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INTRODUCTION 
 

Glioblastoma (GBM) is the most common primary 

malignant brain tumor in adults [1]. Gliomas are 

classified by the World Health Organization (WHO) 

grades of I-IV based on their histology and malignant 

behavior. GBM is the most aggressive form, and the 

overall survival (OS) for patients is relatively short (less 

than 1–1.5 years) [2, 3]. GBM treatment options include 

surgical resection, radiotherapy, and combined 

temozolomide (TMZ) chemotherapy. However, the 

clinical efficacy of these approaches is not great [4]. 

Therefore, to find more effective targets for GBM 

therapies, it is necessary to explore novel mechanisms 

of GBM progression. 

MicroRNAs (miRNAs) can achieve physiological or 

pathological effects by binding to the 3'-untranslated 

region (3'-UTR) or open reading frames (ORFs) of their 

target mRNAs [5]. Almost 2588 mature miRNAs have 

been identified in humans. A number of miRNAs are 

expressed differentially in benign and malignant tumors, 

including GBM [6, 7]. The regulatory functions of 

miRNAs play a critical role in GBM by affecting cell 

proliferation [8], apoptosis [9], drug resistance [10], and 

metastasis [11]. Our previous studies indicated that 

several miRNAs could mediate GBM progression [12–

15]. miR-512-5p was recently reported as an anti-

oncogene in non-small cell lung carcinoma [16] and 

gastric carcinoma [17]. However, the expression of miR-

512-5p and its potential role in GBM progression are not 
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ABSTRACT 
 

In this study, we demonstrate that bone mesenchymal stem cell (BMSC)-derived exosomes alter tumor 
phenotypes by delivering miR-512-5p. miR-512-5p was downregulated in glioblastoma tissues and cells, and 
Jagged 1 (JAG1) was the target gene of miR-512-5p. We clarified the expression patterns of miR-512-5p and 
JAG1 along with their interactions in glioblastoma. Additionally, we observed that BMSC-derived exosomes 
could contain and transport miR-512-5p to glioblastoma cells in vitro. BMSC-derived exosomal miR-512-5p 
inhibited glioblastoma cell proliferation and induced cell cycle arrest by suppressing JAG1 expression. In 
vivo assays validated the in vitro findings, with BMSC-exosomal miR-512-5p inhibiting glioblastoma growth 
and prolonging survival in mice. These results suggest that BMSC-derived exosomes transport miR-512-5p 
into glioblastoma and slow its progression by targeting JAG1. This study reveals a new molecular 
mechanism for glioblastoma treatment and validates miRNA packaging into exosomes for glioblastoma cell 
communication. 
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known. In our study, the downregulation of miR-512-5p 

in GBM tissues and cells provided important clues on the 

alteration of GBM progression. The underlying 

mechanism of miR-512-5p in GBM progression was 

further investigated both in vitro and in vivo. 

 

JAG1 is a cell surface ligand that primarily acts through 

the highly conserved Notch signal pathway, which 

influences tumor development [18, 19]. JAG1 was first 

discovered in breast cancer patients, and high JAG1 

expression implied significantly shorter overall survival 

[20]. Some research indicated that miRNAs mediate the 

Notch signal pathway to regulate tumor cell invasion 

[21], epithelial-mesenchymal transition (EMT) [22], and 

treatment resistance [23, 24]. Moreover, the upregulation 

of JAG1 can promote the malignant progression of 

glioma [25, 26]. Exosomes are a subtype of extracellular 

vesicle (EV) with a lipid bilayer ranging from 30–150 

nm. They are naturally released by all cell types, and 

shed into various biological fluids such as urine, plasma, 

and serum [27]. Recent studies reported that exosomes 

could transfer miRNAs to recipient cells, which can alter 

their biological function [28]. Bone mesenchymal stem 

cells (BMSCs) can home to tumor areas after intravenous 

injection and engineered BMSCs may be effective 

vehicles for delivering therapeutic agents to glioma. 

Interestingly, current evidence suggests that exosomes of 

BMSCs are an effective treatment for glioma [29]. Based 

on the previous studies, we hypothesized that BMSC 

exosomes could deliver miR-512-5p to GBM and 

investigated the potential mechanism.  

 

RESULTS 
 

miR-512-5p is poorly expressed in GBM specimens 

and cell lines 

 

The miRNA expression dataset of glioma was obtained 

from the Chinese Glioma Genome Atlas (CGGA) 

database (n = 198). According to the WHO Classification 

of glioma, the level of miR-512-5p in different grades of 

glioma was negatively correlated with the degree of 

malignancy (Figure 1A). The miR-512-5p levels in 

glioma tissues (WHO I, n = 7; WHO II, n = 26; WHO III, 

n = 10; WHO IV, n = 28) and non-tumor brain tissues 

(NBT, n = 8) were determined by RT-qPCR and FISH. 

miR-512-5p expression was significantly lower in high-

grade glioma (HGG) tissues compared with low-grade 

glioma (LGG) tissues (Table 1, p = 0.0027). Moreover, 

FISH assays revealed that miR-512-5p expression was 

lower in GBM tissues compared to NBT (Figure 1B). We 

also measured miR-512-5p expression in GBM cell lines 

(U87, U251, A173, T98, LN229) and a NHA cell line by 

RT-qPCR, and found that miR-512-5p expression was 

downregulated in the GBM cell lines (Figure 1C). Taken 

together, our results indicate that miR-512-5p has 

decreased expression in GBM.  

 

Overexpression of miR-512-5p inhibits GBM cell 

proliferation and causes cell cycle arrest 

 

To explore the biological significance of miR-512-5p in 

GBM, we performed gain- and loss-of-function 

experiments in the U87 and LN229 cell lines. As shown 

in Figure 2A, the U87 and LN229 cell lines were 

successfully transfected with miR-512-5p and anti-miR-

512-5p. Furthermore, we performed CCK-8, EdU, 

colony formation, and flow cytometry assays to 

evaluate the role of miR-512-5p in GBM cell 

proliferation and cell cycle. Upregulation of miR-512-

5p expression significantly inhibited cell proliferation 

and cell cycle G1-S phase transition in U87 cells, 

whereas downregulation of miR-512-5p increased cell 

proliferation and cell cycle G1-S phase transition in 

LN229 cells (Figure 2B–2D). Western blotting analysis 

of G1-arrest-relevant cell cycle regulators confirmed the 

causes of miR-512-5p-mediated G1-S phase cell cycle 

arrest. Western blotting analysis also showed that cell 

 

 
 

Figure 1. miR-512-5p is poorly expressed in GBM specimens and cell lines. (A) miR-512-5p expression in glioma tissues from the CCGA 

database as determined by RT-qPCR. (**p < 0.01, Student's t-test) (B) miR-512-5p expression in non-tumor brain tissues (NBTs) and GBM tissues 
as detected by FISH (200 ×). (C) miR-512-5p expression in five GBM and NHA cell lines as determined by RT-qPCR. (*p < 0.05, **p < 0.01, one-
way ANOVA, compared NHA with GBM cell lines). Data are represented as the mean ± standard deviation of three independent experiments. 
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Table 1. Correlation between the clinicopathologic characteristics and miR-512-5p expression in glioma (n = 71). 

Variables n 
miR-512-5p expression 

P-Value 
low (0&1) high (2&3) 

Ages    0.1081 

≤ 50 30 13 17  

> 50 41 15 26  

Genders     0.488 

Female 27 10 17  

Males 44 18 26  

Tumor differentiation    0.0027 

I/II 33 6 27  

III/IV 38 22 16  

 

cycle-regulated proteins including CDK4, CDK6, and 

Cyclin D1 were downregulated in U87 with miR-512-

5p overexpression, while inhibition of miR-512-5p led 

to CDK4, CDK6, and Cyclin D1 upregulation (Figure 

2E). These results propose that miR-512-5p over-

expression inhibits cell proliferation and induces cell 

cycle arrest in GBM cells. 

 

miR-512-5p targets JAG1  

 

The bioinformatics databases (Targetscan, miRinda, and 

miRWalK) were used to predict the potential target genes 

of miR-512-5p. A Venn diagram depicts the overlap of 

commonly targeted miR-512-5p genes based on 

information from the databases (Figure 3A). Among 

them, JAG1 was identified as a potential gene of miR-

512-5p. The target binding site of miR-512-5p in the 

JAG1 3'-UTR was predicted by Targetscan (Figure 3B) 

and confirmed by dual luciferase reporter gene assays, 

which showed that miR-512-5p overexpression inhibited 

luciferase activity of the wild type (WT) group in U87 

cells, while luciferase activity of the mutant (MUT) 

group remained unchanged (Figure 3C). Conversely, 

miR-512-5p silencing increased luciferase activity of the 

wild type (WT) group in LN229 cells, while luciferase 

activity of the mutant (MUT) group remained unchanged 

(Figure 3C). Western blotting assays showed that JAG1 

positively correlated with glioma metastasis (Figure 3D). 

We also verified the correlation of miR-512-5p and 

JAG1 expression in glioma tissues (n = 71) and NBTs (n 

= 8) by RT-qPCR and western blotting. Furthermore, the 

Spearman correlation test indicated that JAG1 expression 

was negatively correlated with miR-512-5p expression in 

glioma tissues (Figure 3E) (r = -0.3352 and p = 0.043, 

respectively). Moreover, western blotting assays further 

confirmed that miR-512-5p negatively regulated JAG1 

expression in U87 and LN229 cells. These results imply 

that miR-512-5p overexpression decreases JAG1 

expression in U87 cells, whereas miR-512-5p silencing 
increases JAG1 expression in LN229 cells (Figure 3F). 

Taken together, these findings suggest that JAG1 is a 

downstream target of miR-512-5p in GBM.  

JAG1 mediates the effect of miR-512-5p on GBM 

cells 

 

To investigate whether JAG1 affects the role of miR-

512-5p, we performed rescue experiments by 

transfecting JAG1 and short hairpin RNA (shRNA) in 

U87 and LN229 cells. JAG1 expression was restored 

after overexpressing JAG1 in U87-miR-512-5p cells 

(Figure 4A). JAG1 restoration rescued the inhibitory 

effect of miR-512-5p on cell proliferation and the G1-S 

phase cell cycle in U87-miR-512-5p cells (Figure 4B–

4E). In contrast, silencing JAG1 enhanced the inhibitory 

effect of miR-512-5p on cell proliferation and the G1-S 

phase cell cycle in LN229-anti-miR-512-5p cells 

(Figure 4A–4E). These findings indicate that JAG1 is a 

functional downstream target of miR-512-5p in GBM.  

 

BMSC-exosomal miR-512-5p can be internalized by 

U87 cells 

 

CD44 and CD29 were highly expressed in BMSC while 

CD14 and CD34 were poorly expressed as determined 

by flow cytometry (Figure 5A), indicating successful 

isolation of BMSC. BMSC-derived exosomes were 

confirmed by TEM (Figure 5B) and DLS (Figure 5C) 

after ultracentrifugation. The extracted vesicles were 

spherical and cup-shaped with a diameter of 20–200 

nm. Surface membrane proteins (CD63, CD9, Alix) 

were highly enriched in our isolated exosomes as shown 

by western blotting (Figure 5D). These results confirm 

that our isolated vesicles were exosomes. Notably, both 

BMSC and BMSC-derived exosomes had high miR-

512-5p expression after miR-512-5p transfection 

(Figure 5E). Using fluorescence microscopy, we found 

that BMSC-derived exosomes could be internalized by 

U87 cells (Figure 5F). Exosomes from BMSCs 

transfected with miR-512-5p (BMSC-miR-512-5p-Exo) 

or controls (BMSC-Control-Exo) were incubated with 

U87 cells. This increased miR-512-5p expression but 
decreased JAG1 expression in BMSC-miR-512-5p-Exo 

based on RT-qPCR and western blotting assays (Figure 

5G, 5H).  
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BMSC-exosomal miR-512-5p inhibits GBM cell 

proliferation and causes cell cycle arrest 

 

To further explore whether the exosomes derived from 

BMSC carrying miR-512-5p affects GBM cell function, 

U87 cells were co-cultured with BMSC-derived exosomes 

or PBS. U87 cells co-cultured with BMSC-derived 

exosomes (BMSC-miR-512-5p-Exo or BMSC-Control-

Exo) had inhibited proliferation and G1-S phase cell cycle 

compared to the PBS group based on EdU, colony 

formation, and flow cytometry assays (Figure 6). In 

addition, treatment with BMSC-miR-512-5p-Exo reduced 

cell proliferation and induced cell cycle arrest to a greater 

extent than the BMSC-Control-Exo group. These data 

suggest that BMSCs can deliver miR-512-5p via exosomes 

to regulate GBM cell proliferation and cell cycle. 

 

 
 

Figure 2. Overexpression of miR-512-5p inhibits GBM cell proliferation and causes cell cycle arrest. (A) miR-512-5p expression 

in U87 and LN229 cells determined after transfecting cells with corresponding vectors by RT-qPCR. (B) Cell proliferation activity as 
examined by EdU assays. (200 ×) (C) Cell proliferation activity as examined by colony formation assays. (D) Analysis of cell cycle by flow 
cytometry. (E) G1-arrest-relevant cell cycle regulators determined by western blotting. Data are represented as the mean ± standard 
deviation of three independent experiments. *p < 0.05, **p < 0.01, Student's t-test, compared to the Control group. 
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BMSC-exosomal miR-512-5p inhibits tumor growth 

in vivo 

 

Next, we injected BMSC-miR-512-5p-Exo, BMSC-

Control-Exo, and PBS into nude mice through the tail 

vein. The whole-brain section H&E staining showed 

that the xenograft tumors of the BMSC-derived 

exosomes group were smaller than that of the PBS 

group. The xenograft tumors of the BMSC-miR-512-

5p-Exo group was significantly smaller than the 

BMSC-Control-Exo group (Figure 7A). Furthermore, 

JAG1 and Ki-67 expression was lower in the BMSC-

derived exosomes group relative to the PBS group by 

immunohistochemistry analysis, with expression for 

the BMSC-miR-512-5p-Exo group being significantly 

lower than the BMSC-Control-Exo group (Figure 7B). 

Moreover, bioluminescence imaging of the U87 GBM 

intracranial model showed that it grew more slowly in 

 

 
 

Figure 3. miR-512-5p targets JAG1. (A) Venn diagrams show the targets of miR-512-5p. (B) The predicted miR-512-5p binding site on 
JAG1 3'-UTR (wild type, WT) is shown in red. (C) Dual luciferase reporter assays were used to confirm the binding site of miR-512-5p and 
JAG1. ( n.s, no significance, *p < 0.05, **p < 0.01, Student's t-test, compared to the JAG1-WT group.) (D) JAG1 expression in NBTs (n = 8) and 
glioma tissues (n = 71) as determined by western blotting. (*p < 0.05, Student's t-test) (E) The relationship between miR-512-5p and JAG1 
was performed by Pearson’s correlation test (r = -0.3352, represent inverse relationship). (F) JAG1 expression determined after transfecting 
cells with corresponding vectors by western blotting analysis. *p < 0.05, **p < 0.01, Student's t-test, compared to the Control group. Data 
are represented as the mean ± standard deviation of three independent experiments. 



 

www.aging-us.com 9916 AGING 

the BMSC-derived exosomes group compared to the 

PBS group, and the tumor growth of BMSC-miR-512-

5p-Exo group was significantly slower than the 

BMSC-Control-Exo group (Figure 7C). The survival 

time of nude mice showed that the BMSC-miR-512-

5p-Exo group significantly prolonged survival 

compared to the BMSC-Control-Exo and PBS groups 

(Figure 7D). In conclusion, these results suggest that 

the BMSC-exosomal miR-512-5p inhibits GBM 

growth in vivo. 

 

 
 

Figure 4. JAG1 mediates the effect of miR-512-5p on GBM cells. (A) JAG1 expression determined by western blotting after 

transfecting U87-miR-512-5p or LN229-anti-miR-512-5p cells with JAG1 or sh-JAG1. (B) Cell proliferation activity as examined by EdU 
assays. (200 ×) (C) Cell proliferation activity as examined by colony formation assays. (D) Analysis of cell cycle by flow cytometry. (E) G1-
arrest-relevant cell cycle regulators determined by western blotting. Data are represented as the mean ± standard deviation of three 
independent experiments. *p < 0.05, **p < 0.01, Student's t-test, compared to the Control group. 
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DISCUSSION 
 

Despite aggressive multimodal treatments, the overall 

prognosis for GBM patients is poor [30]. Exosomes 

are important mediators in the crosstalk between GBM 

and the tumor microenvironment [31]. Mesenchymal 

stem cells are considered a foreground treatment due 

to their glioma homing properties and exosome 

production capacity [32, 33]. Recent evidence revealed 

that engineered MSC-derived exosomes regulate 

glioma development [34]. In this study, we found 

down-regulation of miR-512-5p may contribute to 

tumor progression, and further demonstrated that 

BMSC-derived exosomes delivering miR-512-5p 

could suppress GBM progression by negatively 

regulating JAG1. This highlights the potential for 

miR-512-5p to serve as a novel GBM therapeutic 

target. 

 

 
 

Figure 5. BMSC-exosomal miR-512-5p can be internalized by U87 cells. (A) Surface marker proteins of BMSC identified by flow 

cytometry assays. (B) Representative TEM image of BMSC exosomes. (scale bar, 200 μM) (C) Particle size distribution of BMSC exosomes as 
measured by DLS. (D) Exosome surface markers determined by western blotting. (E) miR-512-5p expression found in BMSC and BMSC-
derived exosomes by RT-qPCR after transfection with miR-512-5p or the Control. (F) BMSC-exosomal miR-512-5p internalized by U87 cells. 
(scar bar = 25 μM). (G) miR-512-5p and JAG1 expression determined by RT-qPCR in U87 cells after co-culture with BMSC-derived exosomes 
or PBS. (H) JAG1 expression determined by western blotting in U87 cells after co-culture with BMSC-derived exosomes or PBS. Data are 
represented as the mean ± standard deviation of three independent experiments. *p < 0.05, **p < 0.01, Student's t-test, compared to the 
Control group. 
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Initially, we found that miR-512-5p expression was 

downregulated in glioma from the CGGA dataset. 

Similarly, Ciafrè et al. validated that the expression of 

multiple miRNAs was significantly altered in tumors 

with peripheral brain areas from the same patient [35]. 

We also found that miR-512-5p was downregulated in 

GBM samples and tissues. Overexpressed miR-512-5p 

inhibited cell proliferation and cell cycle G1-S phase 

transition. Poor miR-512-5p expression has been 

exhibited in solid tumors [36, 37]. Zhang et al. 

determined that upregulation of miR-512-5p contributes 

to the reduction of radio-resistance in cervical cancer 

cells by targeting MUC1 [38]. Yang et al. found  

that downregulation of miR-512-5p enhances cell 

proliferation and participates in circ-0004277-mediated 

colorectal cancer cell proliferation [39]. miR-512-5p 

was also able to augment cisplatin-induced apoptosis 

and inhibit cell migration in lung cancer cells by 

targeting TEAD4 [40]. These studies implicate miR-

512-5p involvement in tumor progression, and when 

combined with our data, suggest that miR-512-5p may 

act as an important mediator of tumor progression. 

 

JAG1 is the most classic Notch ligand, which releases 

soluble proteins and regulates the Notch signaling 

pathway by ADAM17-mediated proteolytic cleavage 

[41]. JAG1 upregulation was found in GBM [25], and 

JAG1 silencing inhibited glioma cell proliferation [26]. 

In our study, we predicted the targets of miR-512-5p 

by bioinformatic datasets and constructed the target

 

 
 

Figure 6. BMSC-exosomal miR-512-5p inhibits GBM cell proliferation and causes cell cycle arrest. (A) Cell proliferation activity 

as examined by EdU assays. (200 ×) (B) Cell proliferation activity as examined by colony formation assays. (C) Analysis of cell cycle by flow 
cytometry. (D) G1-arrest-relevant cell cycle regulators determined by western blotting assays. Data are represented as the mean ± standard 
deviation of three independent experiments. *p < 0.05, **p < 0.01, Student's t-test, compared to the Control group. 
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binding site of miR-512-5p in the JAG1 3'-UTR. 

Furthermore, we found that JAG1 was the target of 

miR-512-5p through dual luciferase assays, and JAG1 

was highly expressed in GBM. Knockdown of 

JAG1 inhibited cell proliferation and cell cycle G1-S 

phase transition, and restoration of JAG1 rescued 

the inhibitory effect of miR-512-5p in GBM cells. 

JAG1 downregulation can induce cell cycle arrest to 

the G0 \G1 phase by regulating the binding of 

Notch and cyclin D1 promoter in breast cancer cells 

[42]. Our results also showed that JAG1 silencing 

could decrease cyclin D1 expression. Moreover, cyclin 

D1 is a key mediator in cell cycle regulation by 

binding to cyclin-dependent kinase (CDK4, CDK6) 

[43, 44]. Taken together, these findings suggest that 

miR-512-5p suppresses G1-arrest-relevant cell cycle 

regulators to inhibit GBM progression by targeting 

JAG1.  

 

 
 

Figure 7. BMSC-exosomal miR-512-5p inhibits tumor growth in vivo. (A) Effect of BMSC-exosomal miR-512-5p as determined by HE 

in nude mice. (B) JAG1 and Ki-67 expression as determined by IHC. (scale bar = 50 μM) (C) Tumor growth as determined by bioluminescence 
imaging. after treatment with PBS or BMSC-derived exosomes. (D) Overall survival of nude mice receiving treatment was determined by 
Kaplan-Meier analysis. (n = 15, respectively). (*p = 0.0184, comparing the BMSC-Control-Exo group with the PBS group, #p = 0.0036, 
comparing the BMSC-miR-512-5p-Exo group with the PBS and BMSC-Control-Exo groups, Log-Rank test). 
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Exosomes originate from inside the cell, and genetic 

material is encapsulated during the release process, 

resulting in the exosomes having some genetic 

background of the mother cell [45, 46]. MSC-derived 

exosomes have cell-free therapeutic potential due to 

their safety and low immunogenicity [47]. Exosomes,  

as the vehicles of miRNA participating in cell 

communication, have attracted interest based on their 

potential role for tumor treatment. For example, Zhang 

et al. reported that BMSC-derived exosomal miR-206 

inhibited the proliferation, migration, and invasion of 

osteosarcoma cells and induced their apoptosis [48]. 

Additionally, Wang et al. found that BMSC-derived 

exosomal miR-34 resulted in inhibition of GBM cell 

proliferation, invasion, migration, and tumorigenesis in 

vitro and in vivo [28]. Consistent with these findings, 

we found that BMSC-derived exomosal miR-512-5p 

inhibits GBM cell proliferation and induces cell cycle 

arrest by regulating JAG1. Interestingly, Lang et al. 

found that MSCs can be used as a natural bio-factory to 

produce Exo-miR-124 for glioma treatment [49]. These 

studies have shown that encapsulating miRNA into 

exosomes has a better effect than simply using miRNA, 

probably because exosomes have better stability in the 

body. Our findings confirmed that miR-512-5p 

packaged into MSCs exosomes were internalized by 

U87 cells. We delivered BMSC-miR-512-5p-Exo to 

human GBM xenografts in mice by tail vein injection 

and found that BMSC-derived exosomal miR-512-5p 

inhibited GBM growth. There is evidence that 

exosomes containing miRNAs act as important 

mediators in tumor development [50, 51]. 

In this context, our study demonstrated that 

BMSC exosomes can deliver miR-512-5p into 

GBM cells and inhibit GBM progression by 

targeting JAG1 (Figure 8). These findings provide 

insight into the mechanism of molecular therapy for 

GBM treatment and highlights the potential for 

BMSC-Exo as a vehicle to transport miR-512-5p 

into GBM. 

 

MATERIALS AND METHODS 
 

Public datasets and human tissue samples 

 

MiRNA expression microarray data were downloaded 

from the Chinese Glioma Genome Atlas (CGGA) 

database (http://www.cgga.org.cn/). The target genes 

of miR-512-5p were predicted by the TargetScan 

database (http://www.targetscan.org/vert_71/), the 

miRwalk database (http://mirwalk.umm.uni-

heidelberg.de/) and the miRanda database 

(http://www.miranda.org/). 

 

This study was approved by the Ethics Committee of 

Nanchang University. Clinical samples were collected 

from the Department of Neurosurgery, Second 

Affiliated Hospital of Nanchang University. The glioma 

samples were collected from surgical specimens after 

obtaining consent from the patients (WHO I, n = 7; 

WHO II, n = 26; WHO III, n = 10; WHO IV = 28). 

Non-tumor brain tissues (NBTs, n = 8) were derived 

from the surgical specimens of patients with traumatic 

brain injury. 

 

 
 

Figure 8. Exosomes derived from MicroRNA-512-5p transfected bone mesenchymal stem cell inhibit glioblastoma 
progression by targeting JAG1. BMSC-exosomal miR-512-5p inhibited the expression of JAG1 in GBM, and suppressed cell proliferation 

and G1-S phase cell cycle by inhibiting the expression of CDK4, CDK6 and Cyclin D1. 

http://www.cgga.org.cn/
http://www.targetscan.org/vert_71/
http://mirwalk.umm.uni-heidelberg.de/
http://mirwalk.umm.uni-heidelberg.de/
http://www.miranda.org/
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Table 2. Primer sequences of the genes for RT-qPCR. 

Genes Primer sequences (5′-3′) 

miR-512-5p F: CACTCAGCCTTGAGGGC 
R: AACCAACCAACCACAACAAC 

JAG1 F: GCCGCATCTCACAGCTA 
R: AAGGGGACACACAACCAG 

U6 F: CGCTTCGGCAGCACATATACTAT 
R:CGCTTCACGAATTTGCGTGTCAAT 

GAPDH F: GAACGGGAAGCTCACTGG 
R: GCCTGCTTCACCACCTTCT 

Abbreviations: RT-qPCR, reverse transcription quantitative polymerase chain reaction; F, forward; R, reverse; miR-512-5p, 
microRNA-512-5p; JAG1, Jagg1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase. 
 

Fluorescence in situ hybridization (FISH) and cell 

culture 

 

The miR-512-5p probe 5′…DIG-

GAAAGTGCCCTCAAGGCTGAGTG-DIG…3′ was 

designed and synthesized from Servicebio Technology 

(Wuhan, China). FISH analysis was performed as 

previously described [52]. 

 

Normal human astrocyte (NHA) cell line, and human 

GBM cell lines U87, T98, U251, LN229, and A173 

were obtained from the Cell Bank of the Chinese 

Academy of Science (Shanghai, China), and were 

cultured in Dulbeccos modified eagle medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS), and 

1% penicillin /streptomycin. All cell lines were 

maintained at 37°C with 5% CO2. 

 

Bone Mesenchymal stem cell (BMSC) obtained from 

healthy human bone marrow (BM), the isolation and 

culture of BMSC were performed as previously 

described [29]. The third generation of BMSC was 

isolated and cultured. Mouse anti-human antibodies 

against CD34, CD44, CD14, and CD29 were used to 

identify cell surface antigens by flow cytometry. CD44 

and CD29 were used as markers of BMSC; CD14 and 

CD34 were used as markers for hematopoietic stem 

cells. 

 

Cell transfection 

 
Lentivirus expressing miR-512-5p or anti-miR-512-5p 

was constructed by Genechem (Shanghai, China) using 

Ubi-MCS-SV40-EGFP-IRES-puromycin vector. 

Lentivirus expressing JAG1 or JAG1 shRNA was 

constructed by Genechem (Shanghai, China) using 

CMV-MCS-SV40-Neomycin vector. Briefly, U87, 

LN229 and BMSC were transfected miR-512-5p or 

anti-miR-512-5p with polybrene and enhanced infection 

solution (Genechem, China) to generate stable cell 

lines. These stable cell lines were then used to examine 

the effects of miR-512-5p overexpression. The cells 

were collected and treated after 48 h of transfection. 

 

Protein isolation and western blotting analysis 

 

Total protein isolation and western blotting analysis 

were performed as described previously [53]. The cells 

were collected after transfection or co-culture. The 

antibodies were used included Cyclin D1 (Abcam, UK), 

Ki67 (Abcam, UK), CDK4 (Abcam, UK), CDK9 

(Abcam, UK), CDK63 (Abcam, UK), Alix (Abcam, 

UK), CDK6 (Abcam, UK), GAPDH (Abcam, UK) and 

JAG1 (Abcam, UK). The secondary antibodies 

containing anti-rabbit horseradish peroxidase (HRP) 

and anti-mouse HRP were obtained from Santa Cruz 

Biotechnology (Santa Cruz, CA, USA). 

 

RNA extraction and qRT-PCR 

 

Total RNA was prepared using Total RNA extraction 

kit (Invitrogen, USA). The expression level of miR-

512-5p was determined using a stem-loop-specific 

primer method as previously described [54]. The 

cDNAs were amplified by RT-qPCR using 

SYBR Premix Ex Taq (Takara, USA). Primers 

were purchased from Ribobio (Guangzhou, China), 

and the fold changes in expression were calculated 

by relative quantification (2−ΔΔCt); U6 RNA was used 

as an endogenous control. The primer sequences 

were provided by Ribobio (Guangzhou, China) 

(Table 2). 

 

Cell proliferation assay and cell cycle assay 

 

The GBM cells were seeded in 6-well plates. After 15 

days, each dish was washed using PBS, fixed with 

paraformaldehyde (4%) for 30 min and then stained 

with crystal violet (0.1%). The 5-ethynyl-2-
deoxyuridine (EdU) kit (Ribobio, China) was used to 

estimate proliferation of GBM cells. EdU assay was 

performed as previously described [29]. The GBM cells 
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were cultured in 6-well plates for 24 h. The cell cycle 

was detected using Cell Cycle Staining Kit (Multi 

Sciences, Hangzhou, China) by flow cytometry, the 

protocol was previously described [55]. 

 

Luciferase reporter assay 

 

U87 and LN229 cells were seeded in 24-well plates for 

the luciferase assay. GBM cells were transfected with 

wild-type (WT) or mutant (MUT) plasmids of JAG1 

using Lipofectamine 2000 reagent (Invitrogen, USA). 

After 48 h incubation, the Dual Luciferase Reporter 

Assay Kit (Promega) was used to detect luciferase 

levels of harvested cells. 

 

Exosome purification and characterization 

 

To collect purified exosomes, BMSC was cultured in 

medium with 10% exosome-free FBS for 72 h. Then, 

the exosomes were extracted after 300 g/5 min, 2,000 

g/10 min, 10,000 g/30 min, 100,000 g/70 min. Dynamic 

light scattering (DLS) analysis and transmission 

electron microscopy (TEM) was used to identify the 

size of purified exosomes, the protocol was previously 

described [56].  

 

Exosomes uptake 

 

The exosomes of BMSC were labeled using PKH26 

Fluorescent green Cell Linker Kit (sigma, USA). 

Exosomes were extracted as described above, and then 

exosomes were incubated with U87 cells in the serum-

free medium. After 24 h, the treated cells were fixed 

and stained with DAPI. Confocal fluorescence 

microscope was used to visualize the cellular uptake.  

 

In vivo studies 

 

All animal experiments were approved by the 

Experimental Animal Ethics Committee of Nanchang 

University. Four-week-old nude mice were purchased 

from the Shanghai Experimental Animal Center of the 

Chinese Academy of Sciences. The nude mice were 

randomly divided into 15 mice per group (total mice, n 

= 45). The intracranial GBM was established as 

previously described [57]. Then paraffin-embedded 

tissue sections were determined with haematoxylin–

eosin (H&E) and Immunohistochemistry (IHC). Tumor 

growth was determined by bioluminescence imaging. 

 

Statistical analysis 

 

The statistical analyses were performed with GraphPad 
Prism 7. Student’s t-test, or one-way analysis of variance 

(ANOVA) was used to compare the means difference of 

two groups or multiple groups, respectively. Kaplan–

Meier analysis (log-rank test) was used to determine nude 

mice`s overall survival. P < 0.05 (*) were considered to 

be statistically significant, and the data were presented as 

the mean ± standard deviation (SD) in all results. 

Pearson's correlations analysis was used to analyse the 

correlation between expression level of miR-512-5p and 

JAG1 protein in glioma tissues.  
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