) and 10,000xg (30 min) to remove the shedding vesicles. The supernatant was further
removed by ultracentrifugation at 140,000 xg for 90 min, and the resulting pellet was exosomes. The pellet was washed with PBS
buffer, resuspended, centrifuged at 140,000 xg for 90 min, resuspended in 100 pL of PBS buffer, and frozen at —80 °C for later use.
Exosomes obtained by ultracentrifugation were added to PBS buffer (final concentration of 0.5 mg/mL) for identification. The
exposure suspension was dropped on a copper plate, placed on filter paper, and then illuminated with an incandescent lamp for 10 min.
The plate was incubated with 1% phosphotungstic acid for 5 min and light for 20 min and observed with a transmission electron
microscope (FEI TECNAI G20, USA). According to the manufacturer’s instructions, the size and distribution of the exosomes were
analyzed using Tunable Resistive Pulse Sensing on qNano (Izon Science Ltd, Christchurch, New Zealand). Then, 100 pL of PBS buffer
(final concentration of 0.5 mg/mL) containing exosomes was cocultured with HepG2 and SKHep-1 cells for 24 h. Treated HepG2 and
SKHep-1 cells were used for subsequent experiments.

2.3. Cell lines and culture

Human umbilical vein endothelial cells (HUVECs), human hepatic stellate cell LX2 (CL-0560) and HCC cell Huh-7 (CL-0120) were
provided by Pricella (Wuhan, China). ATCC (Manassas, VA, USA) provided HCC cell lines, including HepG2 (HB-8065), Hep3B (HB-
8064) and SKHep-1 (HTB-52), and DMEM (Invitrogen, California, USA) containing 5% fetal bovine serum, 1% endothelial cell growth
supplement and 1% penicillin/streptomycin solution (FBS, Gibco, NY, USA) was used to culture cells. All cells were cultured in a humid
incubator at 37 °C and 5% COa. Cells were treated with N-Acetylcysteine (5 pM) for 30 min.

2.4. Cell treatment

The miR-23a-5p inhibitor and its negative control inhibitor NC, miR-32a-5p mimic and its negative control NC mimic were
generated by Shanghai Jima Pharmaceutical Technology Co., Ltd. (Shanghai, China). The full-length sequences of PRDX2 were
inserted into pcDNA3.1 (Invitrogen) for oe-PRDX2, and its negative control, oe-NC, was obtained in the same way. Corresponding
plasmids were transfected into HUVECs, HepG2 and SKHep-1 cells by using Lipofectamine™ 3000 Transfection Reagent (Invitrogen).

2.5. gRT-PCR

Total RNA was extracted from HepG2 and SKHep-1 cells with TRIzol reagent (Invitrogen) as directed. Reverse transcribe 1 pg of
total RNA into complementary DNA with the PrimeScrip RT kit. The mRNA levels of genes were measured with SYBR PreMix Ex Taq on
the 7500 real-time fluorescence polymerase chain reaction system. GAPDH was used as an endogenous control for data analysis.
MiRNAs were collected with the MirVana microRNA isolation kit (Invitrogen, AM1561). miRNA levels were measured with the
TagMan microRNA assay kit (Thermo Fisher, 4427975) with U6 RNA as an endogenous control. The data were calculated using the
27A2CT method. The primers used in this study are shown in Table 2.

Table 2

Primer sequences.
Primer name Primer sequences
F-miR-23a-5p 5-TTCCTGGGGATGGGATT -3'
R-miR-23a-5p 5'-GAACATGTCTGCGTATCTC -3'
F-miR-155-3p 5'-TGCTAATCGTGATAGGGG -3
R-miR-155-3p 5'-GAACATGTCTGCGTATCTC -3'
F-miR-135b 5-GGCTTTTCATTCCTATGTG -3’
R-miR-135b 5'-GAACATGTCTGCGTATCTC -3'
F-miR-130b-3p 5'-CTCTTTCCCTGTTGCAC -3'
R-miR-130b-3p 5-GAACATGTCTGCGTATCTC -3'
F-miR-210-3p 5-TGTGCGTGTGACAGCG -3’
R-miR-210-3p 5'-GAACATGTCTGCGTATCTC -3'
F-PRDX2 5'-CCTTCCAGTACACAGACGAGCA -3'
R-PRDX2 5'-CTCACTATCCGTTAGCCAGCCT -3’
F-U6 5'-CTCGCTTCGGCAGCACAT -3
R-U6 5-TTTGCGTGTCATCCTTGCG -3'
F-GAPDH 5-GTCTCCTCTGACTTCAACAGCG -3'

R-GAPDH

5"-ACCACCCTGTTGCTGTAGCCAA -3
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2.6. MTT assay

Cells were suspended in DMEM culture medium containing 5 pg/mL MTT tetramethylazole salt (Sigma-Aldrich, USA) and
incubated at 37 °C for 4 h. Dimethyl sulfoxide was added, and absorbance was determined by a microplate instrument at 490 nm
(Beijing, China).

2.7. Colony formation assay

HepG2 and SKHep-1 cell single-cell suspensions were seeded in 15 mm dishes. After 14 days of culture, cells were fixed with 4%
paraformaldehyde and stained with crystal violet. Subsequently, colonies consisting of more than 50 single cells were counted under a
microscope for quantitative analysis.

2.8. Tube formation assay

First, the Transwell chamber (0.4-pm pore, Corning, New York, USA) was placed in a 6-well plate. HepG2 and SKHep-1 cells were
placed in the upper compartment, and HUVECs were added to the compartment. After the cells were cocultured for 48 h, HepG2 and
SKHep-1 cells were seeded in Matrigel-coated 96-well plates at a density of 1.5 x 10* cells per well. After 6 h, pictures were taken with
a light microscope (Olympus, Tokyo, Japan), and the Angiogenesis Analyzer plugin of ImageJ was used to count the total length.

2.9. Engyme-linked immunosorbent assay (ELISA)

Supernatants of HepG2 and SKHep-1 cells were collected after centrifugation for 10 min. Malondialdehyde (MDA, EU2577) and
superoxide dismutase (SOD, EH4706-1) levels were measured using ELISA kits (FineTest, Wuhan, China) according to the manufac-
turers instructions. Absorbance at 450 nm was measured using a microplate reader (PerkinElmer, Waltham, MA, USA).

2.10. 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA) staining

After 24 h of incubation of HepG2 and SKHep-1 cells with 0, 15, or 30 mM formate, the supernatant was removed, and the cells
were washed three times with PBS. The cells were then harvested and suspended in PBS. Subsequently, DCFH-DA (10 pM) was added to
the cells and incubated at 37 °C for 15 min. Finally, the fluorescence intensity (FL-1, 530 nm) of 10* cells was detected by using flow
cytometry (FACSCalibur, BD Biosciences) to measure ROS generation.

2.11. Bioinformatics analysis and dual-luciferase reporter gene assay

Utilize the bioinformatics software TargetScan (www.Target-scan.org) predicted potential binding sites for miR-23a-5p and
PRDX2. PGL3 vectors containing wild-type 3"-noncoding regions (PRDX2-WT) and mutant fragments (PRDX2-MUT) were cotrans-
fected with pGL3 with HepG2 and SKHep-1 with Lipofectamine™ 3000 Transfection Reagent (Invitrogen). After 48 h, luciferase
activity was detected with a dual-luciferase reporter gene system.

2.12. RNA immunoprecipitation (RIP) assay

The RIP assay was performed by using a Magna RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore, USA). NP-40 lysis
buffer containing 1 mmol/L PMSF, 1 mmol/L DTT, 1% protease inhibitor cocktail (Sigma-Aldrich) and RNase inhibitor (Invitrogen)
was used to collect and lyse cells. Subsequently, the cells were incubated with RIP buffer containing magnetic beads bound with human
anti-Argonaute2 (Ago2) antibody (Millipore) or normal mouse IgG (Millipore) as a negative control for 4 h at 4 °C. Finally, the
precipitate was digested with Proteinase K buffer, and then co-immunoprecipitated RNA was isolated for QqRT-PCR and miRNA RT-PCR
analysis.

2.13. Western blot

As previously reported, total protein was extracted, subjected to 10% SDS-PAGE electrophoresis, and transferred to a sealed PVDF
membrane. Then, the PVDF membrane was incubated overnight with specific antibodies, including CD81 (ab219209, 1:1000),
TSG101 (ab125011, 1:5000) CD63 (ab134045, 1:2000), Calncxin (ab22595, 1:10000), PRDX2 (ab22595, 1:20000, 1:10000) and
VEGF (ab32152, 1:2000), at 4 °C. The second day, after incubation with goat anti-rabbit IgG H&L (HRP) (ab6721, 1:5000), the bands
were detected by a gel imaging system. GAPDH was used as the endogenous control. Abcam (Cambridge, United Kingdom) provided all
antibodies.

2.14. Statistical analysis

The three replicates are represented as the mean =+ standard deviation (SD). The t-test was used for the between-group comparison,
and one-way ANOVA and Tukeys multiple comparisons were used for the between-group comparison. Univariate and multivariate Cox
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proportional hazard analyses were used to calculate the Cox proportional hazard ratio between OS and PFS and clinical parameters.
Statistical analyses were performed using SPSS 13.0 for Windows software (SPSS, Inc., Chicago, Illinois). P values were bilaterally
tested, and P < 0.05 was considered to indicate a statistically significant difference.

3. Results
3.1. miR-23a-5p was downregulated in exosomes separated from the serum of HCC patients

First, exosomes were isolated from the serum of patients with HCC. Transmission electron microscopy (TEM) and dynamic light
scattering (DLS) analysis showed that the exosomes were circular vesicles with a typical cup-like structure approximately 100 nm in
diameter (Fig. 1A and B). Analysis indicated that the exosomal markers CD81 and TSG101 were highly expressed in exosomes (Fig. 1C,
uncropped blots in Fig. S2). qRT-PCR analysis showed that the miR-23a-5p level 3 days after TACE was significantly higher than that
before TACE, but the levels of miR-155-3p, miR-135b, miR-130b-3p and miR-210-3p did not change, and miR-23a-5p was down-
regulated in HCC tissues (Fig. 1D). In addition, as shown in Table 1 110 patients with HCC were divided into two groups: a low miR-
23a-5p expression group (n = 52) and a high miR-23a-5p expression group (n = 58). Analysis indicated that there was no significant
correlation between the level of miR-23a-5p and patient sex, age, tumor number, ALB or AFP level, whereas it was obviously related to
maximum tumor size, BCLC stage, ALT, AST and PT (Table 1). Cox regression analyses also proved that the dysregulation of miR-23a-
5p expression significantly increased the death risk (HR [95% CI] = 2.47 [1.83-3.35]) and tumor recurrence risk (HR [95% CI] = 2.05
[1.55-2.71]) (Table 3). In univariate analysis, BCLC stage, ALT, AST, PT, and preoperative miR-23a-5p expression were associated
with PFS, and BCLC stage, ALT, PT, and postoperative miR-23a-5p expression significantly influenced OS. In multivariate analysis,
BCLC stage, PT, and preoperative miR-23a-5p expression were independent prognostic factors of PFS, and BCLC stage, ALT, and
preoperative miR-23a-5p expression were independent factors predicting OS (Tables 3 and 4). Moreover, compared with that in the
control, miR-23a-5p was downregulated in HCC cell lines, especially in HepG2 and SKHep-1 cells (Fig. 1E). Therefore, HepG2 and
SKHep-1 cells were used for follow-up functional studies. Overall, these data show that miR-23a-5p was significantly correlated with
survival, and abnormal expression of miR-23a-5p significantly increased the risk of death and tumor recurrence. High expression of
miR-23a-5p significantly inhibited tumor size and ALT and AST levels, shortened prothrombin time, and increased patient survival
time.

3.2. miR-23a-5p carried by exosomes inhibited HCC cell proliferation and angiogenesis

To investigate the role of exosomal miR-23a-5p in HCC progression, HepG2 and SKHep-1 cells were cocultured with exosomes that
were separated from the serum of HCC patients after 3 days of TACE and transfected with a miR-23a-5p inhibitor for miR-23a-5p
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Fig. 1. miR-23a-5p was downregulated in exosomes separated from the serum of HCC patients. Exosomes were separated from the serum of HCC
patients after 3 days of TACE. A, Exosome features were observed by TEM. B, Exosome diameter was observed by DLS. C, The expression of CD81,
TSG101, CD63 and Calnexin in exosomes was evaluated by Western blotting. D, The levels of miR-23a-5p, miR-155-3p, miR-135b, miR-130b-3p and
miR-210-3p in the serum of HCC patients 3 days after TACE were measured by qRT-PCR. E, miR-23a-5p levels in HCC cell lines, including HepG2,
Hep3B, SKHep-1 and Huh-7, were measured by qRT-PCR, and LX2 cells served as the negative control. **P < 0.01, ***P < 0.001.
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Table 3
Univariate analysis of factors associated with OS and PFS.
Variables 0S PFS
HR (95% CI) Pirend HR (95% CI) Pirend
Gender (male, female) 0.89 (0.69-1.22) 0.43 0.95 (0.71-1.24) 0.51
Age (<60, >60) 0.86 (0.65-1.18) 0.37 0.77 (0.63-1.18) 0.28
Maximum tumor size (< 10 cm, >10 cm) 0.69 (0.51-0.94) 0.06 0.72 (0.55-0.98) 0.09
BCLC stage (A, B, C) 1.53 (1.31-1.92) <0.001 1.59 (1.36-1.97) <0.001
Tumor number(N) (1, >1) 0.97 (0.73-1.31) 0.92 0.91 (0.68-1.22) 0.41
ALT (U/L) (< 40, >40) 1.41 (1.09-1.88) <0.001 1.33 (1.01-1.75) 0.03
AST (U/L) (< 40, > 40) 1.35 (1.02-1.76) 0.05 1.29 (1.09-1.68) 0.28
ALB (g/L) (< 35, > 35) 0.79 (0.58-1.07) 0.25 0.83 (0.51-1.09) 0.19
PT(s) (< 13, > 13) 1.35 (0.99-1.78) <0.001 1.31 (0.95-1.72) 0.28
AFP(ng/ml) (< 20, 20-200, > 200) 1.19 (0.91-1.57) 0.39 1.26 (0.95-1.68) <0.001
Preoperative miR-23a-5p expression (high vs. low) 2.47 (1.83-3.35) <0.001 2.05 (1.55-2.71)
Table 4
Multivariate analysis of prognostic factors to predict OS and PFS.

Variables HR (95% CI) Prend

oS

BCLC stage (A, B, C) 1.41 (1.24-1.75) <0.001

ALT (U/L) (<40, >40) 1.33 (0.97-1.75) 0.031

Postoperative miR-23a-5p expression (high vs. low) 2.35 (2.01-3.16) 0.024

PFS

BCLC stage (A, B, C) 1.48 (1.27-1.78) 0.002

PT(s) (£13, >13) 1.45 (1.05-1.93) 0.046

Preoperative miR-23a-5p expression (high vs. low) 2.14 (1.66-2.89) <0.001

inhibition. Normal cultured cells served as the negative control. qRT-PCR analysis showed that miR-23a-5p was upregulated in HepG2
and SKHep-1 cells after coculture with exosomes that were separated from the serum of HCC patients after 3 days of TACE, but the miR-
23a-5p level was subsequently abolished by the miR-23a-5p inhibitor (Fig. 2A). Next, HepG2 and SKHep-1 cell viability and prolif-
eration were both inhibited after coculture with exosomes that were separated from the serum of HCC patients after 3 days of TACE,
whereas the downward trend was rescued by the miR-23a-5p inhibitor (Fig. 2B and C). Similarly, tube formation assays indicated that
the number of tubules was significantly reduced after coculture with exosomes that were separated from the serum of HCC patients
after 3 days of TACE, while the miR-23a-5p inhibitor reversed the decreasing trend (Fig. 2D). Moreover, ELISA analysis indicated that
the levels of the oxidative stress markers MDA and SOD were significantly increased in HepG2 and SKHep-1 cells after coculture with
exosomes that were separated from the serum of HCC patients after 3 days of TACE, but the levels of MDA and SOD were subsequently
abolished by the miR-23a-5p inhibitor (Fig. 2E). As shown in Fig. 2F, the level of ROS was significantly increased in HepG2 and SKHep-
1 cells after coculture with exosomes that were separated from the serum of HCC patients after 3 days of TACE, whereas the miR-23a-
5p inhibitor inhibited ROS generation. In summary, we believe that miR-23a-5p carried by exosomes inhibits HCC cell proliferation
and angiogenesis.

PRDX2 knockdown promoted oxidative stress and inhibited HCC cell proliferation and angiogenesis, and miR-23a-5p negatively
targeted PRDX2.

To explore the potential downstream targets of miR-23a-5p, we found that PRDX2 may be a potential target gene of miR-23a-5p by
bioinformatics software TargetScan analysis (Fig. 3A), and we designed the mutation site of PRDX2 targeted by miR-23a-5p (Fig. 3B).
Then, a dual-luciferase reporter gene assay showed that the luciferase activity of the reported PRDX2-WT gene was inhibited by co-
transfection of miR-23a-5p, but the luciferase activity of the reported PRDX2-MUT gene in HepG2 and SKHep-1 cells was not changed
by co-transfection of miR-23a-5p (Fig. 3C). Subsequently, after RIP experiments (PMID: 30144184), we found that the levels of miR-
23a-5p and PRDX2 in the complex increased significantly by using RT-qPCR detection, which further confirmed that miR-23a-5p
targeted binding to miR-23a-5p (Fig. 3D). Moreover, analysis indicated that PRDX2 was significantly decreased in the serum of
HCC patients after 3 days of TACE (Fig. 3E). Conversely, PRDX2 was significantly upregulated in HepG2 and SKHep-1 cells after
transfection with the miR-23a-5p inhibitor (Fig. 3F). Furtherly, we explored in depth the effect of PRDX1 on oxidative stress in
supplementary. In detail, we separately knocked down PRDX2 in HCC cells and simultaneously added a ROS inhibitor (N-Ace-
tylcysteine, NAC) to detect cell proliferation, angiogenesis, and ROS level changes. qRT-PCR analysis indicated that the expression of
PRDX2 decreased after knockdown of PRDX2, and the addition of ROS inhibitors did not affect the expression of PRDX2 (Fig. STA).
Western blot analysis showed that the expression of PRDX2 and VEGF decreased after knockdown of PRDX2. Meanwhile, the addition
of ROS inhibitors did not affect the expression of PRDX2, but increased the expression of VEGF (Fig. S1B, uncropped blots in Fig. S2).
As showing in Figs. S1C-1E, after knocking down PRDX2, cell viability, proliferation and angiogenesis were inhibited, but which were
increased with the addition of ROS inhibitor. DCFH-DA staining showed that the intracellular ROS production was significantly
increased after PRDX2 knockdown, and the addition of ROS inhibitors significantly inhibited ROS production (Fig. S1F). Moreover, we
selected the HCC cell line HepG2 as the study object and overexpressed and knocked down miR-23a-5p in HepG2 cells to detect the
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Fig. 2. MiR-23a-5p carried by exosomes inhibited HCC cell proliferation and angiogenesis. HepG2 and SKHep-1 cells were randomly divided into
four groups. In the control group, the cells were cultured normally. In the Exo group, cells were cocultured with exosomes separated from the serum
of HCC patients after 3 days of TACE. In the Exos + inhibitor NC group, cells were cocultured with exosomes separated from the serum of HCC
patients after 3 days of TACE and transfected with inhibitor NC, which served as the negative control for the miR-23a-5p inhibitor. In the Exos +
miR-23a-5p inhibitor group, cells were cocultured with exosomes separated from the serum of HCC patients after 3 days of TACE and transfected
with miR-23a-5p inhibitor for miR-23a-5p inhibition. A, QRT-PCR measured miR-23a-5p levels in HepG2 and SKHep-1 cells. B, MTT assay detected
HepG2 and SKHep-1 cell viability. C, Colony formation assay detected HepG2 and SKHep-1 cell proliferation. D, Tube formation assay detected
tubule formation ability. E, ELISA measured the levels of MDA and SOD. F, DCFH-DA staining measured the level of ROS. *P < 0.05, **P < 0.01,
***p < 0.001.

effects on PRDX2 mRNA and protein levels. The results showed that the increase in PRDX2 expression inhibited by the miR-23a-5p
inhibitor was reversed by miR-23a-5p mimics (Fig. 3G and H, uncropped blots in Fig. S2). Overall, we determined that miR-23a-5p
negatively targets PRDX2.

PRDX2 overexpression relieved exosome-induced inhibition of HCC cell proliferation and angiogenesis by promoting VEGF
expression.

To further survey the role and underlying molecular mechanism of PRDX2 in HCC progression, HepG2 and SKHep-1 cells were
cocultured with exosomes separated from the serum of HCC patients after 3 days of TACE and transfected with oe-PRDX2 for PRDX2
overexpression. Normal cultured cells served as the negative control. Analysis indicated that PRDX2 was downregulated in HepG2 and
SKHep-1 cells after coculture with exosomes that were separated from the serum of HCC patients after 3 days of TACE, but PRDX2
levels were subsequently rescued by oe-PRDX2 transfection (Fig. 4A). Analysis indicated that VEGF was significantly downregulated
after coculture with exosomes that were separated from the serum of HCC patients after 3 days of TACE, while PRDX2 overexpression
alleviated the inhibitory effect (Fig. 4B, uncropped blots in Fig. S2). Functionally, the cell viability and proliferation of HepG2 and
SKHep-1 cells were inhibited after coculture with exosomes that were separated from the serum of HCC patients after 3 days of TACE,
whereas the impact of exosomes was subsequently recovered by PRDX2 overexpression (Fig. 4C and D). Subsequently, tube formation
assays indicated that the number of tubules was significantly reduced after coculture with exosomes that were separated from the
serum of HCC patients after 3 days of TACE, but PRDX2 overexpression reversed the downward trend (Fig. 4E). Conversely, ELISA
analysis indicated that the increase in MDA and SOD levels induced by exosomes separated from the serum of HCC patients after 3 days
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Fig. 3. PRDX2 knockdown promoted oxidative stress and inhibited HCC cell proliferation and angiogenesis, and miR-23a-5p negatively targeted
PRDX2. A-B, Bioinformatics software TargetScan analysis showed that there were potential targets between PRDX2 and miR-23a-5p. C, A dual-
luciferase reporter gene assay verified the targeting relationship between PRDX2 and miR-23a-5p. D, RIP assay further confirmed the targeting
relationship between PRDX2 and miR-23a-5p. E, QqRT-PCR was used to measure PRDX2 levels in the serum of HCC patients 3 days after TACE. F,
qRT-PCR measured PRDX2 levels in HepG2 and SKHep-1 cells after transfection with miR-23a-5p inhibitor. G, qRT-PCR was used to measure
PRDX2 levels in HepG2 and SKHep-1 cells after transfection with miR-23a-5p mimics. H, Western blot analysis of PRDX2 levels in HepG2 and
SKHep-1 cells after transfection with miR-23a-5p mimics. *P < 0.05, **P < 0.01, ***P < 0.001.

of TACE was abolished by PRDX2 overexpression (Fig. 4F). Furthermore, the increase in ROS levels induced by exosomes separated
from the serum of HCC patients after 3 days of TACE was inhibited by PRDX2 overexpression (Fig. 4G). Therefore, we concluded that
PRDX2 overexpression relieved exosome-induced inhibition of HCC cell proliferation and angiogenesis by promoting VEGF expression.

4. Discussion

Cancer cells and surrounding tumor mechanisms constitute the malignant tumor microenvironment [21]. Increasing evidence
shows that exosomes play a pivotal role in the local and systemic intercellular communication of cancer [22]. Our findings illustrated
that exo miR-23a-5p inhibited HCC proliferation and angiogenesis by regulating PRDX2 expression. Our study demonstrated,the effect
and specific molecular mechanism of exo miR-23a-5p in regulating HCC progression.

Tumor-derived exosomes play an important role in the construction of the tumor growth microenvironment, including promoting
tumorigenesis, invasion and metastasis [5]. As small vesicle structures secreted by cells, exosomes have a long half-life in circulation
and can provide a relatively safe environment for a variety of bioactive substances to ensure that the bioactive substances can be
effectively transported into the receptor cells and play a role [23]. In this study, exosomes were successfully separated from the serum
of HCC patients. Furthermore, we found that the miR-23a-5p level 3 days after TACE was significantly higher than that before TACE in
the serum of HCC patients but significantly downregulated in HCC cell lines, including HepG2, Hep3B, SKHep-1 and Huh-7, especially
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Fig. 4. PRDX2 overexpression relieved exosome-induced inhibition of HCC cell proliferation and angiogenesis by promoting VEGF expression.
HepG2 and SKHep-1 cells were randomly divided into four groups. In the control group, the cells were cultured normally. In the Exo group, cells
were cocultured with exosomes separated from the serum of HCC patients after 3 days of TACE. In the Exo + oe-NC group, cells were cocultured
with exosomes separated from the serum of HCC patients after 3 days of TACE and transfected with oe-NC, which served as the negative control for
oe-PRDX2. In the Exos + oe-PRDX2 group, cells were cocultured with exosomes separated from the serum of HCC patients after 3 days of TACE and
transfected with oe-PRDX2 for PRDX2 overexpression. A, qRT-PCR was used to measure PRDX2 mRNA levels. B, Western blot analysis of VEGF
protein levels. C, MTT assay detected HepG2 and SKHep-1 cell viability. D, Colony formation assay detected HepG2 and SKHep-1 cell proliferation.
E, Tube formation assay detected tubule formation ability. F, ELISA measure the levels of MDA and SOD. G, DCFH-DA staining measured the level of
ROS. *P < 0.05, **P < 0.01, ***P < 0.001.

in HepG2 and SKHep-1 cells. Moreover, the median PFS time was 8 months (range: 3-17), and the median OS was 14 months (range:
4-18) in this study. In univariate analysis, BCLC stage, ALT, AST, PT, and preoperative miR-23a-5p expression were associated with
PFS, and BCLC stage, ALT, PT, and preoperative miR-23a-5p expression significantly influenced OS. In multivariate analysis, BCLC
stage, PT, and preoperative miR-23a-5p expression were independent prognostic factors of PFS, and BCLC stage, ALT, and preoperative
miR-23a-5p expression were independent factors predicting OS. Functionally, our findings revealed that miR-23a-5p carried by
exosomes inhibited HCC cell proliferation and angiogenesis. These findings suggested that exo miR-23a-5p may play a negative role in
HCC progression.

It has been reported that miRNAs are involved in regulating tumor development, including cell proliferation and angiogenesis, and
may become new and effective therapeutic targets [24]. Notably, miR-23a-5p is involved in the regulation of the progression of
multiple diseases by targeting tumor-associated genes. It has been reported that miR-23a-5p is involved in the regulation of pancreatic
cancer by regulating the expression of ECM1 [25]. Zhou et al. found that miR-23a-5p participated in the malignant phenotype of
cervical cancer cells by targeting SLC7A11 [26]. Specifically, Yang et al. showed that miR-23a-5p expression was downregulated in
hepatoma cell lines and tissues and that miR-23a-5p regulated the progression of liver cancer by targeting IGF2 [16]. Similarly, our



Y. Zhao et al. Heliyon 10 (2024) e23168

results showed that miR-23a-5p negatively targeted PRDX2.

PRDX2 is a typical 2-cysteine peroxidation-reduction protein that has been shown to be induced by oxidative stress, and PRDX2
overexpression protects cells from oxidative damage [27]. Studies have also shown that upregulation of PRDX2 is associated with
tumor progression and can be used as an effective biomarker for cancer prognosis [17]. For example, high expression of PRDX2 is
associated with the proliferation and metastasis of non-small cell lung cancer cells [28]. In addition, Wang et al. indicated that PRDX2
can prevent oxidative stress induced by Helicobacter pylori and increase the tolerance of gastric cancer cells to cisplatin [29]. Inter-
estingly, Zhou et al. reported that PRDX2 protected SMMC-7721 cells from oxidative stress in HCC [19]. Consistently, our results
indicated that PRDX2 was significantly upregulated in the serum of HCC patients 3 days after TACE, indicating that PRDX2 may play a
positive role in HCC progression. Moreover, the increase in MDA, SOD and ROS levels induced by exosomes separated from the serum
of HCC patients after 3 days of TACE was abolished by PRDX2 overexpression, suggesting that PRDX2 overexpression protected HepG2
and SKHep-1 cells from oxidative stress in HCC. Functionally, PRDX2 overexpression relieved exosome-induced inhibition of HCC cell
proliferation and angiogenesis by promoting VEGF expression. Overall, PRDX2 overexpression promoted HCC cell proliferation and
angiogenesis by protecting HepG2 and SKHep-1 cells from oxidative stress.

In summary, exosomes adjust the tumor microenvironment by changing the physiological state of target cells. Therefore, exosomes
are vital messengers in tumor progression. In this study, our findings illustrated that exo miR-23a-5p inhibited HCC proliferation and
angiogenesis by regulating PRDX2 expression. Our study demonstrated, the role and specific molecular mechanism of exo miR-23a-5p
in regulating HCC progression. Unfortunately, we did not study the specific mechanism of PRDX2-induced HCC cell proliferation and
angiogenesis; in follow-up experiments, we will further study the relationship between PRDX2-induced HCC cell proliferation and
angiogenesis.
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