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A B S T R A C T   

Hepatocellular carcinoma (HCC) is the most frequent form of liver malignancy, and curing it is 
very challenging. Restoring tumor suppressor microRNAs could trigger the initiation of cellular 
anticancer mechanisms. Exosomes are nanosized biocarriers capable of fusing with cell mem-
branes and delivering their cargo. The main goal of the current study was to explore the potential 
of human embryonic kidney cells (HEK293) cell-derived exosomes to provide an anticancer 
therapy based on the restoration of tumor suppressor miR-365a downregulated in HepG2 cells. To 
accomplish this aim, exosomes were isolated from the HEK293 cell line culture and characterized, 
enriched by Homo sapiens (hsa) miR-365a-3p mimics. Exosomes enabled an efficient loading and 
intracellular delivery of hsa-miR-365a mimics, which translated into G0/G1 cell cycle arrest, 
induction of oxidative stress, reduction of migration capacity, and high apoptosis rate. The 
findings indicate that the delivery of miR-365a-3p by HEK293-derived exosomes may act as an 
innovative and effective therapeutic strategy against HCC.   

1. Introduction 

Hepatocellular carcinoma (HCC) is defined as a multi-stage malignancy of the liver [1] and ranked as the fifth most common and 
second most lethal cancer amongst all [2]. A recent transcriptome profiling study has documented alterations in microRNAs levels in 
HCC [3]. A great part of post-transcriptional tuning of gene expression is attributed to miRNAs, which are short (22-29 nt) ribor-
egulators without being translated into any protein and contribute to almost all cellular phenomena. They were identified to be either 
downregulated (tumor suppressor role) or upregulated (oncogene function) during tumor initiation and progression [4]. Previous 
investigations have found that miR-365a-3p is repeatedly downregulated and acts as a tumor suppressor in some cancers [5]. 

The term oxidative stress refers to excessive levels of reactive oxygen species (ROS) which can trigger the development of various 
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diseases [6]. Similar to other mechanisms in cancer cells, redox homeostasis is abnormal in HCC. While lower levels of ROS molecules 
may support tumorigenesis, elevated ROS levels can be lethal [7,8]. As the accelerated proliferation cycles are accompanied by as-
sembly of higher ROS, they try to adapt themselves by increasing their antioxidant capacity to reduce ROS and prevent its amplifi-
cation, which can induce senescence and apoptosis [9]. 

The nuclear factor-erythroid 2-related factor 2 (Nrf2) is considered a master regulator of cellular antioxidant response, which, 
under normal physiological conditions, is inactivated by binding to Kelch-like ECH-associated protein-1 (Keap1) [10]. Under oxidative 
and electrophilic stress conditions, however, Nrf2 is detached from Keap1, transported to nucleus, and dimerized with the small Maf 
protein (sMaf). The Nrf2-sMaf heterodimer binds to antioxidant response elements (ARE) in DNA and, along with other transcriptional 
activators, induces the transcription of cytoprotective genes [11]. Previous studies have shown that Nrf2-deficient mice are more prone 
to cancer than the wild type, indicating that Nrf2 has protective impacts on normal cells by quenching ROS [12]. Over-activation of 
Nrf2 induces growth, increases resistance to chemotherapy, and leads to metastasis through several mechanisms, including drug 
detoxification, prevention of drug accumulation via drug efflux transporters, suppression of apoptosis, and induction of angiogenesis 
[13]. In addition, Nrf2 over-expression is associated with poor prognoses and aggressive HCC phenotypes [11]. In general, the 
Nrf2/Keap1 pathway can be considered a signaling pathway actively involved in the progression and drug resistance of cancer. Thus, 
controlling this pathway can be a potential therapeutic strategy in malignancies. Several miRNAs have been reported to regulate the 
Nrf2 or oxidative stress pathway at several points [14]. The migration potential of breast cancer cells was significantly reduced by the 
inhibition of A Disintegrin and metalloproteinase 10 (ADAM10) [15]. Meanwhile, Up-regulated levels of ADAM10 in colon cancer cells 
leads to a malignant phenotype, promoting metastasis to the liver [16,17]. A study conducted by Hong et al. revealed that treatment 
with hsa-miR-365a-3p in colorectal cancer resulted in the suppression of ADAM10 and Jak/STAT signaling [18]. Thus, investigating 
the effects of hsa-miR-365a-3p delivery on ADAM10 expression in HCC could be beneficial for the development of new therapeutic 
approaches. 

Identifying an efficient delivery system for miRNAs is still a challenge, because naked miRNA mimics are negatively charged and 
unable to efficiently penetrate cell membranes. Moreover, they are very vulnerable to RNase-mediated degradation [19]. 

Exosomes are 30–150 nm cell-derived microvesicles that facilitate intercellular communication by transporting nucleic acids, 
proteins, and lipids upon contact with target cell surfaces [20]. They play crucial roles in cellular functions like proliferation and 
apoptosis. These small vesicles, composed of nucleic acids, proteins, mRNA, lipids, and other biological substances, exhibit diverse 
functions based on their cellular origins [21,22]. Consequently, extensive research has explored the potential clinical applications of 
exosomes, including drug delivery systems [23], therapeutic carriers, and biomarkers [22]. Due to their natural origin and ability to 
traverse biological barriers, exosomes offer promising nano-sized carriers [24]. Among various cell sources, HEK293-derived exosomes 
are particularly advantageous due to their lack of cancer-related antigens, which could potentially stimulate the immune system, and 
the ease of transfection [25,26]. 

The present study investigated whether the exosome-mediated transient upregulation of miR-365a-3p mimics can initiate anti- 
tumor mechanisms on an HCC model cell line (HepG2). 

2. Materials and methods 

2.1. Cell lines 

The HEK293 and HepG2 cell lines were purchased from the National Biological Resource Center (Tehran, Iran). Cells were cultured 
according to previously published protocol [27] and in 80 % confluency were washed with phosphate-buffered saline (PBS). The 
routine medium was replaced with serum-free medium (SFM). 

2.2. Isolation and characterization of HEK293 cell-derived exosomes 

When the cells were completely stabilized in SFM, the adapted cells were kept in the incubator at 37 ◦C, and after 48 h, the 
conditioned media (CM) were collected. Exosomes were extracted from CM using the Exocib kit (Cibzist, Tehran, Iran). Briefly, the CM 
was centrifuged (Eppendorf, Hamburg, Germany) at 300×g for 10 min to removed cell debris and dead cells. Then, the supernatant was 
filtered using a 0.22-μm filter. Next, the supernatant was mixed with reagent A at a 5:1 ratio. The mixture was vortexed thoroughly for 
5 min and incubated for 12 h at 4 ◦C. Subsequently, the tubes were vortexed again for 1 min and then centrifuged for 40 min at 300×g 
at 4 ◦C. Finally, the supernatant was completely discarded, and the exosome pellet was resuspended in 50–200 μL of reagent B and 
stored at − 80 ◦C. 

2.2.1. Dynamic light scattering (DLS) and protein quantification 
The size and polydispersity index (PDI) of the isolated exosomes were analyzed by NANOPHOX particle size analyzer (Sympatec, 

Germany), Additionally the protein concentration of exosomes was measured using a bicinchoninic acid (BCA) protein quantification 
kit (BCA, Thermo Scientific, Rockford, USA) as per the manufacturer’s instructions. 

2.2.2. Electron microscopy 
Exosome size and morphology were analyzed using both field emission scanning electron microscopy (FE-SEM) and transmission 

electron microscopy (TEM). In FE-SEM imaging, the exosome suspension was dropped on a sterile glass substrate overnight at 25 ◦C to 
be dried and sputtered by gold for subsequent observation with an FE-SEM instrument (SEM, EM3200, KYKY, China). In TEM 
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examination, roughly a drop of isolated exosome was dried on 300-mesh formvar-carbon-coated copper grids for 5 min. The excess 
fluid was then carefully removed with filter paper and the grid negatively stained with 2 % (w/v) uranyl acetate for the next 3 min. 
Next, TEM analysis was performed (TEM, Carl Zeiss, Oberkochen, Germany). 

2.2.3. Western blotting 
Exosomal and cellular proteins were extracted with the RIPA lysis buffer containing Tris-HCL, EDTA, NaCl, sodium deoxycholate, 

SDS, protease inhibitor cocktail, and 1 % Triton NP40. The protein concentration was quantified by the Bradford method, and protein 
lysates were run on SDS-polyacrylamide gel. After electrophoresis, the separated protein bands were transferred to polyvinylidene 
difluoride (PVDF) membranes (Millipore, USA), which were subsequently blocked and washed. The blots were incubated for 16–18 h 
with primary antibodies CD9 (mouse monoclonal antibody, cat. No. sc-13118), CD63 (mouse monoclonal, cat. No.sc-5275), CD81 
(mouse monoclonal, cat. No.sc-166029), Nrf2 (mouse monoclonal, cat. No.sc-365949), ADAM10 (mouse monoclonal antibody, cat. 
No. sc-365949), and β-Actin (mouse monoclonal antibody, cat. No.sc-47778) as internal controls (Santa Cruz Biotechnology, Inc., 
Dallas, USA). The secondary antibodies, mouse anti-rabbit IgG-HRP (mouse monoclonal, cat. No. sc-2357) at a dilution of 1:10000 
(Santa Cruz Biotechnology, Inc., Dallas, USA), were added and incubated for 90 min at room temperature (RT). Eventually, blots were 
visualized by chemiluminescence (ECL) detection reagents (Sigma) [28]. 

2.3. Loading the exosomes with miR-365a-3p mimic 

The FAM dye labeled-miR-365a-3p mimic was ordered and purchased from Bioneer (Korea). The modified calcium chloride 
method was used to load miR-365a-3p into the exosomes [29]. Initially, 150 pmol miR-365a-3p was mixed with 0.5 μg/ml exosomes in 
150 μl PBS and 150 μl CaCl2 (0.1 M). Then, the mixture was placed on ice for 30 min, incubated for 60 s at 42 ◦C, and then incubated on 
ice for an additional 5 min. The final volume of the mixture was adjusted to 5 ml with PBS, and the exosomes were reisolated using the 
Exocib kit. Free unloaded miR-365a-3p was eliminated by incubating with 2 μg/ml RNase A (EN0531, Thermo Fisher) for 20 min at 
37 ◦C. The activation of RNase A was stopped by adding 2 μg/ml RNase inhibitor (Thermo Fisher) and incubating for 15 min at 37 ◦C. 

2.4. Quantification of miRNA loading into the exosome 

A FAM dye-labeled miR-365a-3p was used to validate the entrance of miR into the exosomes. For this purpose, 15 μg of exosomes 
and exosomes-loaded miR-365a-3p mimic (ExomiR-365a-3p) were diluted in 2 ml PBS and analyzed by flow cytometry (MACS-
QuantAnalyser 10, Miltenyi Biotech, Germany) and FlowJo software. Moreover, the loading efficiency of the miR-365a-3p mimic in 
the exosomes was evaluated by real-time PCR in which miR-365a-3p expression was compared in unloaded and miR-loaded exosomes. 
Total miRNA was extracted using a miRNA isolation kit (Yekta Tajhiz Azama, Tehran, Iran) according to the manufacturer’s in-
structions and stored at − 80 ◦C. The synthesis of cDNA was conducted using a commercial kit (Yekta Tajhiz Azama, Iran). Next, miR- 
365a-3p expression levels were determined using an SYBR Green Master Mix Kit (Ampliqon, Odense, Denmark) and then normalized to 
U6 snRNA as an endogenous control. The 2− ΔΔCt method was employed for analysis of the results. 

2.5. Cellular uptake assay 

2.5.1. Quantitative real-time PCR of miRNA expression 
To analyze cellular uptake of ExomiR-365a-3p by the HepG2 cell line, cells were seeded in 6-well plates (5 × 105 cells per well) and 

allowed to adhere for 24 h. Then, the cells were treated with 14 μg/ml of ExomiR-365a-3p or exosomes at 37 ◦C for 24 h. After in-
cubation, the cells were harvested to analyze the relative expression of miRNA by real-time PCR. In brief, total miRNA was isolated 
using miRNA isolation kit (Yekta Tajhiz Azama, Tehran, Iran) according to the manufacturer’s instructions. To determine the 
expression of the miR-365a-3p mimic, miRNA was converted to complementary DNA from 200 ng total miRNA using stem loop RT- 
PCR method (Yekta Tajhiz Azama, Iran). The qPCR measurement was performed using the SYBR green master mix (Ampliqon, Herlev, 
Denmark). The amount of miR-365a-3p was normalized with the small nuclear RNA (snRNA) U6 as a housekeeping gene, and the fold 
change was calculated using the 2− ΔΔCt comparative method. The sequences of the primers used were listed in Table 1. 

2.5.2. Fluorescent microscopic/visualization of miRNA uptake in HepG2 cell line 
Because this microRNA was labeled with FAM fluorescent dye at the 5′-end, it’s presence could be visualized through green 

Table 1 
Primer sequences used for qRT-PCR.  

Gene Sequence 

GAPDH Fw: 5′-TTGCCCTCAACGACCACTTT -3′ 
Rev: 5′- TGGTCCAGGGGTCTTACTCC-3′ 

Bcl-2 Fw: 5′- ACTGGAGAGTGCTGAAGATTG-3′ 
Rev: 5′-GTCTACTTCCTCTGTGATGTTGT-3′ 

hsa-miR-365a-3p Fw: 5′-ACACTATAGCTGGGTAATGCCCCTAAAA-3′ 
Universal reverse: 5′-TGGTGTCGTGGAGTCGGCAATTCAGTTG-3′ 

snRNA U6 Fw: 5′-ACACTTCCATCTGGGTCGTGAAGCGTTC-3′ Universal reverse: 5′-TGGTGTCGTGGAGTCGGCAATTCAGTTG-3′  
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fluorescence emission using Olympus inverted fluorescent microscopes. For this purpose, the cells were cultured in 6-well plates at a 
density of 25 × 104 cells/well. After 24 h of incubation, the cells were co-cultured with exosomes or 40 μg/ml ExomiR-365a-3p. 
Subsequently, after 24 h of co-culture, the emission of FAM-labeled green fluorescence was observed using an inverted fluorescent 
microscope and compared with the exosome-treated groups. 

2.6. Cell cycle analysis 

The HepG2 cells were seeded in 6-well plates and treated with various concentrations (3.5, 7, and 14 μg/ml) of ExomiR-365a-3p or 
free exosomes. After 48 h, the cells (106 cells/ml) were harvested using enzymatic digestion and centrifuged. The protocol was per-
formed following the protocol described in previous reports [30]. Subsequently, the cells were analyzed using flow cytometry with Cell 
Quest software. 

2.7. Cell apoptosis detection 

Apoptosis detection in cells was conducted using the ApoFlowEx® fluorescein isothiocyanate (FITC) kit from Exbio (Vestec, Czech 
Republic) with flow cytometry. Briefly, HepG2 cells (2.5 × 105 cell/well) were cultured in 6-well plates for 24 h and then treated with 
different concentrations (3.5, 7, and 14 μg/ml) of ExomiR-365a-3p and exosomes for 48 h. The control group remained untreated. 
After the treatment period, both the treated and untreated groups were harvested with trypsin, and after centrifugation, the cell 
suspensions were stained with 5 μl annexin V–fluorescein isothiocyanate (FITC) and 5 μl propidium iodide (PI) (ApoFlowEx® FITC kit), 
according to the manufacturer’s protocol, the stained cells were then incubated for 15 min at RT in darkness, and then analyzed by flow 
cytometry and Cell Quest software. 

2.8. Real time PCR 

To assess the expression level of the Bcl-2 gene, the cells were treated with ExomiR-365a-3p and exosomes. After 48 h of treatment, 
total RNA was isolated using Super Trizol reagent (MX Cell, Tehran, Iran) according to the manufacturer’s instructions and stored at 
− 80 ◦C. The expression of the Bcl-2 genes was evaluated using 1 μg of total RNA reverse-transcribed to cDNA with a cDNA synthesis kit 
(Yekta Tajhiz Azama, Iran). The mRNA expression levels were quantified using the SYBR green master mix (Ampliqon, Herlev, 
Denmark). The expression levels of target genes after normalization to GAPDH as an internal control were calculated using the ΔΔCt 
method. The primers were designed using OLIGO 7 software (Molecular Biology Insights, Inc., USA). The primer sequences are pro-
vided in Table 1. 

2.9. Immunocytochemistry (ICC) staining 

Immunocytochemistry (ICC) staining was used to determine Nrf2 protein. For this purpose, the cells were seeded in 8-well chamber 
slides, incubated for 24 h, and then treated with different concentrations (3.5, 7, and 14 μg/ml) of ExomiR-365a-3p or exosomes for 48 
h in 100 μl DMEM/F-12 with 10 % FBS medium. The cells were then fixed immediately with 4 % paraformaldehyde in PBS (pH 7.4) for 
10 min at RT and permeabilized with PBS containing 0.1–0.25 % Triton X-100 for 10 min. Following washing, the cells were blocked 
with 1 % BSA and subsequently incubated in the diluted primary antibody against Nrf2 (mouse monoclonal antibody cat. No. sc- 
365949) (Santa Cruz Biotechnology) in 1 % BSA for 1h at RT or overnight at 4 ◦C. After washing, cells were incubated with the 
secondary antibody (Goat Anti-Mouse IgG H&L (FITC) cat. No. ab6785) in 1 % BSA for 1 h at RT in the dark. For nuclei staining, cells 
were incubated with 4,6-diamidino-2-phenylindole (DAPII; Abcam) for 1 min at RT, washed, and finally visualized under an inverted 
fluorescence microscope. 

2.10. ROS assay 

In this experiment, 2′,7′-dichlorodihydrofluorescein diacetate (DCFDA) (Kiazist-Iran) was used to quantify ROS. The cells were 
treated with ExomiR-365a-3p or exosomes for 48 h and then harvested and resuspended in ROS buffer. Next, 15 × 105 cells were 
placed in duplicate microtube. After centrifuging the solution and removal of the supernatant, 100 μl of the working solution was 
added to each microtube and incubated at 37 ◦C for 45 min in a dark place. Following this the solution was discarded and the ROS 
buffer was added to each tube. The ROS concentration was assessed immediately by measuring excitation/emission absorbance at 
485/535. 

2.11. Wound healing assay 

The HepG2 cells were seeded in 6-well plates (3 × 105 cells/well) and allowed to reach about 80 % confluence. Then, the media was 
removed and replaced with PBS. Subsequently, a tip was used to scratch the cell monolayer, and the PBS was moved gently to remove 
the detached cells. The media was exchanged with fresh media containing different concentrations of exosomes and ExomiR-365a-3p 
(14 μg/ml). The gaps were photographed 0, 12, 24, and 48 h after treatment using a live-cell imaging system (Olympus, Japan). 
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2.12. Statistical analysis 

Statistical analysis was performed using GraphPad Prism software (version 9). Data were presented in the format of mean ± SD and 
analyzed using one-way analysis of variance (ANOVA) with Tukey post-hoc test between multiple groups. A value of p ≤ 0.05 was 
considered statistically significant. 

3. Results 

3.1. Characterization of HEK293-derived exosomes 

HEK293-derived exosomes were characterized by their morphology, size, and diameter of particles as well as the presence of 
exosomal surface markers. Based on the protein content of exosomes measured by BCA protein assay, the average yield of the exosomal 
protein was 1.8 μg/μl from 300 ml conditioned media. Morphology and size distribution of HEK293-derived exosomes were verified 
through SEM and TEM analysis, showing the presence of nearly spherical membrane particles with diameters ranging from 50 to 80 nm 
(Fig. 1 a-c). The size of exosomes was evaluated using DLS (NANOPHOX particle size analysis), and the average size of the exosomes 
was found to be 60 nm (Fig. 1d). The specific exosomal proteins (CD63, CD81, CD9) were confirmed by Western blot assay (Fig. 1e). 

3.2. Validation of miR-365a-3p transfection into exosomes 

The flow cytometry histogram revealed a significant fluorescent signal in the ExomiR-365a-3p mimic (81.3 %) group, indicating 
the efficiency of the loading of miR-365a-3p mimic in exosomes (Fig. 2a). In contrast, the free exosomes group did not exhibit any 
detectable signal. Moreover, the results of real-time PCR showed a significantly higher level of miR-365a-3p in ExomiR-365a-3p 
compared to the free exosome group (~4500-fold change, p-value< 0.0001) (Fig. 2b). These results confirm proper loading of miR- 
365a-3p in exosomes. 

3.3. Efficient delivery of miR-365a-3p-loaded exosomes into HepG2 cell line 

To evaluate if exosomes can efficiently act as bio-carriers for delivering miR-365a-3p mimics to target cells, we performed fluo-
rescent microscopy and real-time PCR analysis. Fluorescent microscopy images confirmed the successful entry of FAM-labeled miRNAs 
into the HepG2 cell line after 24 h of incubation (Fig. 3a). In addition, the levels of miR-365a-3p in ExomiR-treated, exosome-treated, 
and untreated groups were analyzed using real-time PCR. The results revealed a significant difference between the ExomiR-365a-3p- 
treated groups and both the exosome-treated and untreated groups (p-value< 0.0001). However, no significant difference was 

Fig. 1. Characterization of HEK293 cell-derived exosomes. (a) Microscopic image of HEK293 cultured for exosome isolation (10x). (b) FE-SEM 
image of HEK293 cell-originated exosomes. (c) TEM image of exosomes. (d) DLS detected size distribution of HEK293 isolated exosomes. (e) 
Western blot analysis verifies the expression of exosomal surface markers (CD9, CD63, CD81). The original gel blot is shown in Fig. 1e of the 
Supplementary file. 
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Fig. 2. Efficacy of loading miR-365a-3p into HEK293 isolated exosomes quantified by flow cytometry and real time-PCR. (a) Flow cytometry 
analysis of the relative fluorescence intensity showed high accumulation of miR-365a-3p in miR transfected groups. (b) The relative expression of 
miR-365a-3p determined by qRT-PCR (p-value <0.0001). 

Fig. 3. The relative frequency of miR-365a-3p transcripts in HepG2 cell line treated with ExomiR-365a-3p and unloaded exosomes determined by 
fluorescence microscopy images and real time PCR. (a) Fluorescence microscopy images of HepG2 cells treated with ExomiR-365a-3p and exosomes. 
Green fluorescence emitted from HepG2 cells transfected by FAM-labeled ExomiR-365a-3p; magnification (4x). (b) Fold changes of miR-365a-3p 
levels in HepG2 cells treated by ExomiR-365a-3p and exosomes after 24 h incubation. U6 snRNA was used as an internal control. (The data are 
representative of three independent experiments presented as mean ± SD.****p-value <0.0001). (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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observed between the free exosome group and the untreated group (Fig. 3b). 

3.4. miR-365a-3p-enriched exosomes induced apoptosis in HepG2cell line 

The effect of delivering miR-365a-3p through exosomes on HepG2 cell apoptosis was carefully examined to clarify the functional 
role of miR-365a-3p in these cells. As shown in Fig. 4, ExomiR-365a-3p significantly increased cell apoptosis in a dose-dependent 
manner compared to the unloaded exosome groups (Fig. 4). Data analysis revealed no substantial difference in the amount of 
apoptosis between the untreated cells as a negative control and the exosome-treated cells. However, the apoptosis rate in the groups 
treated with 7 and 14 μg/ml ExomiR-365a-3p exhibited a remarkable increase compared to the groups treated with 7 and 14 μg/ml of 
free exosomes (p-value< 0.0001) after 48 h of treatment. Moreover, apoptosis in the group that received 14 μg/ml of ExomiR-365a-3p 
increased significantly in comparison with the cells that received 7 μg/ml of ExomiR-365a-3p (p-value<0.01), and both concentrations 
(7 and 14 μg/ml) had a considerable effect on apoptotic cell rate compared with 3.5 μg/ml ExomiR-365a-3p (p-value< 0.0001). The 
details of data are shown in the Supplementary figure. 

3.5. Nrf2 protein level is negatively regulated by ExomiR-365a-3p 

Fluorescence microscopy indicated reduction in Nrf2 protein expression in the ExomiR-365a-3p treated groups (Fig. 5a). Western 
blot analysis further confirmed a significant decrease in the Nrf2 protein level in the ExomiR-365a-3p treated groups (Fig. 5b and c). 

3.6. ExomiR-365a-3p negatively affected HepG2 cell cycle 

The HepG2 cells were transfected with various levels of ExomiR-365a-3p mimics and subsequently subjected to PI staining and flow 
cytometry analysis to assess cell cycle distribution. Treatment with HEK293-derived exosomes at different doses resulted in the 
accumulation of HepG2 cells in the G0/G1 phase of the cell cycle (Fig. 6). Similarly, exposure to ExomiR-365a-3p increased entry into 
the G0/G1 phase and augmented the sub-G peaks in the population presenting histograms. Therefore, ExomiR-365-3p disturbed the 
cell cycle and induced entrance into the apoptosis phase (sub G). 

3.7. Treatment with ExomiR-365a-3p increases ROS and induces intrinsic pathway of apoptosis 

Given that high levels of mitochondrial ROS can initiate the intrinsic apoptosis process, the cellular ROS levels were evaluated in 

Fig. 4. Flow cytometry quantitative analysis of apoptotic cells. Dot blots showing the late and early apoptotic cells in HepG2 cell line 48 h after 
treatment with exosomes and ExomiR-365a-3p in different concentrations (3.5, 7, and 14 μg/ml) stained by Annexin V/PI. 
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the treatment groups. To investigate the potential contribution of miR-365a-3p-enriched exosomes to increasing the ROS levels, a 
fluorogenic dye (DCFDA) was used to detect intracellular ROS. The results showed that Nrf2 suppression through ExomiR-365a-3p led 
to a dose-dependent elevation of ROS compared to the untreated and unloaded exosome groups (Fig. 7a and b) (p-value<0.0001). 

Bcl-2, a direct target of miR-365a-3p, plays a crucial role in promoting cellular survival and inhibiting the actions of pro-apoptotic 
proteins. The effects of ExomiR-365a-3p on Bcl-2 mRNA levels were assessed by qRT-PCR (Fig. 7c). The qRT-PCR analysis revealed a 
significant downregulation of Bcl-2 mRNA expression and anti-apoptotic mRNA in HepG2 cells treated with exomiR-365a-3p 
compared to the exosome-treated and control groups (p-value<0.0001) and (p-value = 0.0001), However, no significant difference 

Fig. 5. The level of Nrf2 is increased in HCC and downregulated by ExomiR-365a-3p. (a) Localization and levels of Nrf2 were determined through 
immunocytochemistry using an anti-Nrf2 antibody (green fluorescence), DAPI was used to identify cell nuclei localization, (blue, center panel). The 
microscopic images demonstrate that ExomiR-365a-3p downregulates Nrf2 levels in a dose-dependent manner. (b) Western blot was performed to 
analyze the level of Nrf2 protein. The blot analysis showed that Nrf2 protein expression is downregulated in the group treated with ExomiR-365a-3p 
for 48 h, The original gel blot is shown in Fig. 5b of the Supplementary file. (c) According to the graph, the ExomiR-365a-3p-treated group showed a 
dramatic decrease in Nrf2 protein level. (All data are presented as the mean ± SD of three independent experiments. ****p-value <0.0001. One-way 
ANOVA was used to make comparisons between groups. (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 

A. Ghotaslou et al.                                                                                                                                                                                                     



Heliyon 10 (2024) e29333

9

was observed between the exosome-treated groups and the control group (Fig. 7c). 

3.8. ExomiR-365a-3p mimic reduces HepG2 in vitro migration and metastasis 

The scratch wound healing test as an in vitro model of migration/metastasis along with western blotting for the ADAM10 protein 
was used to evaluate the impact of ExomiR-365a-3p on the metastasis and migration ability of HepG2 cells. The findings revealed a 
significant reduction in cell movement and migration in the ExomiR-365a-3p group after 24 h and 48 h compared to the exosomes and 
control groups. The gap in the scratch remained unfilled for 48 h (Fig. 8a), while the scratched wounds in the non-treated and exosome- 
treated cells were healed. The levels of ADAM10 protein, known to promote migration and invasion were determined by Western 
blotting (Fig. 8b and c). The ExomiR-365a-3p treatment resulted in a decrease in ADAM10 expression in HepG2 compared to the 
exosome-treated and control groups. 

3.9. Model figure of the study and effects of ExomiR-365a on HepG2 

Gao et al. demonstrated that miR-365 can directly bind to the 3′UTR region of Nrf2 mRNA and negatively regulate its expression 
[31]. Additionally, Nrf2 is a protein that is actively involved in cytoprotection mechanisms [32]. Due to accelerated cancer cell 
proliferation cycles, higher levels of ROS are common, and cells adapt themselves by increasing their antioxidant capacity to reduce 
ROS and prevent its accumulation, which can lead to senescence and apoptosis [9]. 

Based on these findings, our research hypothesized that inhibition of cytoprotective Nrf2 through miR-365a-3p as its regulator may 
induce apoptosis and other anti-tumor effects. Our results confirmed the mentioned negative effects of miR-365a-3p and, utilizing 
exosomes derived from HEK293 for miR-365a delivery, revealed additional synergistic anti-cancer effects. The work flow and the 
effects of ExomiR are depicted schematically in Fig. 9. 

4. Discussion 

Treatment of HCC is extremely challenging and requires a comprehensive understanding of the mechanisms involved in its 
pathogenesis. MicroRNAs mediate post-transcriptional gene regulation in cells, targeting mRNA activity in cellular processes [28]. 
These processes are vital for keeping cancer cells protected, in particular, against oxidative damage [29]. MiR-365a-3p has been re-
ported as substantially downregulated in breast, gastric, and HCC cancers [33,34]. Delivering naked miRNA to target tissue is difficult 
due to endosomal entrapment, enzymatic degradation in body fluids, and immune surveillance [35–40]. Therefore, using proper 
carriers can enhance the stability, permeability, and efficiency of tumor suppressor microRNA transfection. Recent reports have 

Fig. 6. The influence of ExomiR-365a-3p mimic on cell cycle distribution of HepG2 cells. The flow cytometry histograms of control (non-treated 
cells), exsosome treated cells (doses: 3.5, 7, 14 μg/ml), ExomiR-365a-3p mimic-treated cell (doses:3.5, 7, 14 μg/ml). The graphs show disorgani-
zation of cell cycle, an increase in sub G phase cells (apoptotic cells), and an increase in cell population at G0/G1 after exosome and ExomiR- 
365a treatments. 
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emphasized the efficiency and biological origin of exosomes; thus, they can be employed in RNAi delivery [41]. To the best of our 
knowledge, there is no report about the application of HEK293-derived ExomiR-365a-3p against the HepG2 cell line. 

The HEK293-derived exosomes showed proper size, morphology, miRNA carrying, and potential anti-tumor functions. Previous 
studies have reported that, these exosomes have several advantages over other sources for RNAi delivery. For instance, cancer cell- 
derived exosomes were active and could interfere with study results by promoting undesirable tumor activation and metastasis 
[25,42,43]. In agreement with the results of the present study, Zhu et al. stated that HEK293-derived exosomes were nontoxic and 
showed no significant adverse effects on mice [43]. Furthermore, HEK293-derived exosomes may possess similar membrane properties 
to tissues including the liver, brain, and skin. These characteristics suggest that HEK293-derived exosomes are likely to facilitate 

Fig. 7. Flow cytometry analysis of ROS generation and Bcl-2 gene relative expression (a). ROS detected by DCFDA staining. Increased level of ROS is 
indicated in the groups treated with ExomiR-365a-3p in a dose-dependent manner. As compared to control groups, no significant changes of 
fluorescence were observed in the groups treated with different concentrations of exosomes. (b) Spectrophotometric fluorescence intensity mea-
surement, which indicates a significant difference between the groups treated with exosomes and those treated with ExomiR-365a-3p (p-value<
0.0001). (c) The relative expression of Bcl-2 in HepG2 cells treated with unloaded and miR-365a-3p-loaded HEK293-derived exosomes determined 
by qRT-PCR. Downregulation of the expression of Bcl-2 was verified in HepG2 cells treated with ExomiR-365a-3p.. (All data are presented as the 
mean ± SD of three independent experiments ****p-value< 0.0001. One-way ANOVA was used to make comparisons between groups.) 
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well-organized membrane fusion with cells in these tissues. No studies have investigated the effects of cell line-produced self-exosomes 
and exosomes of other origins, such as HEK293. In the present study, we used HEK293-derived exosomes. Of course, HepG2 cells may 
secrete their own exosomes and signaling properties, but there is no significant difference between the results of the control routine 
medium group and the HEK293-derived exosome-treated group in our tests. It can be said that this possible interaction had no 
interference with our study. Future studies regarding interactions between cancer cell derived exosomes and therapeutic exogenous 
exosomes could be very interesting and may help more accurately design anti-cancer strategies. 

The functions of hsa-miR-365a-3p have been reported to differ depending on tissues/disease type and genetic backgrounds, 
wherein it was documented to play either tumor suppressor or oncogene roles [44]. For instance, hsa-miR-365a promotes lung and 
laryngeal carcinogenesis [45,46], but in contrast, it suppresses cancer progression in colon and melanoma cancer [47,48]. 

The dual roles of hsa-miR-365a-3p in different contexts may be linked to its topological structure or the presence of multiple 
targets, enabling it to interact with active mRNAs in various signaling pathways and, subsequently, influencing of different cellular 
processes. 

Based on our experimental phase results, we speculated that hsa-miR-365a-3p may suppress tumorigenesis in HCC. Our findings 

Fig. 8. Cell migration assay was performed by wound healing assay. (a) The images demonstrate that cell migration into the cell-free region was 
significantly decreased in the presence of 14 μg/m ExomiR-365a-3p when compared to exosome-treated and control groups. (b) Over-expression of 
ADAM10 promoted migration and invasion in HepG2 cells. Western blot analyzed the ADAM10 expression in three different groups. The original gel 
blot of ADAM10 and β-actin are shown in Figs. 8b and 5b of the Supplementary file (c) The analyzed data demonstrate that ExomiR-365a-3p 
lessened the level of ADAM10 considerably. All data are presented as the mean ± SD of three independent experiments. **p-value <0.001 and 
****p–value <0.0001. One-way ANOVA was used to make comparisons between groups. 
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were in line with those of Nei et al., Gastaldi et al., and others [47–49]. The discrepancies among miR-365a-focused studies may be 
attributed to the dynamic nature of each tumor microenvironment, the tumor progression stage, or the various signaling pathway types 
of cancers investigated [48]. 

The miRNAs presenting tumor suppressive properties can negatively affect the cell division cycle and induce arrest by targeting 
some cell cycle machinery mRNAs [50]. ExomiR-365a-3p transfection resulted in the perturbation of the ratio of populations in G0/G1, 
S, and G2/M phases compared to the HepG2 cells exposed to routine media. Hence, ExomiR-365a-3p can change the cell cycle balance 
in favor of the extinction of cancer cells. Moreover, the entry of the ExomiR-365a-3p into HepG2 cells augmented ROS levels. The 
elevated amounts of ROS could lead to apoptosis, probably because of a decline in ROS tuning mechanisms, particularly Nrf2 protein 
mediated functions. Over-expression of Nrf2 has a pivotal role in hepatoma growth and chemo-resistance by antioxidant mechanisms 
[51]. As described in the introduction section, rapid proliferation cycles of tumor cells, may occur together with the accumulation of 
higher ROS levels. Therefore, cells try to adapt by intensifying their antioxidant capacity to reduce ROS and prevent its augmentations, 
which can prompt senescence and apoptosis [9]. Nrf2 is an important cytoprotective protein. Over-activation of Nrf2 induces growth 
and enhances resistance to chemotherapy and metastasis through drug detoxification, inhibition of drug accumulation via drug efflux 
transporters, and the prevention of apoptosis [13]. Nrf2 activation has been demonstrated to boost cellular antioxidant capacity and 
control ROS levels, which can contribute to the reduction in apoptotic cell death. The current results showed that the downregulation 

Fig. 9. Schematic general workflow of the study and effects of ExomiR-365 on HepG2 cells. miR-365 is a microRNA implicated in various cellular 
process and is known to target multiple genes. It has also been shown to directly target Nrf2 and inhibit its expression. This can lead to a decrease in 
the antioxidant defense system and an increase in oxidative stress, potentially triggering apoptosis. Moreover, it has been found that miR-365 
downregulates Bcl2 expression, promoting apoptosis by reducing its anti-apoptotic activity. miR-365-mediated regulation of Nrf2 and bcl2 can 
potentially impact cell cycle progression and lead to dysregulation of the cell cycle. In addition, miR-365 directly targets the 3′UTR region of 
ADAM10 mRNA and suppresses its expression. 
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of Nrf2 using hsa-miR-365a increased ROS levels and subsequently disturbed the cell cycle and caused apoptotic cell death. 
The current study verified the findings of previous research regarding the negative effects of miR-365a-3p on Nrf2 protein [52]. 

Other papers have revealed that miRNAs are able to regulate redox homeostasis and cytoprotection mechanisms with subsequent 
apoptosis promotion [53–55]. 

Additionally, an increase in the population of apoptotic cells and the downregulation of Bcl2 mRNAs were detected in ExomiR- 
365a-3p-exposed cells. In agreement with the current work, targeting of the same Bcl2 and cyclin D1 mRNA was performed in mel-
anoma cells by miR-365 treatment [47]. The current findings confirmed those of earlier investigations concerning a direct correlation 
between miR-365a-3p elevation and function in cells and cell suicide promotion. In addition, cells treated with ExomiR-365a-3p 
showed a series of behavioral changes, such as inhibition of cell migration in scratch wound healing assay. ADAM10 is known as 
an ADAM protein family member, and when it becomes upregulated, result in enhanced cell growth, cancer cell migration, and in-
vasion [56,57]. Furthermore, activation of Nrf2 signaling enhance the expression of the two proteins, ADAM10 and ADAM17 [58]. Our 
findings are in agreement with the study of Yuan et al., which showed that specifically targeting ADAM10 expression with siRNA led to 
a significant decrease in the migration of HepG2 cells [59]. 

Considering the mentioned points, we analyzed the ADAM10 protein level and wound healing process. Our data demonstrated that 
Nrf2 downregulation could induce ADAM10 negative regulation with subsequent migration inhibition. The data are in line with re-
ports by Fei Liu et al. [56] and confirm the anti-migration (metastasis) induction of ExomiR-365a-3p in vitro. 

The current study has several limitations. First, it focused on a single model cell line (HepG2), which may not fully represent the 
complexity of HCC in clinical settings. Further studies using diverse HCC cell lines and primary tumor samples are needed for vali-
dation. Additional functional assays and in vivo models are required to evaluate the overall therapeutic potential and efficacy of 
ExomiR-365a-3p in the treatment of HCC. Moreover, future investigations could aim to evaluate off-target effects of ExomiR-365a-3p, 
its interaction with other pathways, and its long-term safety profile and biodistribution. Finally, exosomes could be engineered to help 
active targeting of HCC. 

The discovery of microRNAs having the potential for negative regulation of oxidative stress defense provides an innovative strategy 
to exclusively overcome ROS-mediated cancer development and benefit from ROS-activated apoptosis. The findings of the current 
study may help in the development of efficient biotherapies against HCC through restoration of hsa-miR-365a. 

5. Conclusion 

In conclusion, when HEK293-derived exosomes are loaded with an miR-365a-3p mimic, they can restore the tumor suppressor 
miRNA levels in HepG2 cells. They diminish Nrf2 protein levels, disturb cell cycle progression, induce high ROS-mediated stress, 
enhance apoptosis rate, and reduce migration behavior by affecting ADAM10 in HepG2 cells. ExomiR-365a-3p mimic can be a robust 
biotherapeutic to generate an efficient anti-HCC strategy at post-transcriptional levels possibly using inhibition of the cytoprotection 
mechanism. 
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