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INTRODUCTION 
 

Glioma is the most common cancer of the central 

nervous system, and accounts for nearly 80 percent of 

all primary brain tumors [1, 2]. Glioma is a highly 

aggressive and invasive cancer characterized by poor 

prognosis and high mortality rates [3, 4]. According to 

the World Health Organization (WHO) criteria, glioma 

is classified into four grades: (1) pilocytic astrocytoma 

or grade I; (2) diffuse astrocytoma or grade II; (3) 

anaplastic astrocytoma or grade III; and (4) glio-

blastoma (GBM) or grade IV [5]. Surgery, 

chemotherapy, and radiotherapy are the main treatment 

strategies currently available for glioma patients [6, 7]. 

Despite advances in treatment strategies, prognosis  

and survival rates of patients with glioma remain 

unsatisfactory [8]. Cancer stem cells (CSCs) are highly 

resistant to chemotherapy and radiotherapy [9]. Glioma 

stem cells (GSCs) are associated with resistance to 

chemo- and radio-therapies and high recurrence rates of 

gliomas [10, 11]. GSCs promote glioma growth, 

progression, and angiogenesis [12]. Angiogenesis plays 

a crucial role in the development of gliomas because the 

tumor vasculature is necessary for supplying nutrients 

and oxygen to sustain glioma cell growth and survival 

[13]. However, the role of GSCs in angiogenesis is not 

fully understood. 

 

Exosomes are small extracellular vesicles with sizes 

between 50–150 nm that are secreted by most cell types 

including stem cells and cancer cells [14, 15]. 

Exosomes serve as vehicles for transporting growth 

factors, signaling lipids, mRNAs, micro-RNAs 

(miRNAs), and long noncoding RNAs (lncRNAs) to 

recipient cells [16]. MiRNAs are small non-coding 

RNAs (20-24 nucleotides in length) that repress gene 
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ABSTRACT 
 

In this study, we investigated the regulatory role of exosomal microRNA-944 (miR-944) derived from glioma stem 
cells (GSCs) in glioma progression and angiogenesis. Bioinformatics analysis showed that miR-944 levels were 
significantly lower in high-grade gliomas (HGGs) than low-grade gliomas in the Chinese Glioma Genome Atlas and 
The Cancer Genome Atlas datasets. The overall survival rates were significantly shorter for glioma patients 
expressing low miR-944 levels than high miR-944 levels. GSC-derived exosomal miR-944 significantly decreased in 
vitro proliferation, migration, and tube formation by human umbilical vein endothelial cells (HUVECs). Targetscan 
and dual luciferase reporter assays demonstrated that miR-944 directly targets the 3’UTR of VEGFC. In vivo mouse 
studies demonstrated that injection of agomiR-944 directly into tumors 3 weeks after xenografting glioma cells 
significantly reduced tumor growth and angiogenesis. GSC-derived exosomal miR-944 significantly reduced VEGFC 
levels and suppressed activation of AKT/ERK signaling pathways in HUVECs and xenograft glioma cell tumors. 
These findings demonstrate that GSC-derived exosomal miR-944 inhibits glioma growth, progression, and 
angiogenesis by suppressing VEGFC expression and inhibiting the AKT/ERK signaling pathway. 
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expression by binding to the 3′ UTR of their target 

mRNAs [17]. MiRNAs play a critical role in growth 

and progression of gliomas [18]. Exosomal miRNAs 

regulate proliferation, apoptosis, invasion, and 

angiogenesis of several types of tumor cells [19]. Wang 

et al. reported that exosomal miR-26a derived from the 

GSCs promotes angiogenesis of human brain 

microvascular endothelial cells in glioma patients [20]. 

Exosomal miRNAs also serve as potential diagnostic 

and prognostic biomarkers of gliomas [21]. Therefore, 

identifying differentially expressed miRNAs (DEMs) is 

critical in further understanding the pathogenesis and 

prognosis of gliomas. 

 

In the present study, we compared miRNA expression 

profiles of low-grade glioma (LGG) and HGG patients 

from the Chinese Glioma Genome Atlas (CGGA) and 

The Cancer Genome Atlas (TCGA) databases to 

identify DEMs. Our data demonstrated that low 

expression of miR-944 was closely associated with poor 

survival and microvascular density in glioma patients. 

Therefore, we investigated potential underlying 

mechanisms by which exosomal miR-944 derived from 

GSCs regulated glioma angiogenesis and progression 

using HUVECs in vitro and in vivo xenograft glioma 

model mice. 

 

RESULTS 
 

MiR-944 is downregulated in glioma cells and 

associated with angiogenesis 
 

We analyzed the miRNA sequencing data for low-grade 

glioma (LGG) and high-grade glioma (HGG) patients 

from CGGA and TCGA databases. The results showed 

256 DEMs (99 up-regulated and 157 down-regulated) in 

the CGGA-glioma dataset (Figure 1A) and 137 DEMs 

(19 up-regulated and 118 down-regulated) in the 

TCGA-glioma dataset (Figure 1B). As shown in the 

Venn diagram in Figure 1C, 1 up-regulated miRNA and 

 

 
 

Figure 1. Identification of differentially expressed miRNAs in gliomas from CGGA and TCGA datasets. (A, B) Volcano plots show 
upregulated (red dots) and downregulated (blue dots) miRNAs in the glioma datasets from (A) CGGA and (B) TCGA databases. (C) Venn 
diagram shows the numbers of upregulated and downregulated miRNAs or DEMs that are common to both CGGA and TCGA datasets. (D) 
Kaplan-Meier survival curves show overall survival of glioma patients with low (n=114; blue line) or high (n=76; red line) miR-944 expression 
in the CGGA dataset. (E) RT-qPCR analysis shows miR-944 expression in glioma tissues and adjacent normal tissues. **P < 0.01 vs. Normal 
group. (F) RT-qPCR analysis shows miR-944 expression in HA1800 cells and human glioma cell lines, T98G, SHG44, U87MG, and U251MG. **P 
< 0.01 compared to the HA1800 group. (G) Immunohistochemical (IHC) staining results show CD31 staining of xenograft glioma cell tumor 
tissues derived from subcutaneous injections of SHG44 cells into nude mice. As shown, positive CD31 staining shows microvessel density in 
control, agomiR-944- or agomiR-NC-injected xenograft glioma cell tumors at 3 weeks. The tumors were directly injected with 50 nM agomiR-
944 or agomiR-NC, twice every week for 3 weeks. **P < 0.01 vs. control group. 
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18 down-regulated miRNAs were common among the 

CGGA and TCGA datasets. Kaplan-Meier survival 

curve analysis showed that overall survival rates of 

glioma patients in the CGGA dataset with low miR-944 

levels (n=114) were significantly shorter than those 

with higher miR-944 levels (n=76) (Figure 1D). In 

addition, miR-944 level was significantly upregulated in 

glioma tissues compared with that in adjacent normal 

tissues (Figure 1E). Next, we examined the levels of 

miR-944 in four human glioma cell lines, T98G, 

SHG44, U87MG, and U251MG in comparison with the 

human cortical astrocyte cell line, HA1800. RT-qPCR 

results showed that miR-944 levels were significantly 

downregulated in SHG44, U87MG, and U251MG cells 

compared to the HA1800 cells (Figure 1E). Since the 

expression of miR-944 was lowest in SHG44 cells, we 

used them for subsequent experiments. Moreover, IHC 

results demonstrated that microvessel density (MVD) 

was significantly reduced in the xenograft glioma 

tumors derived from the miR-944 agomir group mice 

compared to the agomiR-NC group mice (Figure 1F). 

These data suggested that miR-944 expression regulated 

angiogenesis in gliomas. 

Overexpression of miR-944 inhibited proliferation, 

migration and angiogenesis of HUVECs 

 

We then investigated the effects of miR-944 

overexpression or silencing on the angiogenesis of 

HUVECs. HUVECs transfected with miR-944 agomir 

showed significantly higher levels of miR-944 

compared to agomir-NC-transfected HUVECs; 

moreover, HUVECs transfected while miR-944 

antagomir showed significantly lower levels of miR-944 

(Figure 2A). Furthermore, miR-944 overexpression 

significantly reduced viability and proliferation (Figure 

2B–2D) and in vitro migration (Figure 2E, 2F) of 

HUVECs compared to the agomir-NC-transfected 

HUVECs. Moreover, in vitro tube formation assay 

results demonstrated that miR-944 overexpression 

significantly reduced branch points and miR-944 

silencing significantly increased branch point formation 

in HUVECs (Figure 3A, 3B). We also observed that 

overexpression of miR-944 significantly decreased 

VEGF, angiogenin-1, MMP9, and MMP14 protein 

levels, whereas, miR-944 knockdown significantly 

increased VEGF, angiogenin-1, MMP9, and MMP14 

 

 
 

Figure 2. Overexpression of miR-944 inhibits proliferation and migration of HUVECs. (A) RT-qPCR analysis shows miR-944 
expression in blank control, and agomiR-NC, agomiR-944, and antagomiR-944-transfected HUVECs. (B) CCK-8 assay results show viability of 
blank control, agomiR-NC-, agomiR-944-, and antagomiR-944-transfected HUVECs. (C, D) Immunofluorescence assay results demonstrate 
staining of blank control, and agomiR-NC-, agomiR-944-, and antagomiR-944-transfected HUVECs with anti-Ki67 antibody to determine the 
percentage of Ki67-positive HUVECs. Note: Ki67 is a proliferation marker. (E, F) Transwell migration assay results demonstrate the migration 
ability of blank control, and agomiR-NC-, agomiR-944-, and antagomiR-944-transfected HUVECs. **P < 0.01 vs. NC group. HUVECs, human 
umbilical vein endothelial cells; NC, negative control. 
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protein levels in HUVECs (Figure 3C–3G). These 

results demonstrated that overexpression of miR-944 

suppressed in vitro proliferation, migration and 

angiogenesis of HUVECs. 

 

MiR-944 is downregulated in GSCs 

 

GSCs express CD133 and display stem cell properties 

such as self-renewal and multi-lineage differentiation 

[22, 23]. Therefore, we isolated CD133
+
 GSCs from 

SHG44 cells using flow cytometry. The percentage of 

CD133
+
 cells was 81.4 % in the GSCs and 19.2% in 

the SHG-44 cells (Figure 4A, 4B). RT-qPCR analysis 

showed that miR-944 levels were significantly 

reduced in the GSCs compared to the SHG44 cells 

(Figure 4C). 

 

GSCs transfer miR-944 to HUVECs by exosomes 

 

Several studies have shown that tumor cell-derived 

exosomal miRNAs regulate functions of recipient cells 

[24]. Therefore, we investigated if GSC-derived miR-

944 was transferred to the HUVECs via exosomes. 

Towards this, we overexpressed miR-944 in the GSCs 

(GSC/agomiR-944) and isolated exosomes from the 

conditioned medium (CM) of GSC/agomiR-944. We 

performed NTA analysis to determine to characterize 

the isolated exosomes (Figure 4D). Western blot 

analysis showed enrichment of CD63 in the purified 

exosomes (Figure 4E, 4F). RT-qPCR analysis showed 

that miR-944 levels were significantly higher in 

agomiR-944-transfected GSCs and GSC/agomiR-944-

derived exosomes compared to agomiR-NC-transfected 

GSCs (GSC/agomiR-NC) and GSC/agomir-NC-derived 

exosomes, respectively (Figure 4G). 

 

Next, we incubated HUVECs with PKH67-labeled 

GSC-derived exosomes (GSC-exosomes) for 24 h and 

observed the PKH67 lipid dye in the recipient HUVEC 

cells (Figure 4H). This demonstrated that GSC-

exosomes were internalized by the HUVECs. We 

further observed that miR-944 expression levels were 

significantly higher in HUVECs incubated with 

GSC/miR-944-agomir-derived exosomes compared to 

HUVECs incubated with GSC/agomir-NC-derived 

exosomes (Figure 4I). These data demonstrated that 

exosomes delivered GSC-derived miR-944 to the 

HUVECs. 

 

 
 

Figure 3. Overexpression of miR-944 inhibits angiogenesis of HUVECs. (A, B) Tube formation assay results show the number of 
branch points as an index of angiogenesis in blank control, and agomiR-NC-, agomiR-944-, and antagomiR-944-transfected HUVECs. (C–G) 
Western blot analysis shows the relative expression levels of (C, D) VEGF, (C, E) angiogenin-1, (C, F) MMP9, and (C, G) MMP14 proteins in 
blank control, and agomiR-NC, agomiR-944, and antagomiR-944-transfected HUVECs. *P < 0.05, **P < 0.01 vs. NC group. NC, negative 
control; HUVECs, human umbilical vein endothelial cells. 
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GSCs-derived exosomal miR-944 suppressed 

proliferation, migration, angiogenesis of HUVECs 

 

Next, we analyzed the biological role of exosomal miR-

944 by co-culturing HUVECs with exosomes derived 

from GSC/agomiR-944 or GSC/agomiR-NC. We 

observed significantly reduced viability, proliferation, and 

migration of HUVECs co-cultured with GSC/agomiR-

944 exosomes compared to those co-cultured with 

GSC/agomiR-NC exosomes (Figure 5A–5E). Moreover, 

tube formation and branching were significantly reduced 

in HUVECs co-cultured with GSC/miR-944 exosomes 

(Figure 6A, 6B). Western blot analysis showed that 

VEGF, angiogenin-1, MMP9, and MMP14 protein levels 

were significantly reduced in HUVECs co-cultured with 

GSC/miR-944 exosomes compared to those co-cultured 

with GSC/agomiR-NC exosomes (Figure 6C–6G). These 

data demonstrated that exosomal miR-944 derived from 

GSCs significantly reduced viability, proliferation, 

migration, and angiogenesis of HUVECs. 

 

 
 

Figure 4. Exosomes transport GSC-derived miR-944 to HUVECs. (A, B) Flow cytometry analysis shows isolation and enrichment of 
CD133

+ 
GSCs from SHG44 cells. ** denotes P < 0.01 vs. SHG44 cell group. (C) RT-qPCR analysis shows miR-944 levels in SHG44 cells and 

CD133
+ 
GSCs. **P < 0.01 vs. SHG44 cell group. (D) NTA results show mean diameter of exosomes isolated from the conditioned medium of 

agomiR-944-transfected GSCs. (E, F) Western blotting analysis shows CD63 levels in agomir-NC-transfected GSCs (GSC/agomiR-NC), agomiR-
944-transfected GSCs (GSC/agomiR-944), GSC/agomir-NC-derived exosomes (GSC/agomiR-NC-Exo), and GSC/agomiR-944 agomir-derived 
exosomes (GSC/agomiR-944-Exo). **P < 0.01 vs. the GSC/agomiR-NC group. (G) RT-qPCR analysis shows miR-944 expression levels in 
GSC/agomiR-NC, GSC/agomiR-944, GSC/agomiR-NC-Exo, and GSC/agomiR-944-Exo. **P < 0.01 vs. the GSC/agomir-NC group. (H) Confocal 
microscopy images show exosomes and their uptake into HUVECs. Exosomes are stained with PKH67 (red color); HUVECs are stained with 
phalloidin-FITC (green color); nuclei are stained with DAPI (blue color). (I) RT-qPCR analysis shows miR-944 levels in HUVECs co-cultured with 
GSC/agomiR-NC-Exo or GSC/agomiR-944-Exo. **P < 0.01 vs. the GSC/agomir-NC-exo group. GSCs, glioma stem cells; HUVECs, human 
umbilical vein endothelial cells. 
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GSC-derived exosomal miR-944 suppressed 

proliferation and angiogenesis of HUVECs via 

VEGFC 
 

Targetscan analysis showed that VEGFC was the 

potential target of miR-944 because the 3’UTR 

sequence of its mRNA contained a complementary 

miR-944 binding sequence (Figure 7A). Wang et al. 

reported that downregulation of VEGFC inhibited 

growth and angiogenesis of bladder cancer cells [25]. 

Dual luciferase reporter assay results showed that 

relative luciferase activity was significantly inhibited in 

HUVECs co-transfected with agomiR-944 and 

luciferase vector with VEGFC-WT-3’UTR, but was 

significantly high in HUVECs co-transfected with 

agomiR-944 and luciferase vector with VEGFC-MUT-

3’UTR (Figure 7B). Moreover, VEGFC levels were 

significantly reduced in HUVECs transfected with 

agomiR-944 compared to those transfected with 

agomiR-NC (Figure 7C). These results confirmed that 

miR-944 suppressed VEGFC expression in HUVECs. 

 

Next, CCK-8 and tube formation assays were performed 

to determine whether miR-944 exhibited antiangiogenic 

effects via downregulation of VEGFC. As shown in 

Supplementary Figure 1A, miR-944 agomir markedly 

inhibited the viability of HUVECs, whereas that effect 

was reversed by VEGFC overexpression. In addition, 

miR-944 agomir notably suppressed the tube formation 

of HUVECs, while that effect was reversed by VEGFC 

overexpression (Supplementary Figure 1B). These data 

verified that miR-944 inhibited the viability and 

angiogenesis of HUVECs via downregulation of 

VEGFC. 

 

 
 

Figure 5. Exosomal miR-944 derived from GSCs suppresses proliferation and migration of HUVECs. (A) CCK-8 assay results 
show viability of HUVECs co-cultured with GSCs/agomiR-NC-Exo and GSCs/agomiR-944-Exo for 24 h. (B, C) Immunofluorescence assay 
results show the proliferation status of HUVECs co-cultured with GSCs/ agomiR-NC-Exo and GSCs/agomiR-944-Exo for 24 h based on Ki-
67 staining. (D, E) Transwell assay results show the migration ability of HUVECs co-cultured with GSCs/agomiR-NC-Exo and 
GSCs/agomiR-944-Exo for 24 h. **P < 0.01 vs. the GSCs/agomiR-NC-exo group. GSCs, glioma stem cells; HUVECs, human umbilical vein 
endothelial cells. 
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VEGFC promotes tumor growth and angiogenesis by 

activating Akt and ERK signaling pathways [26]. 

Therefore, we analyzed if exosomal miR-944 regulated 

Akt and ERK signaling pathways in HUVECs via 

VEGFC. Western blot analysis showed that the levels  

of phospho-Akt and phospho-ERK proteins were 

significantly reduced in HUVECs co-cultured with 

GSC/agomiR-944 exosomes compared to those co-

cultured with GSC/agomiR-NC exosomes (Figure 7D–

7F). These data demonstrated that GSC-derived exosomal 

miR-944 decreased proliferation and angiogenesis of 

HUVECs by suppressing VEGFC and inhibiting the 

activation of the Akt/ERK signaling pathways. 

 

Overexpression of miR-944 inhibits in vivo xenograft 

glioma growth and angiogenesis 
 

Next, we investigated the role of miR-944 in tumor 

growth and angiogenesis in vivo. Towards this, we 

subcutaneously injected GSCs into nude mice and then 

injected agomiR-NC or agomiR-944 into the xenograft 

glioma tumors. Tumor volume and weight was 

significantly reduced in the agomiR-944 group 

compared to the agomiR-NC group (Figure 8A–8C). 

RT-qPCR analysis showed significantly higher levels of 

miR-944 in the xenograft tumor tissues from the 

agomiR-944 group compared to those from the agomiR-

NC group (Figure 8D). Moreover, IHC assay results 

with anti-CD31 antibodies showed significant reduction 

in CD31
+
 microvessel density (MVD) in the xenograft 

tumor tissues from the agomiR-944 group compared to 

those from the agomiR-NC group (Figure 8E, 8F). We 

also observed significantly reduced levels of VEGFC, 

p-Akt and p-ERK proteins in the xenograft tumor 

tissues from the agomiR-944 group compared to those 

from the agomiR-NC group (Figure 8G–8J). These 

results confirmed that miR-944 overexpression 

inhibited in vivo glioma growth and angiogenesis. 

 

 
 

Figure 6. Exosomal miR-944 derived from GSCs suppresses angiogenesis of HUVECs. (A, B) Tube formation assay results show the 
number of branch points as an index of angiogenesis in HUVECs co-cultured with GSC/agomiR-NC-Exo and GSC/agomiR-944-Exo for 24 h. (C–
G) Western blot analysis shows levels of (C, D) VEGF, (C, E) angiogenin-1, (C, F) MMP9, and (C, G) MMP14 in HUVECs co-cultured with 
GSC/agomiR-NC-Exo and GSC/agomiR-944-Exo for 24 h. β-actin was used as an internal control. **P < 0.01 vs. the GSC/agomiR-NC-Exo group. 
GSCs, glioma stem cells; HUVECs, human umbilical vein endothelial cells. 
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DISCUSSION 
 

The prognosis of malignant glioma remains poor 

despite advances in diagnostic techniques and treatment 

strategies [27]. Blood vessel abnormalities including 

poor perfusion and vascular leakage promote 

gliomagenesis and poor response to available chemo-

therapies [28, 29]. However, molecular mechanisms 

underlying angiogenesis in gliomas remain largely 

unknown. In this study, we demonstrated that miR-944 

levels were significantly downregulated in glioma cells. 

Glioma patients with low levels of miR-944 were 

associated with poor prognosis. We also demonstrated 

that MVD was significantly reduced in xenograft 

glioma tumors expressing higher levels of miR-944. 

This suggested a negative correlation between miR-944 

levels and glioma angiogenesis. We also demonstrated 

that downregulation of miR-944 increased angiogenesis 

of HUVECs, whereas, upregulation of miR-944 

decreased angiogenesis of HUVECs. Previous studies 

 

 
 

Figure 7. Exosomal miR-944 derived from GSCs suppresses angiogenesis of HUVECs by targeting VEGFC. (A) Targetscan analysis 
results show miR-944 binding sites in the 3’UTR of VEGFC. The mutated miR-944 binding site in the 3’UTR of VEGFC is also shown. (B) Dual 
luciferase reporter assay results show relative luciferase activity in HUVECs co-transfected with agomiR-NC or agomiR-944 plus luciferase 
vector with VEGFC-3’UTR-WT or VEGFC-3’UTR-MUT. A blank control was also included. **P < 0.01 vs. the agomir-ctrl group. (C) RT-qPCR 
analysis shows VEGFC levels in HUVECs transfected with agomiR-NC or agomiR-944. **P < 0.01 vs. the agomiR-NC group. (D–F) Western blot 
analysis shows expression levels of p-Akt, Akt, p-ERK, and ERK in HUVECs co-cultured with GSC/agomiR-NC-Exo and GSC/agomiR-944-Exo for 
24 h. The relative expression levels of p-Akt and p-ERK in HUVECs were normalized to total Akt and total ERK levels, respectively. **P < 0.01 
vs. the GSC/agomiR-NC-Exo group. NC, negative control; GSCs, glioma stem cells; HUVECs, human umbilical vein endothelial cells. 
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have shown that the level of miR-944 was significantly 

upregulated in endometrial and breast cancers [30, 31]. 

And it was notably downregulated in lung and 

colorectal cancers [32, 33]. In this study, we found that 

miR-944 level was markedly decreased in glioma 

tissues. Taken together, miR-944 may function as an 

oncogene or a tumor suppressor, depending on the 

tumor types. 

 

The concept of cancer stem cells (CSCs) was refined at 

the beginning of the 21st century, and CSCs play a 

central role in the initiation of cancer [34]. GSCs 

 

 
 

Figure 8. Overexpression of miR-944 inhibits in vivo xenograft glioma cell tumor growth and angiogenesis. (A) The line graph 
shows tumor volumes on weeks 1-3 in control, agomiR-NC, and agomiR-944 group nude mice. (B) The photographs show xenograft glioma 
cell tumors harvested at four weeks from control, agomiR-NC, and agomiR-944 group nude mice. (C) The histogram shows the weights of 
xenograft glioma cell tumors harvested at four weeks from control, agomiR-NC, and agomiR-944 group nude mice. (D) RT-qPCR analysis 
shows miR-944 levels in the xenograft glioma cell tumor tissues harvested from nude mice belonging to the control, agomiR-NC, and agomiR-
944 groups. (E, F) IHC staining results show CD31-stained xenograft glioma cell tumor tissues harvested from nude mice belonging to the 
control, agomiR-NC, and agomiR-944 groups. Microvessel density (MVD) was analyzed based on CD31

+ve
 staining. (G–J) Western blot analysis 

shows the levels of VEGFC, p-Akt, Akt, p-ERK, and ERK proteins in the xenograft glioma cell tumor tissues harvested from control, agomiR-NC, 
and agomiR-944 groups. VEGFC, p-Akt, and p-ERK levels were normalized to β-actin, Akt and ERK levels, respectively. **P < 0.01 vs. the 
agomiR-NC group; NC, negative control; MVD, microvessel density; IHC, immunohistochemistry. 
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display properties of normal stem cells such as capacity 

for multipotent differentiation and indefinite self-renewal 

[29, 35]. Moreover, GSCs are localized in close proximity 

to blood vessels in the tumor microenvironment [36]. The 

vascular endothelial cells secrete extracellular factors that 

promote expansion of GSCs [37]. GSCs induce neo-

vascularization by secreting factors that promote 

proliferation and tube formation of vascular endothelial 

cells [38]. Previous studies have demonstrated that GSCs 

release extracellular vesicles (including exosomes) that 

contain pro-angiogenic proteins, mRNAs, and miRNAs, 

which are taken up by the brain microvascular endothelial 

cells [20, 36, 39]. Exosomes function as intercellular 

communicators during progression of several cancer types 

[40]. Sun et al. reported that exosomal miR-21 derived 

from GSCs promoted angiogenesis of endothelial cells 

[41]. Moreover, exosomal miR-26 derived from GSCs 

promoted tube formation of microvessel endothelial cells 

[20]. Our data showed that miR-944 was downregulated 

in GSCs. Moreover, overexpression of miR-944 in the 

GSCs increased the levels of exosomal miR-944. We also 

demonstrated that exosomes delivered GSC-derived miR-

944 to the HUVECs. Exosomes with high miR-944 levels 

significantly inhibited proliferation and tube formation of 

HUVECs. Consistent with our finding, exosomal miR-9 

from nasopharyngeal carcinoma cells inhibited migration 

and tube formation of endothelial cells [42]. Furthermore, 

overexpression of miR-944 inhibited in vivo xenograft 

glioma growth and angiogenesis. These data demonstrated 

that exosome-mediated transfer of miR-944 from GSCs to 

HUVECs promoted glioma progression. 

 

MiRNAs exert their biological functions by inhibiting 

target gene expression levels [43]. Bioinformatics and 

functional analysis demonstrated that VEGFC was a 

direct target gene of miR-944. VEGFC is a major driver 

of lymphangiogenesis, and plays an important role in 

growth and progression of gliomas [44, 45]. Michaelsen 

et al. demonstrated that VEGFC promoted glioma cell 

survival, growth, and progression [45]. In this study, our 

data demonstrated that miR-944 decreased VEGFC 

expression in glioma cells. Yan et al. demonstrated that 

miR-944 inhibited growth and invasiveness of 

osteosarcoma cells by targeting VEGF [46]. Chen et al. 

showed that overexpression of miR-107 inhibited 

glioma angiogenesis by downregulating VEGF [47]. In 

our study, in vivo experiments showed that agomiR-944 

injections into xenograft glioma tissues for 3 weeks 

significantly decreased expression of VEGFC in the 

glioma tissues. Moreover, GSC-derived miR-944 down-

regulated expression levels of VEGFC in HUVECs. 

Exosomes derived from agomiR-944-transfected GSCs 

inhibited proliferation, migration, and tube formation of 

HUVECs. These data demonstrated that exosomal miR-

944 inhibited angiogenesis of HUVECs by down-

regulating VEGFC. 

 

Dai et al. reported that miR-24 overexpression 

promoted glioma angiogenesis by upregulating VEGF 

and activating the Akt signaling pathway [48]. Feng et 

al. showed that overexpression of miR-770 suppressed 

migration and invasion of glioma cells by inhibiting the 

PI3K/Akt signaling pathway [49]. Zheng et al. 

demonstrated that miR-15b and miR-152 decreased 

invasion and angiogenesis of glioma cells by inhibiting 

the MEK-ERK pathway [50]. We demonstrated that 

exosomal miR-944 inhibited activation of Akt and ERK 

in the HUVECs. Overall, our results suggested that 

exosomal miR-944 derived from the GSCs inhibited 

angiogenesis of HUVECs by suppressing VEGFC 

expression and significantly reducing the activation of 

Akt and ERK signaling pathways (Figure 9). 

 

 
 

Figure 9. A schematic model shows mechanistic role of miR-944 in glioma angiogenesis. Exosomal miR-944 derived from GSCs 
reduces angiogenesis of HUVECs by inhibiting VEGFC expression and suppressing the activation of Akt/ERK signaling pathways. 
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In conclusion, our study demonstrated that exosomes 

served as vehicles for transferring miR-944 from  

the GSCs to glioma cells. Moreover, GSC-derived 

exosomal miR-944 inhibited glioma angiogenesis by 

downregulating VEGFC and suppressing the activation 

of the AKT/ERK signaling pathways. 

 

MATERIALS AND METHODS 
 

Data collection and differential miRNA expression 

analysis 
 

The miRNA expression data for the LGG and HGG 

tissues were downloaded from the CGGA and TCGA 

databases. R language was used to identify differentially 

expressed miRNAs (DEMs) using adjusted P value < 

0.05 and |log2 (fold change)| > 2 as threshold 

parameters. The VennDiagram R package was used to 

identify common DEMs among the CGGA and TCGA 

datasets. Kaplan-Meier survival curve analysis was 

performed to determine prognostic significance of the 

DEMs between LGG and HGG tissues using the CGGA 

dataset. P<0.05 was considered statistically significant. 

 

Clinical samples 
 

A total of five paired glioma tissue and adjacent normal 

tissues were obtained from the Taizhou People’s 

Hospital, between July 2019 and September 2020. None 

of these participants were subjected to adjuvant therapy 

before surgery. Written informed consent was obtained 

from all participants. This study was approved by the 

Institutional Ethical Committee of Taizhou People’s 

Hospital. 

 

Cell culture 
 

We purchased human cortical astrocyte cell line, 

HA1800, human glioma cell lines (T98G, SHG44, 

U87MG, and U251MG), and human umbilical vein 

endothelial cells (HUVECs) from the Type Culture 

Collection of the Chinese Academy of Sciences 

(Shanghai, China). The cells were cultured in DMEM 

medium (Thermo Fisher Scientific) containing 10% 

FBS and 100 U/mL penicillin/streptomycin in a 

humidified incubator at 37° C and 5% CO2. 

 

Reverse transcription-quantitative polymerase chain 

reaction (RT-qPCR) 
 

Total cellular RNA was extracted using TRIzol reagent 

(Thermo Fisher Scientific). Reverse transcription of 

total RNA samples was performed using EntiLink™ 1st 

Strand cDNA Synthesis Kit (ELK Biotechnology). 

Then, qPCR was performed using EnTurbo™ SYBR 

Green PCR SuperMix (ELK Biotechnology) in an ABI 

StepOne-Plus Real-Time Quantitative PCR System 

(Thermo Fisher Scientific). The sequences of primers 

used for qPCR are listed in Table 1. The data was 

analyzed using the 2
–ΔΔCT

 method. Actin and U6 were 

used as internal controls for VEGFC and miR-944, 

respectively. 

 

Cell transfections 
 

We purchased agomiR-944, antagomiR-944, and non-

specific control (agomiR-NC) expression vectors from 

Suzhou Ribo Life Science Co., Ltd (Jiangsu, China). 

The glioma cells were transfected with agomiR-NC, 

agomiR-944 or antagomiR-944 using Lipo-

fectamine™2000 (Thermo Fisher Scientific) according 

to manufacturer’s recommendations. The transfected 

cells were cultured for 6 h in a humidified incubator 

maintained at 5% CO2 and 37° C. Then, the medium 

was replaced and cells were further cultured for another 

48 h. 

 

The pcDNA3.1-VEGF-C overexpression (VEGF-C-OE) 

plasmids were transfected into HUVECs by using 

Lipofectamine 2000 reagents. Later on, the transfected 

cells were selected with neomycin at 48 h. 

 

Cell Counting Kit-8 (CCK-8) assay 
 

The cells (5000 cells/well) were cultured in a 96-well 

plate for specific time points. Then, 10 μL CCK-8 

(Beyotime, Shanghai, China) was added to the wells. 

The cells were further incubated for 2 h at 37° C. The 

absorbance was measured at 450 nm using a microplate 

reader (Bio-Rad Laboratories, Inc.). 

 

Immunofluorescence 
 

The cells were fixed in 4% paraformaldehyde for 15 

min, and blocked with 3% BSA for 1 h. Then, the cells 

were incubated overnight at 4° C with anti-Ki67 

antibody (1: 100; Abcam; Cambridge, MA, USA) 

followed by incubation with horseradish peroxidase-

conjugated secondary antibody (Abcam) for 1 h at room 

temperature. The nuclei were stained with DAPI for 5 

min. Subsequently, the stained cells were observed and 

photographed using Olympus BX53 fluorescence 

microscope. 

 

Transwell migration assay 
 

We seeded 1×10
5
 cells in 150 μL DMEM medium 

without FBS into the upper chamber of the Transwell 

(Corning, NY, USA). We then added 700 mL DMEM 

medium with 10% FBS into the lower chamber. The 

Transwell chambers were incubated for 24 h in at 37° 

C. Then, the cells attached to the lower surface 
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Table 1. Primer sequences. 

Name  Primer sequences 

U6 
Forward 5’-CTCGCTTCGGCAGCACAT-3’ 

Reverse 5’-AACGCTTCACGAATTTGCGT-3’ 

miR-944 
Forward 5’-AATTATTGTACATCGGATGAGCTC-3’ 

Reverse 5’-CTCAACTGGTGTCGTGGAGTC-3’ 

Actin 
Forward 5’-GTCCACCGCAAATGCTTCTA-3’ 

Reverse 5’-TGCTGTCACCTTCACCGTTC-3’ 

VEGFC 
Forward 5’-ACGAGCTACCTCAGCAAGACG-3’ 

Reverse 5’-CTCCAGCATCCGAGGAAAAC-3’ 

 

of the membrane were fixed with 70% methanol, 

stained with 1% crystal violet for 30 min, and imaged 

using Olympus BX53 fluorescence microscope. 

 

Tube formation assay 
 

We coated 24-well plates with 50 μLMatrigel (BD 

Biosciences, Franklin Lake, NJ, USA) per well. The 

plates were then incubated at 37° C for 30 min. Then, 

we seeded HUVECs (1×10
5
 cells/well) into the 

Matrigel-coated wells for 24 h. The cultures were 

photographed using the Olympus BX53 fluorescence 

microscope and the number of branch points were 

counted using ImageJ software. 

 

Western blotting 

 

Total cellular proteins were extracted using RIPA 

buffer. Protein concentrations were determined using 

the BCA protein assay kit (Beyotime Institute of 

Biotechnology). Equal amounts of proteins were 

separated using 10% sodium dodecyl sulfate-

polyacrylamide gel electrophoresis, and the separated 

proteins were transferred onto polyvinylidene difluoride 

(PVDF) membranes (Millipore, Billerica, MA, USA). 

Then, the membranes were blocked in 5% skimmed 

milk in TBST at room temperature for 1 h. The blots 

were incubated at 4° C overnight with the following 

primary antibodies (Abcam, Cambridge, MA, USA): 

anti-VEGF (1:1000), anti-angiogenin-1 (1:1000), anti-

MMP9 (1:1000), anti-MMP14 (1:1000), anti-p-Akt 

(1:1000), anti-Akt (1:1000), anti-p-ERK (1:1000), anti-

ERK (1:1000), anti-VEGFC (1:1000), anti-β-actin 

(1:1000). Then, the blots were incubated with HRP-

conjugated secondary antibodies (1: 5000) for 50 min at 

room temperature. Subsequently, blots were developed 

using ECL (Fdbio Science, Hangzhou, China). 

 

Isolation of GSCs and transfections 

 

CD133 is a cell surface marker of human brain tumor 

stem cells and is commonly used to isolate the GSCs [51]. 

We sorted SHG44 cells by flow cytometry using 

fluorescence-tagged antibodies against CD133 to isolate 

CD133
+
 GSCs using protocols described previously by 

Wang et al. [20]. These GSCs were cultured in 

DMEM/F12 medium (Thermo Fisher Scientific) without 

penicillin-streptomycin, and transfected with miR-944 

agomir or miR-NC using Lipofectamine™2000. The 

transfected GSCs were cultured in a humidified incubator 

at 5% CO2 and 37° C for 6 h. Subsequently, the medium 

was replaced by fresh stem cell medium. 

 

Isolation and characterization of GSC-derived 

exosomes 
 

Exosomes were isolated from transfected GSCs by 

ultracentrifugation. Briefly, transfected GSCs were 

cultured for 48 h in DMEM/F12 medium supplemented 

with 10% exosome-depleted FBS (prepared by 

overnight ultracentrifugation at 120,000×g and 4° C). 

Then, conditioned media (CM) was collected and 

exosomes were isolated using Hieff™ Quick exosome 

isolation kit. The exosomes were resuspended in PBS 

and stored at -80° C. The particle size distribution of 

exosomes was analyzed by NTA using a nanoparticle 

tracking analyzer. Western blot analysis was performed 

to determine the expression levels of exosomal surface 

markers, CD63 and TSG101. 

 

Co-culture of exosomes and HUVECs 
 

The exosomes (20 μg) were fluorescently labeled with 

PKH67 membrane dye (Sigma). Then, HUVECs were 

incubated with PKH67-labeled exosomes at 37° C for 

24 h. HUVEC cells were stained with phalloidin-FITC 

to label F-actin. DAPI was used to stain the nuclei. 

Subsequently, stained HUVEC cells were observed, 

photographed under a confocal microscope (Carl Zeiss, 

Jena, Germany) and analyzed to determine inter-

nalization of exosomes. 

 

Dual luciferase reporter assay 
 

We cloned wild-type (WT) and mutated (MT) 3’-UTRs 

of VEGFC into the pmirGLO luciferase plasmid 
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(GenePharma) and co-transfected them into HUVECs 

with agomiR-944 or agomiR-NC using Lipo-

fectamine2000. After 48 h of incubation, we analyzed 

firefly and Renilla luciferase (endogenous control) 

activities in the cell lysates using the dual-luciferase 

reporter assay system (Promega). 

 

Animal study 
 

We purchased BALB/c nude mice (4-6 weeks old) 

from the Shanghai Laboratory Animal Center 

(Shanghai, China). The mice were randomly divided 

into two main groups: (1) mice were subcutaneously 

injected with 5 × 10
6
 SHG44 cells into the left flank of 

nude mice; the mice in this group were then divided 

into 2 further groups: control and agomiR-944 groups; 

(2) mice were subcutaneously injected with 5 x 10
6
 

GSCs into the left flank of nude mice; the mice in this 

group were then divided into control, agomiR-944, 

and agomiR-NC groups. When the tumors reached 

about 200 mm
3
, we injected 50 nM agomiR-944 or 50 

nM agomiR-NC directly into the tumors twice a week. 

Tumor volume was calculated every week using the 

following formula: V = (length x width
2
)/2. The mice 

were sacrificed 3 weeks after the agomiR-944 or 

agomiR-NC injections. The tumors were harvested 

and used for further experiments. The animals were 

maintained according to the guidelines of the 

Institutional Animal Care and Use Committee.  

All animal experiments were approved by the  

Institutional Ethical Committee of the Taizhou 

People’s Hospital. 

 

Microvessel density (MVD) analysis 
 

The tumors were fixed in 4% paraformaldehyde, 

embedded in paraffin, and then cut into 3 μm thick 

sections. The sections were incubated with DBE-

conjugated anti-CD31 antibody (Abcam) at 4 ° C 

overnight, followed by incubation with the 

corresponding secondary antibody at room temperature 

for 1 h. Subsequently, stained tumor sections were 

imaged using Aperio Scan-Scope AT Turbo (Aperio, 

Sausalito, CA, USA). 

 

Statistical analysis 
 

Statistical data was analyzed using the GraphPad Prism 

software version 7.0 (GraphPad Software Inc., San 

Diego, CA, USA). Differences between two groups 

were analyzed by Student’s t-test, whereas, differences 

between multiple groups were analyzed using one-way 

analysis of variance (ANOVA) followed by Tukey’s 

test. All experiments were performed at least thrice. All 

data are shown as means ± SD. P < 0.05 was considered 

statistically significant. 

AUTHOR CONTRIBUTIONS 
 

JJ and JL conceptualized and designed the study and 

also drafted the manuscript; JJ, JL and XW performed 

the experiments, performed data analysis, and 

interpretation and also revised the manuscript; BS and 

XL performed the experiments, acquired and analyzed 

the data; YD and GG contributed to the concept and 

design of the study and also helped in manuscript 

revisions. All authors read and approved the final 

manuscript. 

 

CONFLICTS OF INTEREST 
 

The authors declare that they have no conflicts of 

interest. 

 

FUNDING 
 

This study was funded by the Taizhou People’s 

Hospital. 

 

Editorial note 
 
&

This corresponding author has a verified history of 

publications using a personal email address for 

correspondence. 

 

REFERENCES 
 

1. Jin J, Zhang S, Hu Y, Zhang Y, Guo C, Feng F. SP1 
induced lncRNA CASC11 accelerates the glioma 
tumorigenesis through targeting FOXK1 via  
sponging miR-498. Biomed Pharmacother. 2019; 
116:108968. 

 https://doi.org/10.1016/j.biopha.2019.108968 
PMID:31121483 

2. Chang Y, Wu Q, Tian T, Li L, Guo X, Feng Z, Zhou J, 
Zhang L, Zhou S, Feng G, Han F, Yang J, Huang F. The 
influence of SRPK1 on glioma apoptosis, metastasis, 
and angiogenesis through the PI3K/Akt signaling 
pathway under normoxia. Tumour Biol. 2015; 
36:6083–93. 

 https://doi.org/10.1007/s13277-015-3289-2 
PMID:25833691 

3. Chen X, Yang F, Zhang T, Wang W, Xi W, Li Y, Zhang D, 
Huo Y, Zhang J, Yang A, Wang T. MiR-9 promotes 
tumorigenesis and angiogenesis and is activated by 
MYC and OCT4 in human glioma. J Exp Clin Cancer Res. 
2019; 38:99. 

 https://doi.org/10.1186/s13046-019-1078-2 
PMID:30795814 

4. Liu S, Liu H, Deng M, Wang H. MiR-182 promotes 
glioma progression by targeting FBXW7. J Neurol Sci. 

https://doi.org/10.1016/j.biopha.2019.108968
https://pubmed.ncbi.nlm.nih.gov/31121483
https://doi.org/10.1007/s13277-015-3289-2
https://pubmed.ncbi.nlm.nih.gov/25833691
https://doi.org/10.1186/s13046-019-1078-2
https://pubmed.ncbi.nlm.nih.gov/30795814


 

www.aging-us.com 19256 AGING 

2020; 411:116689. 
 https://doi.org/10.1016/j.jns.2020.116689 

PMID:32032908 

5. Malzkorn B, Reifenberger G. Practical implications of 
integrated glioma classification according to the World 
Health Organization classification of tumors of the 
central nervous system 2016. Curr Opin Oncol. 2016; 
28:494–501. 

 https://doi.org/10.1097/CCO.0000000000000327 
PMID:27606698 

6. Li D, Wen R, Gao Y, Xu Y, Xiong B, Gong F, Wang W. 
Pineal Region Gliomas: A Single-Center Experience with 
25 Cases. World Neurosurg. 2020; 133:e6–17. 

 https://doi.org/10.1016/j.wneu.2019.06.189 
PMID:31284062 

7. Tom MC, Cahill DP, Buckner JC, Dietrich J, Parsons MW, 
Yu JS. Management for Different Glioma Subtypes: Are 
All Low-Grade Gliomas Created Equal? Am Soc Clin 
Oncol Educ Book. 2019; 39:133–45. 

 https://doi.org/10.1200/EDBK_238353 
PMID:31099638 

8. Tian W, Zhu W, Jiang J. miR-150-5p suppresses the 
stem cell-like characteristics of glioma cells by 
targeting the Wnt/β-catenin signaling pathway. Cell 
Biol Int. 2020; 44:1156–67. 

 https://doi.org/10.1002/cbin.11314 PMID:32009256 

9. Lytle NK, Barber AG, Reya T. Stem cell fate in cancer 
growth, progression and therapy resistance. Nat Rev 
Cancer. 2018; 18:669–80. 

 https://doi.org/10.1038/s41568-018-0056-x 
PMID:30228301 

10. Ozawa Y, Yamamuro S, Sano E, Tatsuoka J, Hanashima 
Y, Yoshimura S, Sumi K, Hara H, Nakayama T, Suzuki Y, 
Yoshino A. Indoleamine 2,3-dioxygenase 1 is highly 
expressed in glioma stem cells. Biochem Biophys Res 
Commun. 2020; 524:723–29. 

 https://doi.org/10.1016/j.bbrc.2020.01.148 
PMID:32035622 

11. Chan XH, Nama S, Gopal F, Rizk P, Ramasamy S, 
Sundaram G, Ow GS, Ivshina AV, Tanavde V, Haybaeck 
J, Kuznetsov V, Sampath P. Targeting glioma stem cells 
by functional inhibition of a prosurvival oncomiR-138 
in malignant gliomas. Cell Rep. 2012; 2:591–602. 

 https://doi.org/10.1016/j.celrep.2012.07.012 
PMID:22921398 

12. Kaminska B, Cyranowski S. Recent Advances in 
Understanding Mechanisms of TGF Beta Signaling and 
Its Role in Glioma Pathogenesis. Adv Exp Med Biol. 
2020; 1202:179–201. 

 https://doi.org/10.1007/978-3-030-30651-9_9 
PMID:32034714 

13. Kzhyshkowska J, Larionova I, Liu T. YKL-39 as a 

Potential New Target for Anti-Angiogenic Therapy in 
Cancer. Front Immunol. 2020; 10:2930. 

 https://doi.org/10.3389/fimmu.2019.02930 
PMID:32038607 

14. Xu F, Xiang Q, Huang J, Chen Q, Yu N, Long X, Zhou Z. 
Exosomal miR-423-5p mediates the proangiogenic 
activity of human adipose-derived stem cells by 
targeting Sufu. Stem Cell Res Ther. 2019; 10:106. 

 https://doi.org/10.1186/s13287-019-1196-y 
PMID:30898155 

15. Arscott WT, Tandle AT, Zhao S, Shabason JE, Gordon IK, 
Schlaff CD, Zhang G, Tofilon PJ, Camphausen KA. 
Ionizing radiation and glioblastoma exosomes: 
implications in tumor biology and cell migration. Transl 
Oncol. 2013; 6:638–48. 

 https://doi.org/10.1593/tlo.13640 PMID:24466366 

16. Zhang Q, Sun J, Huang Y, Bu S, Guo Y, Gu T, Li B, Wang 
C, Lai D. Human Amniotic Epithelial Cell-Derived 
Exosomes Restore Ovarian Function by Transferring 
MicroRNAs against Apoptosis. Mol Ther Nucleic Acids. 
2019; 16:407–18. 

 https://doi.org/10.1016/j.omtn.2019.03.008 
PMID:31022607 

17. Xu W, Li J, Tian H, Wang R, Feng Y, Tang J, Jia J. 
MicroRNA-186-5p mediates osteoblastic 
differentiation and cell viability by targeting CXCL13 in 
non-traumatic osteonecrosis. Mol Med Rep. 2019; 
20:4594–602. 

 https://doi.org/10.3892/mmr.2019.10710 
PMID:31702033 

18. Li X, Kong S, Cao Y. miR-1254 inhibits progression of 
glioma in vivo and in vitro by targeting CSF-1. J Cell Mol 
Med. 2020; 24:3128–38. 

 https://doi.org/10.1111/jcmm.14981 PMID:31994318 

19. Xia Y, Wei K, Hu LQ, Zhou CR, Lu ZB, Zhan GS, Pan XL, 
Pan CF, Wang J, Wen W, Xu J, He ZC, Huang CJ, Chen L. 
Exosome-mediated transfer of miR-1260b promotes 
cell invasion through Wnt/β-catenin signaling pathway 
in lung adenocarcinoma. J Cell Physiol. 2020; 
235:6843–53. 

 https://doi.org/10.1002/jcp.29578 PMID:32026462 

20. Wang ZF, Liao F, Wu H, Dai J. Glioma stem cells-derived 
exosomal miR-26a promotes angiogenesis of 
microvessel endothelial cells in glioma. J Exp Clin 
Cancer Res. 2019; 38:201. 

 https://doi.org/10.1186/s13046-019-1181-4 
PMID:31101062 

21. Xia X, Wang Y, Huang Y, Zhang H, Lu H, Zheng JC. 
Exosomal miRNAs in central nervous system diseases: 
biomarkers, pathological mediators, protective factors 
and therapeutic agents. Prog Neurobiol. 2019; 
183:101694. 

https://doi.org/10.1016/j.jns.2020.116689
https://pubmed.ncbi.nlm.nih.gov/32032908
https://doi.org/10.1097/CCO.0000000000000327
https://pubmed.ncbi.nlm.nih.gov/27606698
https://doi.org/10.1016/j.wneu.2019.06.189
https://pubmed.ncbi.nlm.nih.gov/31284062
https://doi.org/10.1200/EDBK_238353
https://pubmed.ncbi.nlm.nih.gov/31099638
https://doi.org/10.1002/cbin.11314
https://pubmed.ncbi.nlm.nih.gov/32009256
https://doi.org/10.1038/s41568-018-0056-x
https://pubmed.ncbi.nlm.nih.gov/30228301
https://doi.org/10.1016/j.bbrc.2020.01.148
https://pubmed.ncbi.nlm.nih.gov/32035622
https://doi.org/10.1016/j.celrep.2012.07.012
https://pubmed.ncbi.nlm.nih.gov/22921398
https://doi.org/10.1007/978-3-030-30651-9_9
https://pubmed.ncbi.nlm.nih.gov/32034714
https://doi.org/10.3389/fimmu.2019.02930
https://pubmed.ncbi.nlm.nih.gov/32038607
https://doi.org/10.1186/s13287-019-1196-y
https://pubmed.ncbi.nlm.nih.gov/30898155
https://doi.org/10.1593/tlo.13640
https://pubmed.ncbi.nlm.nih.gov/24466366
https://doi.org/10.1016/j.omtn.2019.03.008
https://pubmed.ncbi.nlm.nih.gov/31022607
https://doi.org/10.3892/mmr.2019.10710
https://pubmed.ncbi.nlm.nih.gov/31702033
https://doi.org/10.1111/jcmm.14981
https://pubmed.ncbi.nlm.nih.gov/31994318
https://doi.org/10.1002/jcp.29578
https://pubmed.ncbi.nlm.nih.gov/32026462
https://doi.org/10.1186/s13046-019-1181-4
https://pubmed.ncbi.nlm.nih.gov/31101062


 

www.aging-us.com 19257 AGING 

 https://doi.org/10.1016/j.pneurobio.2019.101694 
PMID:31542363 

22. Ma Q, Long W, Xing C, Chu J, Luo M, Wang HY, Liu Q, 
Wang RF. Cancer Stem Cells and Immunosuppressive 
Microenvironment in Glioma. Front Immunol. 2018; 
9:2924. 

 https://doi.org/10.3389/fimmu.2018.02924 
PMID:30619286 

23. Garnier D, Renoult O, Alves-Guerra MC, Paris F, 
Pecqueur C. Glioblastoma Stem- Like Cells, Metabolic 
Strategy to Kill a Challenging Target. Front Oncol. 2019; 
9:118. 

 https://doi.org/10.3389/fonc.2019.00118 
PMID:30895167 

24. Liao J, Liu R, Shi YJ, Yin LH, Pu YP. Exosome-shuttling 
microRNA-21 promotes cell migration and invasion-
targeting PDCD4 in esophageal cancer. Int J Oncol. 
2016; 48:2567–79. 

 https://doi.org/10.3892/ijo.2016.3453 PMID:27035745 

25. Wang Y, Xing QF, Liu XQ, Guo ZJ, Li CY, Sun G. MiR-122 
targets VEGFC in bladder cancer to inhibit tumor 
growth and angiogenesis. Am J Transl Res. 2016; 
8:3056–66. 

 PMID:27508026 

26. Feng Y, Hu J, Ma J, Feng K, Zhang X, Yang S, Wang W, 
Zhang J, Zhang Y. RNAi-mediated silencing of VEGF-C 
inhibits non-small cell lung cancer progression by 
simultaneously down-regulating the CXCR4, CCR7, 
VEGFR-2 and VEGFR-3-dependent axes-induced ERK, 
p38 and AKT signalling pathways. Eur J Cancer. 2011; 
47:2353–63. 

 https://doi.org/10.1016/j.ejca.2011.05.006 
PMID:21680174 

27. Shirai K, Siedow MR, Chakravarti A. Antiangiogenic 
therapy for patients with recurrent and newly 
diagnosed malignant gliomas. J Oncol. 2012; 
2012:193436. 

 https://doi.org/10.1155/2012/193436  
PMID:21804824 

28. Mathivet T, Bouleti C, Van Woensel M, Stanchi F, 
Verschuere T, Phng LK, Dejaegher J, Balcer M, 
Matsumoto K, Georgieva PB, Belmans J, Sciot R, 
Stockmann C, et al. Dynamic stroma reorganization 
drives blood vessel dysmorphia during glioma growth. 
EMBO Mol Med. 2017; 9:1629–45. 

 https://doi.org/10.15252/emmm.201607445 
PMID:29038312 

29. Schijns VE, Pretto C, Strik AM, Gloudemans-Rijkers R, 
Deviller L, Pierre D, Chung J, Dandekar M, Carrillo JA, 
Kong XT, Fu BD, Hsu FP, Hofman FM, et al. Therapeutic 
Immunization against Glioblastoma. Int J Mol Sci. 2018; 
19:2540. 

 https://doi.org/10.3390/ijms19092540 
PMID:30150597 

30. He Z, Xu H, Meng Y, Kuang Y. miR-944 acts as a 
prognostic marker and promotes the tumor 
progression in endometrial cancer. Biomed 
Pharmacother. 2017; 88:902–10. 

 https://doi.org/10.1016/j.biopha.2017.01.117 
PMID:28178620 

31. He H, Tian W, Chen H, Jiang K. MiR-944 functions as a 
novel oncogene and regulates the chemoresistance in 
breast cancer. Tumour Biol. 2016; 37:1599–607. 

 https://doi.org/10.1007/s13277-015-3844-x 
PMID:26298722 

32. An JC, Shi HB, Hao WB, Zhu K, Ma B. miR-944 inhibits 
lung adenocarcinoma tumorigenesis by targeting 
STAT1 interaction. Oncol Lett. 2019; 17:3790–98. 

 https://doi.org/10.3892/ol.2019.10045 
PMID:30881499 

33. Wen L, Li Y, Jiang Z, Zhang Y, Yang B, Han F. miR-944 
inhibits cell migration and invasion by targeting MACC1 
in colorectal cancer. Oncol Rep. 2017; 37:3415–22. 

 https://doi.org/10.3892/or.2017.5611  
PMID:28498456 

34. Teng YD, Wang L, Kabatas S, Ulrich H, Zafonte RD. 
Cancer Stem Cells or Tumor Survival Cells? Stem Cells 
Dev. 2018; 27:1466–78. 

 https://doi.org/10.1089/scd.2018.0129 
PMID:30092726 

35. Liebelt BD, Shingu T, Zhou X, Ren J, Shin SA, Hu J. 
Glioma Stem Cells: Signaling, Microenvironment, and 
Therapy. Stem Cells Int. 2016; 2016:7849890. 

 https://doi.org/10.1155/2016/7849890 
PMID:26880988 

36. Treps L, Perret R, Edmond S, Ricard D, Gavard J. 
Glioblastoma stem-like cells secrete the pro-angiogenic 
VEGF-A factor in extracellular vesicles. J Extracell 
Vesicles. 2017; 6:1359479. 

 https://doi.org/10.1080/20013078.2017.1359479 
PMID:28815003 

37. Galan-Moya EM, Le Guelte A, Lima Fernandes E, 
Thirant C, Dwyer J, Bidere N, Couraud PO, Scott MG, 
Junier MP, Chneiweiss H, Gavard J. Secreted factors 
from brain endothelial cells maintain glioblastoma 
stem-like cell expansion through the mTOR pathway. 
EMBO Rep. 2011; 12:470–76. 

 https://doi.org/10.1038/embor.2011.39 
PMID:21460795 

38. Folkins C, Shaked Y, Man S, Tang T, Lee CR, Zhu Z, 
Hoffman RM, Kerbel RS. Glioma tumor stem-like cells 
promote tumor angiogenesis and vasculogenesis via 
vascular endothelial growth factor and stromal-derived 
factor 1. Cancer Res. 2009; 69:7243–51. 

https://doi.org/10.1016/j.pneurobio.2019.101694
https://pubmed.ncbi.nlm.nih.gov/31542363
https://doi.org/10.3389/fimmu.2018.02924
https://pubmed.ncbi.nlm.nih.gov/30619286
https://doi.org/10.3389/fonc.2019.00118
https://pubmed.ncbi.nlm.nih.gov/30895167
https://doi.org/10.3892/ijo.2016.3453
https://pubmed.ncbi.nlm.nih.gov/27035745
https://pubmed.ncbi.nlm.nih.gov/27508026
https://doi.org/10.1016/j.ejca.2011.05.006
https://pubmed.ncbi.nlm.nih.gov/21680174
https://doi.org/10.1155/2012/193436
https://pubmed.ncbi.nlm.nih.gov/21804824
https://doi.org/10.15252/emmm.201607445
https://pubmed.ncbi.nlm.nih.gov/29038312
https://doi.org/10.3390/ijms19092540
https://pubmed.ncbi.nlm.nih.gov/30150597
https://doi.org/10.1016/j.biopha.2017.01.117
https://pubmed.ncbi.nlm.nih.gov/28178620
https://doi.org/10.1007/s13277-015-3844-x
https://pubmed.ncbi.nlm.nih.gov/26298722
https://doi.org/10.3892/ol.2019.10045
https://pubmed.ncbi.nlm.nih.gov/30881499
https://doi.org/10.3892/or.2017.5611
https://pubmed.ncbi.nlm.nih.gov/28498456
https://doi.org/10.1089/scd.2018.0129
https://pubmed.ncbi.nlm.nih.gov/30092726
https://doi.org/10.1155/2016/7849890
https://pubmed.ncbi.nlm.nih.gov/26880988
https://doi.org/10.1080/20013078.2017.1359479
https://pubmed.ncbi.nlm.nih.gov/28815003
https://doi.org/10.1038/embor.2011.39
https://pubmed.ncbi.nlm.nih.gov/21460795


 

www.aging-us.com 19258 AGING 

 https://doi.org/10.1158/0008-5472.CAN-09-0167 
PMID:19738068 

39. Skog J, Würdinger T, van Rijn S, Meijer DH, Gainche L, 
Sena-Esteves M, Curry WT Jr, Carter BS, Krichevsky 
AM, Breakefield XO. Glioblastoma microvesicles 
transport RNA and proteins that promote tumour 
growth and provide diagnostic biomarkers. Nat Cell 
Biol. 2008; 10:1470–76. 

 https://doi.org/10.1038/ncb1800 PMID:19011622 

40. Kogure T, Yan IK, Lin WL, Patel T. Extracellular Vesicle-
Mediated Transfer of a Novel Long Noncoding RNA 
TUC339: A Mechanism of Intercellular Signaling in 
Human Hepatocellular Cancer. Genes Cancer. 2013; 
4:261–72. 

 https://doi.org/10.1177/1947601913499020 
PMID:24167654 

41. Sun X, Ma X, Wang J, Zhao Y, Wang Y, Bihl JC, Chen Y, 
Jiang C. Glioma stem cells-derived exosomes promote 
the angiogenic ability of endothelial cells through miR-
21/VEGF signal. Oncotarget. 2017; 8:36137–48. 

 https://doi.org/10.18632/oncotarget.16661 
PMID:28410224 

42. Lu J, Liu QH, Wang F, Tan JJ, Deng YQ, Peng XH, Liu X, 
Zhang B, Xu X, Li XP. Exosomal miR-9 inhibits 
angiogenesis by targeting MDK and regulating 
PDK/AKT pathway in nasopharyngeal carcinoma. J Exp 
Clin Cancer Res. 2018; 37:147. 

 https://doi.org/10.1186/s13046-018-0814-3 
PMID:30001734 

43. Jin HY, Oda H, Chen P, Yang C, Zhou X, Kang SG, 
Valentine E, Kefauver JM, Liao L, Zhang Y, Gonzalez-
Martin A, Shepherd J, Morgan GJ, et al. Differential 
Sensitivity of Target Genes to Translational Repression 
by miR-17~92. PLoS Genet. 2017; 13:e1006623. 

 https://doi.org/10.1371/journal.pgen.1006623 
PMID:28241004 

44. Hominick D, Silva A, Khurana N, Liu Y, Dechow PC, Feng 
JQ, Pytowski B, Rutkowski JM, Alitalo K, Dellinger MT. 
VEGF-C promotes the development of lymphatics in 
bone and bone loss. Elife. 2018; 7:e34323. 

 https://doi.org/10.7554/eLife.34323 PMID:29620526 

45. Michaelsen SR, Staberg M, Pedersen H, Jensen KE, 
Majewski W, Broholm H, Nedergaard MK, 
Meulengracht C, Urup T, Villingshøj M, Lukacova S, 

Skjøth-Rasmussen J, Brennum J, et al. VEGF-C sustains 
VEGFR2 activation under bevacizumab therapy and 
promotes glioblastoma maintenance. Neuro Oncol. 
2018; 20:1462–74. 

 https://doi.org/10.1093/neuonc/noy103 
PMID:29939339 

46. Yan T, Zhu S, Zhang J, Lu G, Lv C, Wei Y, Luo M. 
MicroRNA-944 targets vascular endothelial growth 
factor to inhibit cell proliferation and invasion in 
osteosarcoma. Mol Med Rep. 2018; 18:5221–28. 

 https://doi.org/10.3892/mmr.2018.9524 
PMID:30280196 

47. Chen L, Li ZY, Xu SY, Zhang XJ, Zhang Y, Luo K, Li WP. 
Upregulation of miR-107 Inhibits Glioma Angiogenesis 
and VEGF Expression. Cell Mol Neurobiol. 2016; 
36:113–20. 

 https://doi.org/10.1007/s10571-015-0225-3 
PMID:26084601 

48. Dai D, Huang W, Lu Q, Chen H, Liu J, Hong B. miR-24 
regulates angiogenesis in gliomas. Mol Med Rep. 2018; 
18:358–68. 

 https://doi.org/10.3892/mmr.2018.8978 
PMID:29749450 

49. Feng FQ, Liu GS, Li JC, Chen LZ. Overexpression of miR-
770 indicates a favorable prognosis and suppresses 
tumorigenesis by modulating PI3K-AKT pathway in 
glioma. Eur Rev Med Pharmacol Sci. 2019; 23:2870–79. 

 https://doi.org/10.26355/eurrev_201904_17565 
PMID:31002138 

50. Zheng X, Chopp M, Lu Y, Buller B, Jiang F. MiR-15b and 
miR-152 reduce glioma cell invasion and angiogenesis 
via NRP-2 and MMP-3. Cancer Lett. 2013; 329:146–54. 

 https://doi.org/10.1016/j.canlet.2012.10.026 
PMID:23142217 

51. Singh SK, Clarke ID, Terasaki M, Bonn VE, Hawkins C, 
Squire J, Dirks PB. Identification of a cancer stem cell in 
human brain tumors. Cancer Res. 2003; 63:5821–28. 

 PMID:14522905  

https://doi.org/10.1158/0008-5472.CAN-09-0167
https://pubmed.ncbi.nlm.nih.gov/19738068
https://doi.org/10.1038/ncb1800
https://pubmed.ncbi.nlm.nih.gov/19011622
https://doi.org/10.1177/1947601913499020
https://pubmed.ncbi.nlm.nih.gov/24167654
https://doi.org/10.18632/oncotarget.16661
https://pubmed.ncbi.nlm.nih.gov/28410224
https://doi.org/10.1186/s13046-018-0814-3
https://pubmed.ncbi.nlm.nih.gov/30001734
https://doi.org/10.1371/journal.pgen.1006623
https://pubmed.ncbi.nlm.nih.gov/28241004
https://doi.org/10.7554/eLife.34323
https://pubmed.ncbi.nlm.nih.gov/29620526
https://doi.org/10.1093/neuonc/noy103
https://pubmed.ncbi.nlm.nih.gov/29939339
https://doi.org/10.3892/mmr.2018.9524
https://pubmed.ncbi.nlm.nih.gov/30280196
https://doi.org/10.1007/s10571-015-0225-3
https://pubmed.ncbi.nlm.nih.gov/26084601
https://doi.org/10.3892/mmr.2018.8978
https://pubmed.ncbi.nlm.nih.gov/29749450
https://doi.org/10.26355/eurrev_201904_17565
https://pubmed.ncbi.nlm.nih.gov/31002138
https://doi.org/10.1016/j.canlet.2012.10.026
https://pubmed.ncbi.nlm.nih.gov/23142217
https://pubmed.ncbi.nlm.nih.gov/14522905


 

www.aging-us.com 19259 AGING 

SUPPLEMENTARY MATERIALS 

 

Supplementary Figure 

 

 

 

 
 

Supplementary Figure 1. Overexpression of miR-944 inhibits the viability and angiogenesis of HUVECs via downregulation of 
VEGFC. (A) CCK-8 assay results show viability of blank control, NC, miR-944 agomir-, and miR-944 agomir + VEGF-C-OE-transfected HUVECs. 
(B) Tube formation assay results show the number of branch points as an index of angiogenesis in blank control, NC, miR-944 agomir-, and 
miR-944 agomir + VEGF-C-OE-transfected HUVECs. **P < 0.01 vs. NC group; **P < 0.01 vs. miR-944 agomir group. 


