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Purpose: Pancreatic adenocarcinoma (PAAD) presents an extremely high morbidity and mortality rate. Broccoli has excellent anti-cancer 
properties. However, the dosage and serious side effects still limit the application of broccoli and its derivatives for cancer therapy. Recently, 
extracellular vesicles (EVs) derived from plants are emerging as novel therapeutic agents. Thus, we conducted this study to determine the 
effectiveness of EVs isolated from Se-riched broccoli (Se-BDEVs) and conventional broccoli (cBDEVs) for the treatment of PAAD.
Methods: In this study, we first isolated Se-BDEVs and cBDEVs by a differential centrifugation method, and characterized them by 
using nanoparticle tracking analysis (NTA) and transmission electron microscopy (TEM). Then, miRNA-seq was combined with target 
genes prediction, and functional enrichment analysis to reveal the potential function of Se-BDEVs and cBDEVs. Finally, the functional 
verification was conducted in PANC-1 cells.
Results: Se-BDEVs and cBDEVs exhibited similar characteristics in size and morphology. Subsequent miRNA-seq revealed the 
expression of miRNAs in Se-BDEVs and cBDEVs. Using a combination of miRNA target prediction and KEGG functional analysis, 
we found miRNAs in Se-BDEVs and cBDEVs may play an important role in treating pancreatic cancer. Indeed, our in vitro study 
showed that Se-BDEVs had greater anti-PAAD potency than cBDEVs due to increased bna-miR167a_R-2 (miR167a) expression. 
Transfection with miR167a mimics significantly induced apoptosis of PANC-1 cells. Mechanistically, further bioinformatics analysis 
showed that IRS1, which is involved in the PI3K-AKT pathway, is the key target gene of miR167a.
Conclusion: This study highlights the role of miR167a transported by Se-BDEVs which could be a new tool for counteracting 
tumorigenesis.
Keywords: selenium, broccoli, extracellular vesicles, apoptosis, pancreatic cancer

Introduction
Pancreatic cancer is one of the deadliest and least therapeutically approachable malignancies with a 5-year survival rate 
of 5–10%.1,2 Currently, a few drugs have been developed to treat pancreatic cancer; however, they have not been 
satisfactorily conclusive,3 because the potential drug resistance allows pancreatic cancer to evade cell death under various 
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survival mechanisms.1 Therefore, new therapeutic strategies are still urgently needed to improve the therapeutic effect of 
pancreatic cancer.

Recently, extracellular vesicles (EVs) secreted by living cells have a variety of well-studied functions in intercellular 
communication,4,5 signal transduction,6 and tumor development,4,7 due to the ability to transport various types of 
bioactive substances, including nucleic acids,6,8 proteins,9 and lipids.10,11 In addition, engineering modifications have 
enabled EVs to acquire powerful plasticities, such as better targeting, enhanced biocompatibility, and lower toxicity.12 

Furthermore, an increasing number of studies have reported the existence of plant-derived EVs with properties similar to 
mammalians.13–16 For example, asparagus cochinchinensis-derived EVs can inhibit the proliferation of hepatocellular 
carcinoma cells with a better safety profile.17 Broccoli-derived EVs (BDEVs) as nanocarriers for the delivery of 
sulforaphane demonstrate a novel approach to the treatment of skin cancer.18 Notably, these green medicine therapy 
strategies are used as a new therapeutic approach because of their biocompatible, cost-effective, eco-friendly, and mass- 
produced platforms.19–21

Broccoli, a prominent member of the Brassica genus family, is popular on dinner tables and is widely thought to have 
anti-cancer properties.22 Several epidemiologic studies have highlighted the anticarcinogenic effect of broccoli and its 
by-products (such as sulforaphane and isothiocyanates).23 Recent clinical trial research with 40 pancreatic adenocarci-
noma (PAAD) patients also revealed that broccoli sulforaphane significantly reduced PAAD-related mortality. However, 
dosage and serious side effects limit the application of those broccoli derivatives.24
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Additionally, selenium (Se) is an essential trace element that functions through selenoproteins whether in plants or 
animals.25 Se biofortification has been proven that not only increases the phenolic compound content and flavonoids in 
broccoli but also accumulate two active anticancer agents (sulforaphane and Se-methylselenocysteine).26,27 Nonetheless, 
no research has been conducted to date to establish the effect of Se on BDEVs.

In this study, BDEVs isolated from Se-riched broccoli (Se-BDEVs) or conventional broccoli (cBDEVs) were 
identified and characterized, and their miRNAs were profiled for expression using miRNA sequencing (miRNA-seq). 
The bioinformatic results, combined with target genes (TGs) prediction and functional analysis, revealed that BDEVs 
may play a crucial role in “pancreatic cancer”. Indeed, Se-BDEVs showed stronger anti-PAAD potency than cBDEVs 
because of the highly expressed miR167a. Our in vitro study further demonstrated that miR167a induced PAAD 
apoptosis by targeting IRS1. Collectedly, our study provides novel insights into cross-kingdom regulation and highlights 
the role of microRNAs transported by Se-BELNs as natural bioactive plant compounds which would be a safer and 
economical alternative for counteracting tumorigenesis.

Materials and Methods
Broccoli Harvest and Sampling
Se-enriched broccoli and conventional broccoli were provided by Hubei Selenium and Human Health Institute, Enshi, 
Hubei, China. Se content in Se-enriched broccoli is 25.6 mg/kg, whereas Se element content in conventional broccoli is 
less than 0.1 mg/kg.

Isolation and Purification of BDEVs
Se-BDEVs and cBDEVs were isolated using the differential centrifugation method (Figure 1), as described previously.28 

Briefly, carefully washed fresh broccoli was cut into many small pieces and put into a juice blender (Hurom, South 
Korea). Subsequently, the juice was strained with a colander and collected. The collected fluid was centrifuged serially at 
1200 g for 20 min, 3000 g for 20 min, and 10,000 g for 60 min to remove pellet cells and debris. Then, the obtained 
supernatant was ultracentrifuged at 150,000 g for 90 min at 4 °C to collect precipitates which are plant-derived EVs. The 
BDEVs pellet was washed with phosphate-buffered saline (PBS) and ultracentrifuged at 150,000 g for another 1 h. All 

Figure 1 Schematic illustration of the isolation of extracellular vesicles derived from Se-riched broccoli (Se-BDEVs) and conventional broccoli (cBDEVs).
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centrifugation temperatures were set to 4 °C. Finally, the obtained Se-BDEVs and cBDEVs were resuspended in sterile 
PBS stored at −80 °C until use. The quantity of Se-BDEVs and cBDEVs protein content was determined by the 
bicinchoninic acid (BCA) assay (Beyotime, China) method as the previous study did.29

BDEVs Characterization
As previously reported,30 nanoparticle tracking analysis (NTA) and transmission electron microscopy (TEM) were used 
to characterize BDEVs. The size, distribution, and concentration of Se-BDEVs and cBDEVs were measured by NTA 
analysis (ZetaView, Particle Metrix, Germany). Briefly, EVs re-suspended in 50 μL PBS were further diluted to 300-fold 
to achieve between 20 and 100 objects per frame and detected by NanoSight NS-300 (Malvern Panalytical, 
Malvern, UK).

For TEM imaging, Se-BDEVs and cBDEVs were fixed with glutaraldehyde (Sigma Aldrich, USA) and stained with 
phosphotungstic acid (Sigma Aldrich, USA) on carbon-coated grids. The prepared samples were observed under an 
electron microscope HT7700 TEM (Hitachi, Japan) at 80 kV.

BDEVs Labeling and Cellular Uptake
Purified BDEVs were labeled with the PKH26 using the Fluorescent Cell Linker kit (Sigma-Aldrich, St. Louis, MO, 
USA). The same amount of BDEVs were mixed with the dye and incubated at 37 °C for 30 min. Then, PKH26-labeled 
BDEVs were collected by centrifugation at 150,000 g for 1 h and resuspended in PBS for further experiments. Then, the 
293T cells were incubated with PKH26-labeled EVs at graded concentrations (10, 20, and 40 ng/μL quantitative by 
protein) for 24 h. The fluorescence was observed by fluorescence microscopy (Leica, Germany). In addition, the PANC-1 
cells were treated with PKH67-labeled BDEVs (40 ng/μL) for 30 min, 1, 2, 4, and 6 h. The fluorescence was observed by 
Confocal microscopy (Nikon, Japan).

Cell Culture and Transfection
Human embryonic kidney 293 T cells (ATCC, CRL-3216) were grown in DMEM media containing 10% FBS and 1% 
penicillin/streptomycin. Human pancreatic cancer cells PANC-1 (ATCC, CRL-1469) were grown in 1640 media 
supplemented with 10% FBS and 1% penicillin/streptomycin. All cell culture reagents were obtained from Gibco 
(ThermoFisher, USA). All cell lines were incubated at 37 °C with 5% CO2.

Transfections for PANC-1 cells were carried out using Lipofectamine 3000 (ThermoFisher, USA) as in our previous 
study.31 MiR167a mimics were constructed according to the miRNA-seq data: 5’-TGAAGCTGCCAGCATGATCT-3’.

Cell Viability and Apoptosis Assay
To evaluate the possible cell viability effect of Se-BDEVs and cBDEVs, 293T cells or PANC-1 cells were seeded at 
a density of 1×104 cells in a 96-well-plate and incubated with Se-BELNs or cBELNs at different concentrations (0, 10, 
20, and 40 ng/μL) for 12, 24, 48, and 72 h at 37°C. Then, cell viability was assessed using the Cell Counting Kit-8 (CCK- 
8, Vazyme, China).

For apoptosis assay, PANC-1 cells were firstly transfected with miR167a mimics, miR167a mimics combined with 
miR167a inhibitor (mimics + inhibitor), or miR167a negative control (NC), for 24 h, respectively. Then, cell apoptosis 
was assessed using the Annexin V/PI apoptosis detection kit (Yeasen, China) based on the manufacturer’s instructions.

RNA Extraction and Real Time-PCR
RNA extraction and real-time PCR were carried out as previously reported.32 The sense and antisense primers for IRS1, 
ERBB3, FGF5, FGF23, and PIK3CB were listed in Table 1. β-Actin was used for normalization. All primers for RT-PCR 
were obtained from Tsingke Biotechnology Co., Ltd. (China).

MiRNA-Seq Analysis
For miRNA sequencing (miRNA-Seq), three Se-BELNs samples and two cBDEVs samples were prepared. For each 
sample, approximately 1 μg of total RNA was used to construct a small RNA library according to the protocol of TruSeq 
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Small RNA Sample Prep Kits (Illumina, San Diego, USA). The miRNA-Seq data were subsequently processed using an 
in-house program, ACGT101-miR (LC Sciences, USA) following the vendor’s recommended protocol.33 Briefly, after 
removing 3’ joint contamination data, low-quality data, sequences with a length less than 18 nt or larger than 25 nt, and 
non-coding RNAs (rRNA, tRNA, snRNA, and snoRNA), the remaining unannotated sequences were mapped to miRNA 
sequences in miRBase 21.0 database (https://www.mirbase.org/)34 with the selected species as Brassica oleracea. All 
mapped miRNAs were identified as known miRNAs. Furthermore, the unmapped sequences were mapped to other 
known plant species (such as bol, aly, ath) and identified as candidate miRNAs. All miRNA profiling data have been 
deposited in NCBI-SRA (www.ncbi.nlm.nih.gov/sra, SRA accession: PRJNA825344) databases.

Firstly, the quality of each sequencing data was evaluated by principal component analysis (PCA). Then, the 
differential expression miRNAs (DEmiRNAs) between Se-BDEVs and cBDEVs based on normalized deep-sequencing 
counts were screened by using the Student’s t-test with the threshold p-value < 0.05 and |log2FC| ≥ 1.

Bioinformatics Analysis
With miRNA-seq data, the human TGs prediction of annotated miRNAs was performed using TargetScan (v5.0) and 
miRanda (v3.3a). The thresholds for the algorithms were as follows: scores ≥ 90 for TargetScan; energy < −10 for miRanda; 
Homo sapiens as the species. In addition, KEGG pathway analysis and GO enrichment of miRNA TGs were performed using 
DAVID (https://david.ncifcrf.gov/) and visualized using OmicStudio tools at https://www.omicstudio.cn/tool/.

Protein-protein interaction (PPI) of the predicted TGs was constructed from the STRING database (http://string-db.org/) 
and visualized using Cytoscape (v3.7.1). Then, the Molecular Complex Detection (MCODE; v1.31) app in Cytoscape was 
used to analyze PPI network modules. Genes involved in the highest score cluster were considered hub genes.

Besides, the expression pattern of hub genes in pancreatic cancer tissues and normal tissues was predicted using the 
Gene Expression Profiling Interactive Analysis (GEPIA) database (http://gepia.cancer-pku.cn/).

Furthermore, The NCBI database and RNAhybrid (https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid/) were used in 
combination to search for human mRNAs containing potential binding sites for plant miRNAs.

Statistical Analysis
All experiments were performed in triplicates and the data are presented as the mean ± SEM. Statistical differences in the 
results of RT-PCR and flow cytometry were evaluated by using the Student’s t-test. Statistical differences for growth 
curves were evaluated by using two-way ANOVA. All p-values were calculated in GraphPad Prism software 8.1 
(GraphPad Software Inc., USA). The p < 0.05 was considered statistically significant.

Table 1 Sequences of Primers Used for Polymerase Chain Reaction

Gene Primer Sequence (5’-3’)

IRS1_F CCCAGGACCCGCATTCAAA
IRS1_R GGCGGTAGATACCAATCAGGT

ERBB3_F CTTCCTGCAGTGGATTCGA

ERBB3_R AGGTTGGGCAATGGTAGAG
FGF5_F CACTGATAGGAACCCTAGAGGC

FGF5_R CAGATGGAAACCGATGCCC

FGF23_F CAGAGCCTATCCCAATGCCTC
FGF23_R GGCACTGTAGATGGTCTGATGG

PIK3CB_F TATTTGGACTTTGCGACAAGACT
PIK3CB_R TCGAACGTACTGGTCTGGATAG

β-actin-F CATGTACGTTGCTATCCAGGC

β-actin-R CTCCTTAATGTCACGCACGAT
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Results
Characterization and Uptake of Se-BDEVs and cBDEVs
Firstly, Se-BDEVs and cBDEVs were isolated from fresh broccoli using a differential centrifugation method (Figure 1). 
Then, we used NTA and TEM to identify the characterization of Se-BDEVs and cBDEVs. NTA consistently found 
abundant EVs with diameters from 50 to 150 nm in both Se-BDEVs and cBDEVs, and the primary peak of the particle 
size of Se-BDEVs is 127.1 nm, while that of cBDEVs is 117.4 nm (Figure 2A and Figure 2B). Similarly, TEM analysis 
of EVs pellets revealed a round-shaped membrane-bound structure about 100 nm in diameter (Figure 2C and Figure 2D). 
These observations indicated that EVs were successfully isolated from conventional broccoli and Se-enriched broccoli.

To further examine whether Se-BDEVs or cBDEVs could be taken up by mammalian cells, PKH26-labeled BDEVs 
were incubated with 293T cells at graded concentrations (10, 20, and 40 ng/μL). After 24 h incubation, fluorescent results 
showed that both Se-BDEVs and cBDEVs were taken up in a concentration-dependent manner by 293T cells (Figure S1).

MiRNA-Seq Analysis of Se-BDEVs and cBDEVs
MiRNAs are the dominant active ingredient in EVs, which have been frequently explored in previous studies in 
mammalian EVs. MiRNA-seq was used to replenish the role of miRNAs in Se-BDEVs and cBDEVs. To ensure accuracy 
and reliability, PCA was first used to evaluate the data distribution in each sample, and Se-BDEVs and cBDEVs had 
distinct component differences (Figure 3A). The heatmap then revealed that a total of 10 known miRNAs and 31 
candidate miRNAs were annotated (Figure 3B and Supplementary Table 1).

Figure 2 Characterization of extracellular vesicles derived from Se-riched broccoli (Se-BDEVs) and conventional broccoli (cBDEVs). (A and B) Extracellular vesicle size 
distribution and concentrations of Se-BDEVs and cBDEVs quantified by NTA. (C and D) Representative TEM images of Se-BDEVs and cBDEVs. Scale bar = 200 nm.
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Target Gene Prediction and Functional Analysis of Annotated miRNAs
Several recent studies have highlighted the cross-kingdom communication of plant-derived miRNAs and mammalian 
genes. However, the function of miRNAs derived from Se-BDEVs and cBDEVs, particularly their impact on human 

Figure 3 Analysis of miRNA-seq results. (A) Principal component analysis (PCA) analysis of Se-BDEVs (Se_enriched) and cBDEVs (Se-normal). (B) Heatmap of annotated 
miRNA expression in Se-BDEVs and cBDEVs. (C) KEGG enrichment analysis of miRNA target genes, with the top 10 most significantly enriched terms. Cancer-related 
pathways are marked with red lines.
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genes, is still unknown. Thus, we predicted the TGs of the 41 annotated miRNAs (10 known miRNAs and 31 candidate 
miRNAs) targeting the human database and then examined their function to determine the competence of Se-BDEVs and 
cBDEVs. As a result, a total of 2556 TGs were discovered (Supplementary Table 2). Then, KEGG enrichment analysis 
was performed on these TGs, and the 10 most significantly enriched terms were shown in Figure 3C and Supplementary 
Table 3, with a threshold of p < 0.001. Notably, “Pancreatic cancer” is the second most significant KEGG pathway (based 
on the p value). What’s more intriguing is that the pathway with the most genes is “pathway in cancer”. Combining these 
results with previous studies on broccoli fighting cancer, we were inspired to further investigate the anti-pancreatic cancer 
effect of Se-BDEVs and cBDEVs.

Se-BDEVs Show A Stronger Anti-PAAD Potency Than cBDEVs
Next, we conducted experiments to verify the above bioinformatic analysis results. Indeed, the CCK-8 assay demon-
strated that both Se-BDEVs and cBDEVs reduced the cell viability of PANC-1 in a concentration-dependent manner 
(Figure 4A and Figure 4B). Furthermore, Se-BDEVs suppressed cell viability more effectively than cBDEVs 
(Figure 4C). These findings demonstrated that both Se-BDEVs and cBDEVs have anti-PAAD effects, with Se-BDEVs 
being more potent.

In addition, PANC-1 cells were incubated with PKH67-labeled EVs for 30 min, 1 h, 2 h, 4 h, and 6 h to assay the 
uptake efficiency. As a result, we found that the number of PKH67 positive cells continued to increase with time 
regardless of whether the cells incubated with cBDEVs or Se-BDEVs. After 4 h of incubation, cellular uptake in both 
two groups reached saturation (Figure 4D and Figure 4E).

Differential Expression miRNAs Between Se-BDEVs and cBDEVs
To further explore which miRNAs mediate Se to enhance the anti-pancreatic cancer effect of broccoli-EVs, we conducted 
differential expression miRNA analysis between Se-BDEVs and cBDEVs. Compare to cBDEVs, one significantly down- 
regulated miRNA (peu-miR2916-p5_1ss3AG, fold change = 8.74, cBDEVs vs Se-BDEVs) and one significantly up- 
regulated miRNA (bna-miR167a_R-2, fold change = 41.03, Se-BDEVs vs cBDEVs) were obtained in Se-BDEVs 
(Figure 5A). Then, the TGs of peu-miR2916-p5_1ss3AG (miR2916-p5) and bna-miR167a_R-2 (miR167a) was pre-
dicted, resulting in 95 TGs of miR2916-p5 (Supplementary Table 4) and 678 TGs of miR167a (Supplementary Table 5).

Similar to the previous experiment, herein, we analyzed the functional enrichment associated with TGs of miR2916- 
p5 and miR167a to further clarify the functional miRNA. Go and KEGG analysis results showed that the functions of 
miR167a TGs, but not miR2916-p5 TGs (Figure S2), are closely related to cancer. Specifically, for the miR167a TGs, the 
most significant GO terms in BPs were “cell cycle” (Figure 5B and Supplementary Table 6), while the most significant 
KEGG enrichment pathway was “apoptosis” (Figure 5C and Supplementary Table 7). As we know, the important goal of 
anti-cancer therapy is to trigger apoptosis in oncocytes. Accordingly, we hypothesized that miR167a could limit 
pancreatic cancer cell survival by inducing apoptosis.

Effect of miR167a on Human Pancreatic Cancer Cell
To confirm the above hypothesis, we first confirm the enrichment of miR167a in Se-BDEVs and cBDEVs. As shown in 
Figure 6A, RT-PCR revealed that miR167a presented significantly lower Ct values in Se-BDEV compared to cBDEVs 
suggesting its higher expression in Se-BDEVs, corroborating with their relative expression in the miRNA-seq.

Then, we transfected PANC-1 cells with Se-BDEVs, cBDEVs, miR167a mimics, miRNA mimics + inhibitor, and 
miR167a NC, respectively. CCK-8 assay was used to detect the cell viability and the results showed that, after 24 and 48 
h of transfection, miR167a mimics could dramatically reduce PANC-1 cell viability (Figure 6B and Figure 6C). 
Meanwhile, miR167a mimics also dramatically aggravate apoptosis after cells are transfected for 24 h when compared 
to miRNA mimics + inhibitor, NC, and control (Figure 6D–F). Together, these findings support the notion that 
substantially abundant miR167a in Se-BDEVs exerts an anti-pancreatic cancer cell effect via promoting apoptosis.
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Hub Genes Identification and Function Enrichment Analysis
To dissect the mechanisms by which miR167a modulates cell apoptosis, we first built a PPI network of the miR167a 
TGs. The PPI network displayed 1458 nodes and 661 edges (Figure 7A). Subsequently, we used the MCODE plugin of 
Cytoscape to parse the PPI network, and the key module with the highest score (Score: 5) was selected, and genes 

Figure 4 Effect of BDEVs and Se-BDEVs on the PANC-1. The cell viability was detected by CCK-8 and expressed as optical density (OD). (A and B) OD values were 
measured after subjecting PANC-1 cells with graded concentrations (0, 10, 20, and 40 ng/μL) of cBDEVs or Se-BDEVs, ***p < 0.001, 40 ng/μL vs 0 ng/μL (Control). (C) 
Merge of growth curves of PANC-1 cells treated with 40 ng/μL cBDEVs, 40 ng/μL Se-BDEVs and Control, ***p < 0.001, 40 ng/μL Se-BDEVs vs 40 ng/μL BDEVs. (D and E) 
PANC-1 cells were incubated with PKH67-labeled 40 ng/μL cBDEVs or Se-BDEVs for 30 min, 1 h, 2h, 4 h, and 6 h. Scale bar: 50 µm.
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involved in this module were dubbed hub genes, including Insulin Receptor Substrate 1 (IRS1), Erb-B2 Receptor 
Tyrosine Kinase 3 (ERBB3), Fibroblast Growth Factor 5 (FGF5), Fibroblast Growth Factor 23 (FGF23), and 
Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Beta (PIK3CB) (Figure 7B). Likewise, the functional 
annotation of the hub genes were analyzed using GO and KEGG enrichment, which revealed that those genes were 
enriched and played an essential part in “PI3K-AKT pathway” (Figure 7C and Figure 7D).

IRS1 is the Target of miR167a
Based on the above bioinformatics findings, we checked the expression levels of hub genes in the GEPIA database and found 
that expression of ERBB3 and IRS1 were significantly higher in PAAD tissue than in normal pancreatic tissue, whereas the 
other 3 hub genes (FGF5, FGF23, and PIK3CB) showed no significant difference (Figure 8A and Figure S3). Then, after 
transfecting PANC-1 with miR167a mimics, mimics + inhibitor, or NC, we used RT-PCR to confirm the expression level of 
those hub genes. When cells were transfected with miR167a mimics, IRS1 expression was considerably lower than in the other 
groups (Figure 8B), however, the expression of the other four hub genes, ERBB3, FGF5, FGF23, and PIK3CB, did not alter 
significantly (Figure S4). These results indicate that only IRS1 could be a possible target of miR167a.

Finally, we utilized the RNAhybrid bioinformatics program to see if miR167a could bind to IRS1 and discovered that 
the seed sequence of miR167a was complementary to that of IRS1 at two positions (Figure 8C and Figure 8D).

Figure 5 Target gene prediction of bna-miR167a_R-2 (miR167a) and functional enrichment analysis. (A) Volcano plots present the differential expression miRNAs between 
Se-BDEVs and cBDEVs. (B) GO analysis of miR167a target genes. (C) KEGG enrichment analysis of miR167a target genes.
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Discussion
In general, pancreatic cancer presents an exceptionally high morbidity and mortality rate, which poses a major health 
burden. Due to this, there has always been a focus on the utilization of diverse agents, such as fruits and vegetables and 
their derivatives, to prevent, inhibit, or reverse cancer development.17,32,35 PDEVs are an emerging platform that has 
been recently discovered in a range of fruits and vegetables, including asparagus,17 moringa oleifera,36 and tea.37 They 

Figure 6 Effect of miR167a on PANC-1. (A) RT-PCR was utilized to detect the cycle threshold values (Ct) of miR167a in Se-BDEVs and cBDEVs. (B and C) Optical density 
presented the cell viability of PANC-1 cells transfected with miR167a mimics, miR167a mimics + inhibitor, miR167a NC, and control for 24 and 48 h. (D) Flow cytometry 
detected apoptosis rate after PANC-1 cells transfected with miR167a mimics, miR167a mimics + inhibitor, miR167a NC, and control for 24 h. (E and F) Statistical histogram 
of the apoptosis assay, FITC+PE− was the percentage of early apoptotic cells, and FITC+PE+ was the percentage of late apoptotic cells. ***p < 0.001; **p < 0.01. 
Abbreviations: N.S., not significant.
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work cross-species in human cells and provide new cancer therapeutic possibilities.17,36,38 In this study, we described the 
characterization of Se-BDEVs and cBDEVs, and found they may play a crucial role in treating pancreatic cancer. 
Moreover, we found that Se-BDEVs had a stronger anti-PAAD potency than cBDEVs because of the increased miR167a 
expression. Finally, our in vitro study demonstrated that miR167a induced PAAD apoptosis by targeting IRS1.

For the PDEVs isolation, previous research has shown the isolation methods and physicochemical properties of 
PDEVs are comparable to the mammalian EVs.19 However, the presence of the cell wall may prevent the passage of EVs. 
So, in the first step of the isolation process, a blender is necessary to gently break the barrier of the cell wall, which is not 
required for mammalian EVs. Because of this distinction, we initially characterized our isolated Se-BDEVs and 
cBDEVs, and the results revealed that they have exosome-like properties, as previously reported.39

Plant miRNAs may play a physiologic role in mammalian cells.38,40 For instance, plant miR159 was found to be 
capable of suppressing breast cancer proliferation by targeting TCF7.40 Although the functionality of compounds in 
BDEVs has been explored in recent studies,18,28 the role of miRNAs has not yet been considered. Herein, we investigated 
the functional characteristics of obtained Se-BDEVs and cBDEVs using miRNA-seq and miRNA TGs prediction as 

Figure 7 Hub genes identification and function enrichment analysis. (A) Protein-protein interaction (PPI) network of miR167a target genes. (B) The key module with the 
highest score (Score: 5) was analyzed by the Molecular Complex Detection (MCODE) in Cytoscape. Genes involved in this module were dubbed hub genes, including Insulin 
Receptor Substrate 1 (IRS1), Erb-B2 Receptor Tyrosine Kinase 3 (ERBB3), Fibroblast Growth Factor (FGF) 5, FGF23, and Phosphatidylinositol-4,5-Bisphosphate 3-Kinase 
Catalytic Subunit Beta (PIK3CB). (C) GO analysis of hub genes. (D) KEGG enrichment analysis of hub genes.
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many previous studies did.41 Interestingly, our functional enrichment study showed that miRNAs in BDEVs were 
predominantly enriched in anti-cancer biological pathways, with a particular emphasis on pancreatic cancer 
(Figure 3C). Based on this discovery, we validated the bioinformatic data using a pancreatic cancer cell line (PANC- 
1). Both Se-BDEVs and cBDEVs significantly reduced the viability of PANC-1 cells (Figure 4A and Figure 4B). The use 
of broccoli sprouts to treat pancreatic cancer has yielded positive effects, albeit there are some side effects and drawbacks 
at large doses.24 Nevertheless, PDEVs, a highly concentrated plant by-product, possess far higher bioactivity than what 
can be achieved through dietary intake.13 Thus, small dosages of PDEVs may have strong anti-cancer effects. In addition, 
Se biofortification has also been frequently reported to improve the effectiveness of broccoli. The strong alliance between 
BDEVs and Se biofortification may exert more unexpected effects. As we expected, Se-BDEVs had a stronger anti- 
PAAD effect than cBDEVs (Figure 4C).

Figure 8 Mir167a binds IRS1. (A) Gene Expression Profiling Interactive Analysis (GEPIA) was utilized for analyzing IRS1 expression in pancreatic adenocarcinoma (PAAD) 
and normal tissues. (B) RT-PCR was utilized for detecting IRS1 expression in PANC-1 cells transfected with miR167a mimics, miR167a mimics + inhibitor, and miR167a NC, 
respectively. (C and D) MiR167a binding with IRS1 predicted by RNAhybrid. IRS1 contains two sites complementary to the seed sequence of miR167a. *p < 0.05, **p<0.01. 
Abbreviations: N.S., not significant.
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Given the above finding, the differential expression of miRNAs between Se-BDEVs and cBDEVs was investigated. 
As a result, one miRNA was found to be significantly down-regulated (peu-miR2916-p5 1ss3AG) while one miRNA was 
found to be significantly up-regulated (bna-miR167a R-2) (Figure 5A). Similarly, for these two miRNAs, we did TGs 
prediction and functional enrichment analysis, respectively. The results showed that the function of miR2916-p5 TGs is 
unrelated to cancer (Figure S2), but miR167a TGs are involved in the apoptotic pathway (Figure 5C). Apoptosis 
induction is a well-known anticancer strategy.42 Meanwhile, since Se-BDEVs had a stronger effect than cBDEVs, we 
hypothesized that it was due to increased substances overexpression of miR167a in PANC-1 causing cell apoptosis 
(Figure 6D–F). Collectively, these data support that BDEVs are implicated in cancer viability, and that Se enrichment 
enhances this effect.

Subsequently, we investigated the hub genes of miR167a TGs as previous studies reported. Since miRNAs play a role 
in limiting mRNA expression, we discovered that IRS1 and ERBB3 were significantly overexpressed in PAAD tissue 
relative to normal tissue in the TCGA database (Figure 8A and Figure S3). Moreover, our RT-PCR results confirmed that 
miR167a selectively inhibits IRS1 expression in PANC-1 cells (Figure 8B and Figure S4). IRS1, the first identified 
member of the IRS family, was initially thought to be a typical cytolytic adaptor protein.43 Many studies also 
demonstrated that up-regulated IRS1 plays a key role in transmitting signals from oncogenic insulin-like growth factor 
(IGF) receptors to the intracellular PI3K/Akt pathway in numerous cancers, including pancreatic cancer.44,45 Then, the 
analysis of miRNA binding site also demonstrated that there are two miR167a binding sites at the 3′UTR of IRS1 
(Figure 8C and Figure 8D).

However, this study has several limitations. First, future research should explore whether BDEVs influence the 
function of other pancreatic cancer cells. Second, the mechanisms underlying our study were not thoroughly investigated, 
particularly in terms of validating the function and mechanism of miR167a in animal models or even humanized models.

Conclusions
We have defined the biological properties of Se-BDEVs and cBDEVs, and found that miR167a targeting IRS1 is the key 
mechanism that exerts an anti-PAAD effect. These findings may pave the way for the regulation of Se-BDEVs, cBDEVs, 
and plant-derived miRNAs in human cancer.
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