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miR-224-5p Carried by Human Umbilical Cord Mesenchymal Stem Cells-Derived Exosomes Regulates Autophagy in Breast Cancer Cells via HOXA5
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Objective: In this study, we focused on the potential mechanism of miRNAs carried by human umbilical cord mesenchymal stem cells-derived exosomes (hUCMSCs-exo) in breast cancer (BC).

Methods: RT-qPCR was conducted for the expression of miR-224-5p and HOXA5 in tissues and cells. After co-culture of exosomes and MCF-7 or MDA-MB-231 cells, the cell proliferation was observed by MTT and cell colony formation assay, while apoptosis was measured by flow cytometry. In addition, the expression of HOXA5 and autophagy pathway-related proteins LC3-II, Beclin-1 and P62 was detected by western blotting. And immunofluorescence was applied for detection of LC3 spots. The binding of miR-224-5p to HOXA5 was verified by the luciferase reporter gene assay and RNA-binding protein immunoprecipitation assay. Finally, in vivo experiment was performed to investigate the effect of miR-224-5p on BC growth.

Results: MiR-224-5p was up-regulated and HOXA5 was down-regulated in BC tissues and cells. HOXA5 was confirmed to be the target gene of miR-224-5p. MiR-224-5p carried by hUCMSCs-exo was able to promote the proliferation and autophagy of BC cells, while inhibited apoptosis. Bases on xenograft models in nude mice, it was also revealed that miR-224-5p carried by hUCMSCs-exo could regulate autophagy and contribute to the occurrence and development of BC in vivo.

Conclusion: MiR-224-5p carried by hUCMSCs-exo can regulate autophagy via inhibition of HOXA5, thus affecting the proliferation and apoptosis of BC cells.

Keywords: breast cancer, human umbilical cord mesenchymal stem cells, exosomes, miR-224-5p, apotosis, autophagy


INTRODUCTION

Breast cancer (BC), as the most common malignant tumor, is the leading cause of malignant cancer-related death in women worldwide (Sun et al., 2017; Bray et al., 2018). Since the late 1970s, the global incidence of BC has been on the rise worldwide. Among malignant tumors in Chinese women, its incidence ranks first and its mortality is second only to lung cancer (Waks and Winer, 2019), which seriously affects health and life of women. However, the exact pathogenesis of BC remains unclear. In recent years, with the continuous improvement of diagnosis and treatment techniques of BC, its mortality still has no significant downward trend (Dihge et al., 2019). Nevertheless, understanding the histologic grades, lymph node involvement, and hormone receptor status, and detecting serum markers are all helpful for early diagnosis of BC, consequently improving prognosis, evaluating, and guiding for treatment (Radenkovic et al., 2014, 2019; Jurisic et al., 2015; Teufelsbauer et al., 2019). Malignant transformation of tumor cells involves multiple functional programming during which a number of gene products of therapeutic significance are induced, which can be used as molecular biomarkers and therapeutic targets to develop novel multi-target strategies to improve current cancer therapies and prevent disease recurrence (Mimeault and Batra, 2014). Therefore, a large number of scholars continuously search for molecular indicators for early diagnosis of BC, molecular targets for its treatment and molecular markers for judging its prognosis.

Surgical treatment, radiotherapy and chemotherapy are currently the main methods for treatment of BC. Stem cells recently have been found to exert a certain inhibitory effect on tumor cell growth (Leng et al., 2014). Mesenchymal stem cells (MSCs), derived from mesoderm, are pluripotent stem cells with the ability of self-renewal and multilineage differentiation, which are present in various tissues like bone marrow, blood, fat, placenta, umbilical cord, and skin (Almalki and Agrawal, 2016). Because of their effects on immunosuppression and tissue repair, MSCs are widely used in the treatment of a variety of diseases. Human umbilical cord mesenchymal stem cells (hUCMSCs), a kind of pluripotent stem cells present in neonatal umbilical cord tissue, which can differentiate into many kinds of cells. Based on their high cell content, strong proliferation ability and high differentiation potential, hUCMSCs have a broad prospect of clinical application. Exosomes refer to a kind of discoid vesicles with a diameter of 40–100 nm, containing RNAs and proteins. A variety of cells can secrete exosomes in both normal and pathological conditions. For example, MSCs can produce a large number of exosomes in resting or stress state. These MSC-derived exosomes have similar biological functions to MSCs, which can mediate intercellular communication (Zhu et al., 2012; Phinney et al., 2015).

MicroRNAs (miRNAs), a class of short non-coding RNAs (18–25 nucleotides), bind to the 3′ UTR of target mRNAs and thus act as post-transcriptional modulators of gene expression (Schickel et al., 2008) MiRNAs in BC have received significant attention. However, how to transport miRNAs into BC cells in a safe and efficient way is still an urgent problem to be solved. Exosomes are considered as novel nanomedicine carriers because of their perceived advantages like less cytotoxicity, strong targeting, low immunogenicity and large loading. At present, exosomes have successfully transported drugs such as small interfering RNA (siRNA), miRNA and paclitaxel to target cells (Santos et al., 2018; Takahasi et al., 2018). With the deepening of research, miRNAs, have been found to function in the occurrence and development of BC by affecting autophagy. For example, miR-30a can inhibit autophagy by negatively regulating the expression of Beclin1 (Zhu et al., 2009); miR-181a can inhibit autophagy in MCF-7 cells by binding with ATG5 (Tekirdag et al., 2013); miR-376b can inhibit starvation-related autophagy by down-regulating ATG4C (Korkmaz et al., 2012); and miR-221/222 leads to autophagic death of MCF-7 cells by PI3K-AKT-mTOR signaling pathway (Zhai et al., 2013).

MiR-224-5p is recently discovered to be associated with MSC-derived exosomes, tumor proliferation and metastasis. The expression of miR-224-5p is associated with original cisplatin resistance in ovarian papillary serous carcinoma (Zhao et al., 2014), and lncRNA FTH1P3 can mediate the growth and invasion of uveal melanoma cells through miR-224-5p (Zheng et al., 2017). Our previous study found that miR-224-5p inhibits autophagy by targeting Smad4 in MDA-MB-231 cells (Cheng et al., 2018). However, whether miR-224-5p can be transported by hUCMSCs-derived exosomes (hUCMSCs-exo) to affect autophagy in BC cells are not well clear. Here, we investigated the effect and mechanism of miR-224-5p carried by hUCMSCs-exo on BC cell proliferation and apoptosis, thus providing a new theoretical basis for the treatment of BC.



MATERIALS AND METHODS


Collection and Processing of Clinical Samples

BC tissues and non-tumor adjacent normal tissues from 30 BC patients (mean age: 51.73 ± 9.66 years) admitted to our hospital from June 2016 to December 2017 were collected. The basic information of the patients was also recorded: age, gender, blood pressure, tumor stage, distant metastasis or not, and lymphatic metastasis or not. In all the patients, BC was the primary lesion and confirmed by pathological examination. Each patient has no history of major systemic disease and was not treated with chemotherapy or radiotherapy before surgery. Informed consent was obtained from each patient.



Extraction and Identification of hUCMSCs-Derived Exosomes

HUCMSCs purchased from American Type Culture Collection (ATCC), and were cultured in FBS-free medium for 48 h, followed by collection of the supernatant. Centrifugation (2,000 g, 4°C for 30 min) was then performed to remove cell debris and apoptotic bodies and a 0.2 mm filter was used for filtration. Subsequently, the samples were first centrifugated at 110,000 g, 4°C for 70 min and then at 110,000 g, 4°C for 60 min. The collected exosomes were resuspended with phosphate buffer, and later were aliquoted and stored at −80°C.

In order to determine the characteristics of exosomes, the diameter and concentration of exosomes were analyzed by nanoparticle tracking analysis (NTA) using NanoSight NS300 (Malvern, UN) equipped with a 405 nm blue laser.

The morphology of exosomes was observed using a transmission electron microscope (TEM, Hillsboro Oregon, United States) (Tadokoro et al., 2013). Briefly, the exosomes were fixed with 4% paraformaldehyde and adsorbed to a carbon-coated grid. Then the copper grid was immersed in a 2% phosphotungstic acid solution for 30 s. After drying, the samples were examined under TEM at 80 keV. The expression of the marker proteins CD9, CD63, and HSP70 of the exosomes was detected by western blotting.



Cell Transfection and Culture

Human BC cell lines MCF-7, MDA-MB-231, T47D, SK-BR-3, MDA-MB-435, and HCC1937, and human normal breast epithelial cells MCF10A were purchased from the Cell Culture Center of the Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences. All cells were grown in media supplemented with 10% fetal bovine serum (Thermo Fisher Scientific) with culture conditions of 37°C and 5% CO2. MiR-224-5p mimic, NC mimic, miR-224-5p inhibitor, and NC inhibitor purchased from Guangzhou RiboBio Co., Ltd. (Guangzhou, China) were transfected into hUCMSCs, respectively, and the exosomes of each group were collected. MCF-7 or MDA-MB-231 cells were assigned into six groups: (1) Control: cells without any treatment; (2) Exo: cells were co-cultured with hUCMSCs-exo; (3) NC-exo: cells were co-cultured with exosomes transfected with NC mimics; (4) miR-224-5p-exo: cells were co-cultured with exosomes transfected with miR-224-5p mimics; (5) in-NC-exo: cells were co-cultured with exosomes transfected with NC inhibitor; (6) in-miR-224-5p-exo: cells were co-cultured with exosomes transfected with miR-224-5p inhibitor.



MTT Assay

MCF-7 and MDA-MB-231 cells in logarithmic growth phase in each group were digested and counted. Then they were seeded in 96-well plates (2,000 cells/well) with five replicates for each sample. For adherent cells after treatment for 24, 48, and 72 h the media were aspirated from each group. Then the prepared MTT solution (Aladdin, United States) was added, followed by another 1-h incubation. The absorbance (490 nm) was measured by a microplate reader.



Colony Formation Assay

The treated MCF-7 and MDA-MB-231 cells in each group were digested with trypsin to prepare single-cell suspension. The cell concentration was determined and adjusted to 1,000 cells/ml. Single-cell suspension was evenly seeded in sterile 6-well plates for forming colonies. The medium was changed every 3 days, and the colony formation of the cells was observed after 14 days.



Flow Cytometry

The determination of apoptosis by flow cytometry was performed as shown in the previous report (Jurisic et al., 2011). Cells were centrifuged at 1,000 r/min for 5 min and then the supernatant was discarded. Subsequently, the cells were resuspended and counted. A total of 50,000–100,000 cells were taken and resuspended with 195 μl of Annexin V-FITC binding solution, followed by addition of 5 μl of Annexin V-FITC reagent. The cells were gently mixed with the reagent, and placed at room temperature for 10 min in the dark. After another 10 μl of propidium iodide staining solution was added and mixed gently, the samples were placed at room temperature for 10 min in the dark. Finally, the sample was detected by a flow cytometer.



Immunofluorescence Staining

The treated MCF-7 and MDA-MB-231 cells in each group were seeded on coverslips. With cell confluency of about 70%, the coverslips were rinsed with PBS three times (10 min each time). Then the coverslips were fixed with 4% formaldehyde for 15 min and rinsed again with PBS. After that, 0.5% Triton X-100 was added for 10-min incubation, followed by rinsing step by PBS and 1-h blocking step using 100 mL/L calf serum albumin. The coverslips were then cultured with LC3 antibody (Abcam, Cambridge, United Kingdom; Dilution, 1:50) overnight at 4°C. After rinsing with PBS again, human FITC-labeled immunofluorescence antibody was added for 1-h incubation at 37°C. Finally, the coverslips were rinsed with PBS and distilled water, and, were mounted with glycerol. LC3 spots in each group were observed using a confocal microscope (Leica, Germany) with 400 × magnification.



RNA-Binding Protein Immunoprecipitation Assay

Activated cells were collected and washed twice with PBS. Cells were cross-linked for 15 min by adding 10 mL PBS and formaldehyde with the final concentration of 0.01%. Then 1.4 mL of 2 mol/L glycine was added and mixed for 5 min, followed by centrifugation at 1,500 r/min for 5 min. The supernatant was discarded and then cells were washed twice with PBS again and lysed by RIPA. The cell lysates were equally assigned into two parts. Subsequently, one part with addition of 4 μg of AGO2 antibody (Abcam) was as the experimental group, while the other part with addition of the amount of normal rabbit IgG as the control group. Both groups were cultured overnight at 4°C, and then the cells were collected. RNA was extracted using TRIzol reagent and was reversely transcribed into cDNA. Finally, the expression of miR-224-5p and HOXA5 was detected with RT-qPCR



Luciferase Reporter Gene Assay

The binding site of miR-224-5p to HOXA5 was predicted by software TargetScan. The 3’ UTR of the wild-type HOXA5 gene was cloned into a luciferase vector (HOXA5-WT), and the binding region of HOXA5 to miR-224-5p was mutated to obtain the mutant plasmid (HOXA5-MUT) (GenePharma, China). NC mimics or miR-224-5p mimics were co-transfected with HOXA5-WT/MUT into MCF-7 and MDA-MB-231 cells. Transfected pRL-TK was used as a standard. After 36 h of transfection, cells were harvested. The luciferase activity of MCF-7 and MDA-MB-231 cells was detected according to the instructions of luciferase activity assay kit. The experiment was repeated three times.



RT-qPCR

Total RNA was isolated from cells and tissues using Trizol reagent (Invitrogen). A total of 500 ng of RNA was reversely transcribed into cDNA using the cDNA Transcription Kit (ABI). Transcription was subsequently carried out at 16°C for 30 min, followed by incubation at 42°C for 30 min and at 85°C for 5 min for enzyme inactivation. Rapid quantitative PCR was performed using SYBRH Select Master Mix (Invitrogen). The RT-qPCR reaction was performed using the following parameters: 95°C for 2 min, 40 cycles of 95°C for 15 s and 60°C for 30 s. With All results were standardized to the expression of GAPDH or U6 as an internal reference, the obtained experimental data was quantified using the 2–Δ Δ Ct method. The primer sequences used were as follows: miR-224-5p, Forward, 5′-AGCATCCACGAGCAAGAGAC-3′ and reversely, 5′-GATGCTACTAGTGTGGCGGG-3′; U6, Forward, 5′-CTCGC TTCGGCAGCACA-3′ and reversely, 5′-AACGCTTCACGAAT TTGCGT-3′; HOXA5, Forward, 5′-GAAGCTGAGCAG TGAAGCCTAT-3′ and reversely, 5′-GACAACTGTGAGAGCC AGGTT-3′; GAPDH, Forward, 5′-AACGGATTTGGTCGTA TTG-3′ and reversely, 5′-GGAAGATGGTGATGGGATT-3′.



Western Blot

Total protein was extracted with RIPA buffer (Sigma Aldrich, United States) from cells and tissues as previously reported (Son et al., 2019). The concentration of the total extracted protein was determined by a BCA protein assay kit (Bio-rad, United States). The proteins were boiled and separated using sodium dodecyl sulfatepolycylamide gel electrophoresis (SDS-PAGE). The separated proteins were then transferred to PVDF membranes (300 mA, 80 min), followed by blocking step using 10% TBS (Sigma Aldrich, United States). Subsequently the membranes were incubated with primary anti-rabbit monoclonal antibody CD9 (ab92726, Abcam), rabbit polyclonal antibody LC3-II (ab51520, Abcam), rabbit monoclonal antibody p62 (ab56416, Abcam), rabbit monoclonal antibody Beclin-1 (ab207612, Abcam), rabbit monoclonal antibody CD63 (ab8219, Abcam), rabbit monoclonal antibody HSP70 (ab181606, Abcam), and rabbit monoclonal antibody HOXA5 (ab140636, Abcam) at a dilution of 1:1,000 at 4°C overnight. Rabbit monoclonal antibody β-actin (ab8226, Abcam) is the internal reference protein. After incubation, the membranes were washed three times and then incubated with polyclonal goat anti-rabbit IgG (ab6721, Abcam; 1:2,000) secondary antibody conjugated to horseradish peroxidase (HRP) (Sigma Aldrich, United States) at room temperature for 1 h. Then the membranes were washed for several times. The proteins were developed by an enhanced chemiluminescence regent. Images were subsequently quantified with Image J (NIH).



Establishment of Breast Cancer Xenografts in Nude Mice

Twenty nude mice were reared at constant temperature (25–27°C), constant humidity (25–50%), and specific pathogen-free (SPF). MCF-7 cells in logarithmic growth phase were prepared into single-cell suspension by trypsin digestion, followed by centrifugation at 1,000 r/min for 10 min. Then the precipitate was collected and washed twice with phosphate buffered saline (PBS) to prepare cell suspension with a density of 1 × 107 cells/mL. A total of 200 μL of the suspension were aspirated with a sterile trocar and inoculated subcutaneously in the disinfected armpit skin of nude mice. After 10 days of inoculation, the mice were randomly divided into control group, Exo group, in-NC-exo group, and in-miR-224-5p-exo group, with five nude mice in each group. Reagents in each group were dissolved in 200 μL PBS and were injected every 2 days for a total of five injections. The long and short axes of the tumors were measured with a vernier caliper every 7 days to calculate tumor volume and draw tumor growth curve. All treatment was completed after 35 days, and all the mice were then sacrificed. Subsequently, the xenografts were removed and weighed. Each tumor tissue was equally assigned into 3 parts, with 2 parts stored in liquid nitrogen for subsequent detection, and the other part fixed in 10% neutral formalin and embedded in paraffin for subsequent immunohistochemical staining.



Immunohistochemical Staining (IHC)

All tumor tissues were fixed in 10% neutral formalin and embedded in paraffin. IHC staining was performed according to the instructions of IHC kits with rabbit anti- Ki-67 (ab15580, Abcam) monoclonal antibodies. The tissues were developed with diaminobenzidine (DAB) (Tokyo Chemical Industry Co., Ltd., Japan) colorimetric solution, counterstained with hematoxylin, and mounted with neutral resin. Finally, the cell staining was observed under an optical microscope with 200× magnification.



Statistical Analysis

SPSS 22.0 was applied for data analysis. The results were expressed as mean ± standard deviation (SD). Comparison between the two groups was analyzed by t-test. Multi-group comparison of data was carried out using the one-way ANOVA followed by least significant difference (LSD) t-test. Pearson analysis was used to analyze the correlation between the expression of miR-224-5p and HOXA5. Each experiment was repeated at least three times. P < 0.05 was considered statistically significant.



RESULTS


Up-Regulation of miR-224-5p Expression and Down-Regulation of HOXA5 Expression in Breast Cancer

The clinical characteristics of the 30 included BC patients are shown in Table 1. The results of RT-qPCR assay confirmed that the expression of miR-224-5p was significantly elevated while the expression of HOXA5 was significantly decreased in BC tissues (Figures 1A,B) and cells (Figures 1C,D). Pearson correlation analysis revealed a negative correlation between miR-224-5p expression and HOXA5 expression (Figure 1E). These results confirmed that miR-224-5p and HOXA5 may be involved in the occurrence of BC. Since the expression of miR-224-5p expression was higher while HOXA5 expression was lower in MCF-7 and MDA-MB-231 cells, these two cell lines were selected for the subsequent experiments.


TABLE 1. Breast cancer patients’ characteristic used in this study (n = 30).
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FIGURE 1. Negative correlation between miR-224-5p and HOXA5 expression in breast cancer. (A,B) RT-qPCR-based detection of miR-224-5p expression and HOXA5 expression in breast cancer tissues and non-tumor adjacent tissues; **P < 0.01 vs. normal group. (C,D) RT-qPCR-based detection of miR-224-5p expression and HOXA5 expression in human breast epithelial cells MCF10A and human breast cancer cell lines MCF-7, MDA-MB-231, T47D, SK-BR-3, MDA-MB-435, and HCC1937; *P < 0.05, **P < 0.01 and ***P < 0.001 vs. MCF10A group. (E) Pearson correlation analysis between the expression of miR-224-5p and HOXA5.




Identification of hUCMSCs-Derived Exosomes

To identify the functional effects of hUCMSCs-exo on MCF-7 and MDA-MB-231 cells, we first extracted and identified hUCMSCs-exo. Transmission electron microscopy confirmed the morphological characteristics of the exosomes as oval membranous vesicles (98 nm) (Figure 2A). And nanoparticle tracking analysis demonstrated that the diameter of most particles ranged from 49 to 160 nm (Figure 2B). In addition, the expression of protein markers CD9, CD63 and HSP70 of exosomes was up-regulated in the hUCMSC-exo compared with hUCMSCs (Figure 2C). Hsp70, CD9 and CD63 are the three protein markers of exosomes (Fernando et al., 2017). These results indicated a successful separation of exosomes. Further, after further overexpression or interference with the expression of miR-224-5p in hUCMSCs, exosomes were collected and then co-cultured with MCF-7 or MDA-MB-231 cells. As shown in RT-qPCR results, miR-224-5p expression was elevated in MCF-7 and MDA-MB-231 in the miR-224-5p-exo group, while was decreased in the in-miR-224-5p-exo group (Figure 2D). Collectively, it was proved that hUCMSCs-exo could transport miR-224-5p into BC cells to change miR-224-5p expression.
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FIGURE 2. Extraction and identification of hUCMSCs-derived exosomes. (A) Observation of vesicle structure of hUCMSC-derived exosomes (hUCMSC-exo) by transmission electron microscopy; (B) Nanoparticle tracking analysis of the diameter range of hUCMSC-exo; (C) Western blotting-based detection of the expression levels of CD9, CD63 and HSP70 in hUCMSCs and hUCMSCs-exo; (D) RT-qPCR analysis of miR-224-5p expression. After transfection of miR-224-5p mimics and inhibitor into hUCMSCs, respectively, exosomes were collected and co-cultured with MCF-7 or MDA-MB-231 cells. Finally, the expression of miR-224-5p expression was detected by RT-qPCR. **P < 0.01 and ***P < 0.001 vs. Control group.




Promotion of the Development of Breast Cancer Cells by miR-224-5p Carried by hUCMSCs-Derived Exosomes

To determine whether miR-224-5p could be transported into BC cells via hUCMSCs-exo and thus affecting cell function, after transfection of miR-224-5p mimics and inhibitor into hUCMSCs, respectively, exosomes were collected and co-cultured with MCF-7 or MDA-MB-231 cells. As shown in the results of MTT (Figures 3A,B) and cell colony formation assay (Figures 3C,D), the proliferation rate and viability of cells in the miR-224-5p-exo group were significantly increased in MCF-7 or MDA-MB-231 cells compared with the NC-exo group, while the proliferation rate and viability in the in-miR-224-5p-exo group were significantly decreased compared with in-NC-exo. Flow cytometry (Figures 3E,F) showed a significant increase of apoptosis in the miR-224-5p-exo group, while a decrease in the in the in-miR-224-5p-exo group.
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FIGURE 3. Promotion of proliferation and inhibition of apoptosis of breast cancer cells by miR-224-5p carried by hUCMSCs-derived exosomes. After transfection of miR-224-5p mimics and inhibitor and the negative controls into hUCMSCs, respectively, exosomes were collected and co-cultured with MCF-7 or MDA-MB-231 cells, followed by (A,B) MTT assay-based detection of cell proliferation; (C,D) Colony formation assay-based detection of cell viability; (E,F) Flow cytometry assay-based detection of cell apoptosis rate. **P < 0.01 vs. NC-exo group; #P < 0.05 and ##P < 0.01 vs. in-NC-exo group.




Promotion of Autophagy in the Breast Cancer Cells by miR-224-5p Carried by hUCMSCs-Derived Exosomes

The results of immunofluorescence staining indicated that in MCF-7 and MDA-MB-231 cells, the number of LC3 spots was significantly increased in the miR-224-5p-exo group compared with the NC-exo group, while was decreased in the in-miR-224-5p-exo group compared with the in-NC-exo group (Figure 4A). Western blot assay then showed a marked increase of the protein expression of LC3-II and Beclin-1 in MCF-7 and MDA-MB-231 cells and a reduction of p62 expression in the miR-224-5p-exo group compared with the NC-exo group, while opposite changes were found in the in-miR-224-5p-exo group (Figures 4B,C). These results confirmed that miR-224-5p could promote autophagy in BC cells.
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FIGURE 4. Promotion of autophagy in breast cancer cells by miR-224-5p carried by hUCMSCs-derived exosomes. After transfection of miR-224-5p mimics and inhibitor and the negative controls into hUCMSCs, respectively, exosomes were collected and co-cultured with MCF-7 or MDA-MB-231 cells, followed by (A) immunofluorescence staining-based determination of spot counting of LC3 (×400); (B,C) Western blotting-based detection of the expression of autophagy-related proteins LC3-II, Beclin-1 and P62. *P < 0.05 and **P < 0.01 vs. NC-exo group; #P < 0.05 and ##P < 0.01 vs. in-NC-exo group.




HOXA5 as a Target of miR-224-5p

Fifteen downstream target genes (Figures 5A,B) regulated by miR-224-5p were predicted by starBase, miRDB and TargetScan. HOXA5, which is lowly expressed in BC, was also one of the target genes of miR-224-5p (Figure 5C). Luciferase reporter gene assay and RNA binding protein immunoprecipitation assay further proved that miR-224-5p targeted HOXA5 (Figures 5D,E). In addition, western blotting also confirmed that miR-224-5p could down-regulate the expression of HOXA5. In MCF-7 and MDA-MB-231 cells, the protein expression of HOXA5 was significantly decreased in the miR-224-5p-exo group compared with the NC-exo group, while was significantly increased in the in-miR-224-5p-exo group compared with the in-NC-exo group (Figure 5F).
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FIGURE 5. Negative regulation of HOXA5 expression in breast cancer cells by miR-224-5p carried by hUCMSCs-derived exosomes. (A) Prediction of target genes of miR-224-5p by StarBase, miRDB, and TargetScan; (B) fifteen potential target genes of miR-224-5p; (C) binding sites of miR-224-5p to HOXA5; (D,E) luciferase reporter gene assay and RNA binding protein immunoprecipitation assay to determine the binding of miR-219a-5p to HOXA5 in MCF-7 and MDA-MB-231 cells; (F) western blotting-based detection of the protein expression of HOXA5 in MCF-7 and MDA-MB-231 cells. **P < 0.01 vs. NC-exo group; ***P < 0.001 vs. anti-IgG group; ##P < 0.01 vs. in-NC-exo group.




Promotion of Growth of Breast Cancer in vivo by miR-224-5p Carried by hUCMSCs-Derived Exosomes

Xenograft models in nude mice were constructed by subcutaneous injection of MCF-7 cells in nude mice, followed by injection of saline (control group), Exo, in-NC-exo, and in-miR-224-5p-exo. The results showed that compared with the in-NC-exo group, the tumor tissue of mice in the in-miR-224-5p-exo group was significantly smaller (Figure 6A), and the tumor weight and volume of mice were decreased (Figures 6B,C). Injection of in-miR-224-5p-exo into the models decreased the expression of miR-224-5p and Ki67 (Figures 6D,E), decreased the protein expression of LC3-II and Beclin-1 and increased the protein expression of p62 in the tumor tissues (Figure 6F). These results confirmed that hUCMSCs-exo successfully transported low-expressed miR-224-5p into MCF-7 tumor-bearing mice to inhibit tumor growth and autophagy.
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FIGURE 6. Regulation of proliferation and autophagy of breast cancer in vivo by miR-224-5p carried by hUCMSCs-derived exosomes. (A) Tumors of nude mice; (B) statistical graph of tumor weight; (C) statistical graph of tumor volume; (D) RT-qPCR analysis of miR-224-5p expression in tumor tissues; (E) immunohistochemistry-based determination of Ki67 expression in tumor tissues (×200); (F) western blotting-based detection of the protein expression of the autophagy-related proteins LC3-II, Beclin-1, and P62 in tumor tissues in nude mice. **P < 0.01 vs. in-NC-exo group.





DISCUSSION

BC is one of the most common malignant tumors in women, posing a threat to physical and mental health of women (Anastasiadi et al., 2017). The traditional radiotherapy and chemotherapy have great damage to the normal cells of the body while killing tumor cells, so there is a great need to find a new treatment that can target tumor cells without harming normal tissues (Calle et al., 1978). MSCs have low immunogenicity, easy to culture and amplify in vitro, can migrate to tumor or inflammatory sites (Davatchi et al., 2016). MSCs are able to release a large number of cytokines to exert their tumor regulatory effects, such as interleukin-6 (IL-6), insulin-like growth factor 1 (IGF-1) or vascular epidermal growth factor (VEGF) (Wang et al., 2009; Jurisic, 2020). Therefore, MSCs have been widely used in treatment studies of many diseases. In recent years, it has been found that the regulatory effect of MSCs on tumors can also be mediated through exosomes secreted by MSCs. And MSCs have a powerful ability of exosomes secretion (Vakhshiteh et al., 2019). Exosomes are considered as a novel nano-scale drug carrier due to their low cytotoxicity, strong targeting, low immunogenicity and low-risk tumor formation (Hu et al., 2012; Semina et al., 2018). The study of miRNAs in tumor diseases is currently a hot spot, but how to transport miRNAs to BC cells in a safe and efficient way is still an urgent problem to be solved. Here, we used the exosomes secreted by hUCMSCs to transport miR-224-5p to promote the progression of BC, demonstrating that exosomes can be used as a safe and effective transport vector. In addition, the unique biological structure and function of exosomes provide a specific marker for the diagnosis of early BC, as well as a targeted strategy for its clinical treatment.

MiR-224-5p has been found to be associated with tumor proliferation and metastasis in recent years (Zhang et al., 2017). For example, miR-224 promotes drug resistance and recurrence of colorectal cancer by inducing epithelial-mesenchymal transition (Ling et al., 2016). But the functional mechanism of miR-224-5p in BC is not clear yet. In this study, we found that the expression level of miR-224-5p was significantly increased in human BC tissues and cell lines, suggesting the involvement of miR-224-5p in the occurrence and development of BC. Further, the binding site of miR-224-5p to 3′UTR of HOXA5 was predicted by the databases, suggesting that miR-224-5p may be involved in the development of BC by regulating HOXA5 expression. Previous studies have demonstrated that HOXA5 inhibits BC cell plasticity and stemness by reinforcing epithelial features (Teo et al., 2015). Here, we also found that HOXA5 was highly abundant in normal human breast epithelial cells and tissues, while its protein expression was low in human BC tissues and cell lines. In addition, both luciferase reporter gene assay and RNA binding protein immunoprecipitation assay confirmed that miR-224-5p could target and regulate HOXA5. Collectively, the above findings suggested that miR-224-5p could regulate the occurrence and development of BC by down-regulating the expression of HOXA5.

There has been a large body of related literatures concerning the association between miRNAs in exosomes and BC. For example, Naseri et al. (2018) have found that functionally active miRNA-142-3p inhibitors mediated by MSCs-derived exosomes reduce the tumorigenicity of BC in vivo and in vitro. Han et al. (2020) have confirmed that exosomes can reverse the resistance of trastuzumab in BC by delivering miR-567. To further verify the effect of miR-224-5p carried by exosomes on BC cell survival, MTT, colony assay and flow cytometry were performed. And the results demonstrated that hUCMSCs-exo could transport miR-224-5p into MCF-7 and MDA-MB-231 cells to promote the proliferation and survival of cancer cells and inhibit the decrease of their apoptotic rate. Ki-67 protein is a marker of tumor proliferation (Menon et al., 2019). Meanwhile, we found that the weight and volume of tumor were reduced and the expression of Ki67 was decreased after injection of hUCMSCs-exo with low miR-224-5p expression into BC tumor-bearing mice. These findings confirm that hUCMSCs-exo can transport miR-224-5p into BC cells to regulate BC development.

After determining the effect of miR-224-5p on the biological characteristics of BC cells, the specific mechanism of the effect became the emphasis of our subsequent investigation. Numerous reports have confirmed that autophagy plays a key role in various cellular events, including regulation of gene expression, growth and proliferation (Pietrocola et al., 2017; Soni et al., 2018). In recent years, with the continuous deepening of research, it has been found that miRNAs can affect autophagy during the occurrence and development of BC (Lv et al., 2017). For example, miR-30a, one of the first-discovered miRNAs involved in BC regulation, can inhibit autophagy by negatively regulating Beclin-1 expression in BC (Zhu et al., 2009). MiR-101 can effectively inhibit basal autophagy and rapamycin-mediated autophagy in MCF-7 cells (Frankel et al., 2011). MiR-181a can inhibit autophagy in MCF-7 cells by binding to ATG5 (Tekirdag et al., 2013). In addition, studies have also confirmed that miR-221/222 led to autophagic death of MCF-7 cells by participating in the PI3K/AKT/mTOR signaling pathway to inhibit P27Kip1 (Miller et al., 2008; Zhai et al., 2013). LC3-II, p62 and Beclin-1 are autophagy markers (Gómez-Sánchez et al., 2016; Runwal et al., 2019; Xu and Qin, 2019). In this study, after promoting the expression of miR-224-5p, significant increases of the number of LC3 autophagic spots and LC3-II and Beclin-1 expression and a decrease of p62 expression were found; inhibition of miR-224-5p achieved the opposite results. At the same time, similar findings were obtained in the xenograft models. Therefore, we speculate that miR-224-5p transported by the hUCMSCs-exo can promote autophagy by down-regulating the expression of HOXA5, thus ultimately promoting the development of BC. However, in previous studies, low expression of miR-224-5p has been found to promote BC cell autophagy and thus promote cell apoptosis (Cheng et al., 2018). This may be due to the effect of exosomes on the autophagy of BC cells (Xu et al., 2018), or due to the inconsistent results of the autophagy protein expression detected at different time points in the two studies. These assumptions require further experiments to confirmed.



CONCLUSION

In summary, miR-224-5p is highly expressed in BC cells and tissues. In-depth mechanistic investigation confirms that miR-224-5p carried by hUCMSCs-exo regulates the autophagy of BC cell by down-regulating HOXA5, thus ultimately promoting the occurrence and development of BC. These results suggest the clinical application prospect of miR-224-5p carried by hUCMSCs-exo derived in the treatment of BC patients.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Ethics Committee of Taizhou Central Hospital (Taizhou University Hospital) (2019-008). Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.



AUTHOR CONTRIBUTIONS

YW, PW, LeZ, LiZ, and ZYL: study concept and design, drafting of the manuscript, and critical revision of the manuscript for important intellectual content. XC and ZL: analysis and interpretation of data. YW, PW, LeZ, XC, ZYL, LiZ, and ZL: acquisition of data, statistical analysis, administrative, technical, and material support, and study supervision. All authors have read and approved the manuscript.



ACKNOWLEDGMENTS

We thank Guangzhou Yujia Biotechnology Co., Ltd. for conducting some experiments in their laboratory.



REFERENCES

Almalki, S. G., and Agrawal, D. K. (2016). Key transcription factors in the differentiation of mesenchymal stem cells. Differentiation 92, 41–51. doi: 10.1016/j.diff.2016.02.005

Anastasiadi, Z., Lianos, G. D., Ignatiadou, E., Harissis, H. V., and Mitsis, M. (2017). Breast cancer in young women: an overview. Updates Surg. 69, 313–317. doi: 10.1007/s13304-017-0424-1

Bray, F., Ferlay, J., Soerjomataram, I., Siegel, R. L., Torre, L. A., and Jemal, A. (2018). Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 68, 394–424. doi: 10.3322/caac.21492

Calle, R., Pilleron, J. P., Schlienger, P., and Vilcoq, J. R. (1978). Conservative management of operable breast cancer: ten years experience at the Foundation Curie. Cancer 42, 2045–2053. doi: 10.1002/1097-0142(197810)42:4<2045::aid-cncr2820420455<3.0.co;2-8

Cheng, Y., Li, Z., Xie, J., Wang, P., Zhu, J., Li, Y., et al. (2018). MiRNA-224-5p inhibits autophagy in breast cancer cells via targeting Smad4. Biochem. Biophys. Res. Commun. 506, 793–798. doi: 10.1016/j.bbrc.2018.10.150

Davatchi, F., Sadeghi Abdollahi, B., Mohyeddin, M., and Nikbin, B. (2016). Mesenchymal stem cell therapy for knee osteoarthritis: 5 years follow-up of three patients. Int. J. Rheum. Dis. 19, 219–225. doi: 10.1111/1756-185x.12670

Dihge, L., Ohlsson, M., Edén, P., Bendahl, P. O., and Rydén, L. (2019). Artificial neural network models to predict nodal status in clinically node-negative breast cancer. BMC Cancer. 19:610. doi: 10.1186/s12885-019-5827-6

Fernando, M. R., Jiang, C., Krzyzanowski, G. D., and Ryan, W. L. (2017). New evidence that a large proportion of human blood plasma cell-free DNA is localized in exosomes. PLoS One 12:e0183915. doi: 10.1371/journal.pone.0183915

Frankel, L. B., Wen, J., Lees, M., Høyer-Hansen, M., Farkas, T., Krogh, A., et al. (2011). microRNA-101 is a potent inhibitor of autophagy. Embo J. 30, 4628–4641. doi: 10.1038/emboj.2011.331

Gómez-Sánchez, R., Yakhine-Diop, S. M., Rodríguez-Arribas, M., Bravo-San Pedro, J. M., Martínez-Chacón, G., Uribe-Carretero, E., et al. (2016). mRNA and protein dataset of autophagy markers (LC3 and p62) in several cell lines. Data Brief. 7, 641–647. doi: 10.1016/j.dib.2016.02.085

Han, M., Hu, J., Lu, P., Cao, H., Yu, C., Li, X., et al. (2020). Exosome-transmitted miR-567 reverses trastuzumab resistance by inhibiting ATG5 in breast cancer. Cell Death Dis. 11:43. doi: 10.1038/s41419-020-2250-5

Hu, G., Drescher, K. M., and Chen, X. M. (2012). Exosomal miRNAs: Biological Properties and Therapeutic Potential. Front. Genet. 3:56. doi: 10.3389/fgene.2012.00056

Jurisic, V. (2020). Multiomic analysis of cytokines in immuno-oncology. Exp. Rev Proteomics 17, 663–674. doi: 10.1080/14789450.2020.1845654

Jurisic, V., Radenkovic, S., and Konjevic, G. (2015). The Actual Role of LDH as Tumor Marker. Biochemical and Clinical Aspects. Adv. Exp. Med. Biol. 867, 115–124. doi: 10.1007/978-94-017-7215-0_8

Jurisic, V., Srdic-Rajic, T., Konjevic, G., Bogdanovic, G., and Colic, M. (2011). TNF-α induced apoptosis is accompanied with rapid CD30 and slower CD45 shedding from K-562 cells. J. Membr. Biol. 239, 115–122. doi: 10.1007/s00232-010-9309-7

Korkmaz, G., le Sage, C., Tekirdag, K. A., Agami, R., and Gozuacik, D. (2012). miR-376b controls starvation and mTOR inhibition-related autophagy by targeting ATG4C and BECN1. Autophagy 8, 165–176. doi: 10.4161/auto.8.2.18351

Leng, L., Wang, Y., He, N., Wang, D., Zhao, Q., Feng, G., et al. (2014). Molecular imaging for assessment of mesenchymal stem cells mediated breast cancer therapy. Biomaterials 35, 5162–5170. doi: 10.1016/j.biomaterials.2014.03.014

Ling, H., Pickard, K., Ivan, C., Isella, C., Ikuo, M., Mitter, R., et al. (2016). The clinical and biological significance of MIR-224 expression in colorectal cancer metastasis. Gut. 65, 977–989. doi: 10.1136/gutjnl-2015-309372

Lv, Z. D., Yang, D. X., Liu, X. P., Jin, L. Y., Wang, X. G., Yang, Z. C., et al. (2017). MiR-212-5p Suppresses the Epithelial-Mesenchymal Transition in Triple-Negative Breast Cancer by Targeting Prrx2. Cell Physiol. Biochem. 44, 1785–1795. doi: 10.1159/000485785

Menon, S. S., Guruvayoorappan, C., Sakthivel, K. M., and Rasmi, R. R. (2019). Ki-67 protein as a tumour proliferation marker. Clin. Chim. Acta. 491, 39–45. doi: 10.1016/j.cca.2019.01.011

Miller, T. E., Ghoshal, K., Ramaswamy, B., Roy, S., Datta, J., Shapiro, C. L., et al. (2008). MicroRNA-221/222 confers tamoxifen resistance in breast cancer by targeting p27Kip1. J. Biol. Chem. 283, 29897–29903. doi: 10.1074/jbc.M804612200

Mimeault, M., and Batra, S. K. (2014). Altered gene products involved in the malignant reprogramming of cancer stem/progenitor cells and multitargeted therapies. Mol. Aspects Med. 39, 3–32. doi: 10.1016/j.mam.2013.08.001

Naseri, Z., Oskuee, R. K., Jaafari, M. R., and Forouzandeh Moghadam, M. (2018). Exosome-mediated delivery of functionally active miRNA-142-3p inhibitor reduces tumorigenicity of breast cancer in vitro and in vivo. Int. J. Nanomed. 13, 7727–7747. doi: 10.2147/ijn.S182384

Phinney, D. G., Di Giuseppe, M., Njah, J., Sala, E., Shiva, S., St Croix, C. M., et al. (2015). Mesenchymal stem cells use extracellular vesicles to outsource mitophagy and shuttle microRNAs. Nat. Commun. 6:8472. doi: 10.1038/ncomms9472

Pietrocola, F., Bravo-San Pedro, J. M., Galluzzi, L., and Kroemer, G. (2017). Autophagy in natural and therapy-driven anticancer immunosurveillance. Autophagy 13, 2163–2170. doi: 10.1080/15548627.2017.1310356

Radenkovic, S., Konjevic, G., Gavrilovic, D., Stojanovic-Rundic, S., Plesinac-Karapandzic, V., Stevanovic, P., et al. (2019). pSTAT3 expression associated with survival and mammographic density of breast cancer patients. Pathol. Res. Pract. 215, 366–372. doi: 10.1016/j.prp.2018.12.023

Radenkovic, S., Konjevic, G., Isakovic, A., Stevanovic, P., Gopcevic, K., and Jurisic, V. (2014). HER2-positive breast cancer patients: correlation between mammographic and pathological findings. Radiat. Prot. Dosimetry 162, 125–128. doi: 10.1093/rpd/ncu243

Runwal, G., Stamatakou, E., Siddiqi, F. H., Puri, C., Zhu, Y., and Rubinsztein, D. C. (2019). LC3-positive structures are prominent in autophagy-deficient cells. Sci. Rep. 9:10147. doi: 10.1038/s41598-019-46657-z

Santos, J. C., Lima, N. D. S., Sarian, L. O., Matheu, A., Ribeiro, M. L., and Derchain, S. F. M. (2018). Exosome-mediated breast cancer chemoresistance via miR-155 transfer. Sci. Rep. 8:829. doi: 10.1038/s41598-018-19339-5

Schickel, R., Boyerinas, B., Park, S. M., and Peter, M. E. (2008). MicroRNAs: key players in the immune system, differentiation, tumorigenesis and cell death. Oncogene 27, 5959–5974. doi: 10.1038/onc.2008.274

Semina, S. E., Scherbakov, A. M., Vnukova, A. A., Bagrov, D. V., Evtushenko, E. G., Safronova, V. M., et al. (2018). Exosome-Mediated Transfer of Cancer Cell Resistance to Antiestrogen Drugs. Molecules 2018:23. doi: 10.3390/molecules23040829

Son, F., Umphred-Wilson, K., Shim, J. H., and Adoro, S. (2019). Assessment of ESCRT Protein CHMP5 Activity on Client Protein Ubiquitination by Immunoprecipitation and Western Blotting. Methods Mol. Biol. 1998, 219–226. doi: 10.1007/978-1-4939-9492-2_16

Soni, M., Patel, Y., Markoutsa, E., Jie, C., Liu, S., Xu, P., et al. (2018). Autophagy, Cell Viability, and Chemoresistance Are Regulated By miR-489 in Breast Cancer. Mol. Cancer Res. 16, 1348–1360. doi: 10.1158/1541-7786.Mcr-17-0634

Sun, Y. S., Zhao, Z., Yang, Z. N., Xu, F., Lu, H. J., Zhu, Z. Y., et al. (2017). Risk Factors and Preventions of Breast Cancer. Int. J. Biol. Sci. 13, 1387–1397. doi: 10.7150/ijbs.21635

Tadokoro, H., Umezu, T., Ohyashiki, K., Hirano, T., and Ohyashiki, J. H. (2013). Exosomes derived from hypoxic leukemia cells enhance tube formation in endothelial cells. J. Biol. Chem. 288, 34343–34351. doi: 10.1074/jbc.M113.480822

Takahasi, K., Iinuma, H., Wada, K., Minezaki, S., Kawamura, S., Kainuma, M., et al. (2018). Usefulness of exosome-encapsulated microRNA-451a as a minimally invasive biomarker for prediction of recurrence and prognosis in pancreatic ductal adenocarcinoma. J. Hepatob. Pancreat. Sci. 25, 155–161. doi: 10.1002/jhbp.524

Tekirdag, K. A., Korkmaz, G., Ozturk, D. G., Agami, R., and Gozuacik, D. (2013). MIR181A regulates starvation- and rapamycin-induced autophagy through targeting of ATG5. Autophagy 9, 374–385. doi: 10.4161/auto.23117

Teo, W. W., Merino, V., Cho, S., Korangath, P., and Sukumar, S. (2015). Abstract 1526: HOXA5 inhibits cell plasticity and stemness in breast cancer cells by reinforcing epithelial traits. Cancer Res. 75, 1526–1526. doi: 10.1158/1538-7445.AM2015-1526

Teufelsbauer, M., Rath, B., Moser, D., Haslik, W., Huk, I., and Hamilton, G. (2019). Interaction of Adipose-Derived Stromal Cells with Breast Cancer Cell Lines. Plast Reconstr. Surg. 144, 207e–217e. doi: 10.1097/prs.0000000000005839

Vakhshiteh, F., Atyabi, F., and Ostad, S. N. (2019). Mesenchymal stem cell exosomes: a two-edged sword in cancer therapy. Int. J. Nanomed. 14, 2847–2859. doi: 10.2147/IJN.S200036

Waks, A. G., and Winer, E. P. (2019). Breast Cancer Treatment: A Review. JAMA 321, 288–300. doi: 10.1001/jama.2018.19323

Wang, Y., Wang, M., Abarbanell, A. M., Weil, B. R., Herrmann, J. L., Tan, J., et al. (2009). MEK mediates the novel cross talk between TNFR2 and TGF-EGFR in enhancing vascular endothelial growth factor (VEGF) secretion from human mesenchymal stem cells. Surgery 146, 198–205. doi: 10.1016/j.surg.2009.04.013

Xu, H. D., and Qin, Z. H. (2019). Beclin 1, Bcl-2 and Autophagy. Adv. Exp. Med. Biol. 1206, 109–126. doi: 10.1007/978-981-15-0602-4_5

Xu, J., Camfield, R., and Gorski, S. M. (2018). The interplay between exosomes and autophagy - partners in crime. J. Cell Sci. 131:215210. doi: 10.1242/jcs.215210

Zhai, H., Fesler, A., and Ju, J. (2013). MicroRNA: a third dimension in autophagy. Cell Cycle 12, 246–250. doi: 10.4161/cc.23273

Zhang, L., Huang, L. S., Chen, G., and Feng, Z. B. (2017). Potential Targets and Clinical Value of MiR-224-5p in Cancers of the Digestive Tract. Cell Physiol. Biochem. 44, 682–700. doi: 10.1159/000485281

Zhao, H., Bi, T., Qu, Z., Jiang, J., Cui, S., and Wang, Y. (2014). Expression of miR-224-5p is associated with the original cisplatin resistance of ovarian papillary serous carcinoma. Oncol. Rep. 32, 1003–1012. doi: 10.3892/or.2014.3311

Zheng, X., Tang, H., Zhao, X., Sun, Y., Jiang, Y., and Liu, Y. (2017). Long non-coding RNA FTH1P3 facilitates uveal melanoma cell growth and invasion through miR-224-5p. PLoS One 12:e0184746. doi: 10.1371/journal.pone.0184746

Zhu, H., Wu, H., Liu, X., Li, B., Chen, Y., Ren, X., et al. (2009). Regulation of autophagy by a beclin 1-targeted microRNA, miR-30a, in cancer cells. Autophagy 5, 816–823. doi: 10.4161/auto.9064

Zhu, W., Huang, L., Li, Y., Zhang, X., Gu, J., Yan, Y., et al. (2012). Exosomes derived from human bone marrow mesenchymal stem cells promote tumor growth in vivo. Cancer Lett. 315, 28–37. doi: 10.1016/j.canlet.2011.10.002


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Wang, Wang, Zhao, Chen, Lin, Zhang and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fcell-09-679185-g002.jpg
hucMSC hucMSC-exo
— —.

- -
L —

v
on *
g B 3 3 RN
Z C © = %
I
© < 2. e
=11 Y &
196 M ' “@.
s SRS Y,
A v
o8 ﬂV
= -
12 % %,
9€L (>
102 i ; . : | ()
099 N = S
965 A >
o uo1ssaadxd

dg-pzTyIu dAnEy

Diluent (nm)

b o
¥ «v,
£ 8838888 §-° %
s 288 :228¢ ¢ %
$ 283 g8 8 ¢ % m.,?
(Jwysajonaed) uonesyuasuon &Q \Asx
(01} SR Y,
f &nv ¥
% ﬁvwv
Q 7,
%, “@
a w; — v, o &v
- (—]
uo1ssaa1dxd

a dg-pzzyIu dAneRYy






OPS/images/fcell-09-679185-g001.jpg
Relative miR224-5p expression ¢y

< 7 ——— B 5 —_—
g . z .
£ AAA < 41 .:'
o A £ Soyo® N
" =4 Adasaat v = 022G AL
S '% AAaafaaqst § 2 7 ee%50 0% ala
9 g s cé g Gl
g5 ] R T Z2{ "Wl g
= = 14
g0 T T 0 T T
Normal Tumor Normal Tumor
D E
25 5 1.2 P 5
= $
2 Z .
2 i g ) & 4 -
Z 08 b g
1.5 w <23
bt s = 8
e 0.6 %; o s
s &
1 =] * T %2
= 04 o e ©
£
0.5 E 0.2 ,:_‘; 1
9 % - T T e e
NP > b & A N cz:’ > A 5
o &bn %Q' ‘b \c’ e Q, & Q NJ Relative miR-224-5p mRNA
@O » % g Pﬁ\éc @(’ <+ ?ﬁ\ & yﬁ\ QQC expression

&





OPS/images/fcell-09-679185-g004.jpg
Control

MCF-7

)
q
o)
=
<
a
=

MCF-7

LC3-I1 SSUSunSun iy S——

p(,z ——— e —

Beclin-1 o e s s s

l},,\din ———— — —

Relative expressiom

MCF-7

LC3-IT

miR-224-5p-exo

C
" l(_'ontrul MDA-MB-231
.X0
» NC-ex0 LC3-IT s v v o e e
= miR-224-5p-exo
» in-NC-exo 62 - - - ——— -
in-miR-224-5p-exo Y
Beclin-1 s o e 99 o oo
o B B-Actin y—--.--
| 4
# RIPCIPTIPCI
\ O\o“ P o
! PR s
Beclin-1 3 »
o &

W

Relative expressiom

in-NC-Exo

2
1.5

1
0.5

0

MDA-MB-231

l(3]l

in-miR-224-5p-exo

= Control

= NC-exo

= miR-224-5p-exo

= in-NC-exo
in-miR-224-5p-exo

*ok
Il
#
|

Beclin-1






OPS/images/fcell-09-679185-g003.jpg
-
n

Cell Viability
o

—a- Control

-+ Exo

-4 NC-exo
——miR-224-5p-exo

—u - in-NC-exo

-=-- in-miR-224-5p-exo

1.5

Cell Viability
—

MDA-MB-231

0.5 0.5 - A
L
0 ‘ 0 : ‘
0 1 2 3 0 1 2 3
Time (days) Time (days)
¢ MCF-7 D
Control Exo NC-exo miR-224-5p-exo

vy,

in-NC-exo in-miR-224-5p-exo

—a- Control

-+ Exo

-4 NC-exo
—e—miR-224-5p-exo
—u - in-NC-exo

* -=- in-miR-224-5p-exo

MCF-7
"MDA-MB-231

g 2 & | ****
£ I
215
>
E 11 & I I &
5] # 4
MDA-MB-231 o 05 I
Control Exo NC-exo miR-224-5p-exo in-NC-exo in-miR-224-5p-exo E 0. . . . !
S S i B - . ] M o o o
: . & > P & & 2N
& A $0 P $C,c & o
C N i S
& W &nﬁ‘
® « &
E MCF-7 F MCF-7
_ NC-exo mlR 224 Sp-exo m—NC -exo in- mlR 224 ip D) "MDA-MB-231
i B O K o }m 5 o L 20 Hh
b3
! £
o 2
MDA-MB-231 g_ 5
Control Exo NC-exo mlR—224 ip -ex0 m—NC -exo in- mlR 224 ﬁp exo \t 0
3 an & ™) GRS 19w)| o Tow) T aoma s 10 21%) QLR 6T™) 1-URi 12 20%) © T
" 2 B i & ,z 5 ,2$°
: $° w"Q s" £
Ay (2 :ﬂa
&S
R\






OPS/images/fcell-09-679185-g006.jpg
1.5
= T —
2 s
=10 soo{
=1 = - inmR2245pex0
s :
2 < s00:
505 *x g
E K
.3 E 400
2 Exo
0.0 200-
S O & \L
SR
()0 .e ’QJQ 0d 10d 17d 24d
&
2V Days
&
-«
E Control Exo F
| LOR D | Q.
p62 o —
Beclin-1

31d

£
=l
S
»
P
g
=
=
=
)
o
-
z

Relat

D
1.2
-3
w
3
Q23 E 0.8
Xz
Eg
2204
o s v
=
<
&0
38d 454 cp&‘n\
= Control
2.5 #Exo
¥ in-NC-exo %
2  ®=in-miR-224-5p-exo
1.5
1 = + olle 2
0.5 " I I I**
o AENN NE B
LC3-1I p62 Beclin-1






OPS/images/fcell-09-679185-g005.jpg
A

8 o @ @ ©

M@ B

® @ HOXAS-MUT  §-UACUAAGCACTGAAU-3’
Foflis HOXAS-WT  §-UACUAAGGUGACUUU-3’

A LI
A’; 3 hsa-miR-224-5p 3’-UGGUGAUCACUGAAC-5’
K.4
@ Y
TargetScan C.25 A‘(

D E
MCF-7 MDA-MB-231 = = MFC-7 = MFC-7
120 120 <+ 6 ®MDA-MB-231 .. v, 6 ®WMDA-MB-231 __ swx
% g m ew §
§100 T g 100 Qﬁ; 5 g 5
2 80 £ 80 E_4 z 4
= 2 ° 2 ST
o 60 o 60 o 88 3 ) E
£ 40 € 40 g 2 s 2
S S S 2
z 20 x 20 _: 1 = 1
0 - . 0 - .. S £ o
NC Mlmlcs NC Mlmlcs NC Mimics NC Mimics
HOXAS-WT HOXAS-MUT HOXAS5-WT HOXAS-MUT ‘)Qi
F ##
MCF-7 MDA-MB-231 E 2 mmrcy #
z 15 = MDA-MB-231
HOXAS = == o= v e a0 — —— — — 2
21
@
B-Actin o - - ——— - - g 0.5 I I l n
\Y <0 40 <O 0 °\ <0 <0 40 $0 <O
sO B0 24N> & & & &
™ %C = é:: ee % ¥ 5 ; Y
& & «\& &

R R






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		miR-224-5p Carried by Human Umbilical Cord Mesenchymal Stem Cells-Derived Exosomes Regulates Autophagy in Breast Cancer Cells via HOXA5



		INTRODUCTION



		MATERIALS AND METHODS



		Collection and Processing of Clinical Samples



		Extraction and Identification of hUCMSCs-Derived Exosomes



		Cell Transfection and Culture



		MTT Assay



		Colony Formation Assay



		Flow Cytometry



		Immunofluorescence Staining



		RNA-Binding Protein Immunoprecipitation Assay



		Luciferase Reporter Gene Assay



		RT-qPCR



		Western Blot



		Establishment of Breast Cancer Xenografts in Nude Mice



		Immunohistochemical Staining (IHC)



		Statistical Analysis







		RESULTS



		Up-Regulation of miR-224-5p Expression and Down-Regulation of HOXA5 Expression in Breast Cancer



		Identification of hUCMSCs-Derived Exosomes



		Promotion of the Development of Breast Cancer Cells by miR-224-5p Carried by hUCMSCs-Derived Exosomes



		Promotion of Autophagy in the Breast Cancer Cells by miR-224-5p Carried by hUCMSCs-Derived Exosomes



		HOXA5 as a Target of miR-224-5p



		Promotion of Growth of Breast Cancer in vivo by miR-224-5p Carried by hUCMSCs-Derived Exosomes







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		ACKNOWLEDGMENTS



		REFERENCES

















OPS/images/cover.jpg
, frontiers

in Cell and Developmental Biology

miR-224-5p Carried by Human
Umbilical Cord Mesenchymal
Stem Cells-Derived Exosomes
Regulates Autophagy in Breast Cancer
Cells via HOXAS5





OPS/images/fcell-09-679185-t001.jpg
Characteristic

Age (years)
>50

<50
TNMstage
|

M

Lymph node metastasis
No

Yes

Molecular classification
Luminal A

Luminal B (HER-2 (-))
Luminal B (HER-2 (+))
Her-2 (+)

Basal-like

7 (23.3)
12 (40)
11 (36.7)









OPS/images/logo.jpg
, frontiers
in Cell and Developmental Biology





