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A B S T R A C T

Gliomas, the most prevalent primary brain tumors, exhibit a poor five-year survival rate despite 
advances in various treatments, necessitating further studies to understand tumor progression and 
develop new therapies, particularly targeting EphA2, which is implicated in vasculogenic mim
icry and glioma progression. Dihydroartemisinin (DHA) has shown anti-glioma effects through 
mechanisms such as PERK-related ferroptosis and inhibition of proliferation and angiogenesis, 
although its interaction with EphA2 in mediating these effects requires further investigation. In 
this study, we revealed that DHA significantly inhibits the formation of vasculogenic-like net
works, the stemness of C6 glioma stem cells and the growth of glioma by inhibiting the expression 
of EphA2. Mechanistic investigations indicated that PI3K/Akt pathway at least partly mediated 
this function, since overexpression of EphA2 reversed the anti-tumor effects of DHA. Conclu
sively, the current report provides evidence that DHA, PI3K/Akt/EphA2 blockage, and VM in
hibition are promising therapies for glioma.

1. Introduction

As the most common primary brain tumor in both children and adults, glioma accounts for 7 % of cancer-related death before the 
age of 70 years [1,2]. Despite recent advances in treatment for glioma patients, including surgical resection, radiotherapy, chemo
therapy and immunotherapy, patients with newly diagnosed glioblastoma exhibit an unsatisfactory five-year survival rate (4.7 %) [1,
3]. Anti-angiogenic therapy, which is commonly used as an adjunct in clinical settings due to the hypervascular neoplasia nature of 
GBM, has its limitations [4]. Therefore, more mechanistic studies providing insights of tumor occurrence and progression and 
developing novel therapies are urgently required. Manitotis et al. reported a phenomenon termed as vasculogenic mimicry (VM), 
which refers to a novel paravascular tumor blood supply pattern in highly aggressive uveal melanomas. This pattern is formed by 
tumor cells rather than endothelial cells [5]. VM, which is characterized by microvascular channels formed by tumor cells, acts as an 
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alternative oxygen and nutrient supply route for these cells, and is considered to be associated with tumor progression and poor clinical 
prognosis in preclinical models and patients [6]. Recently, experimental evidence has shown the roles of several key regulators in the 
formation of VM by melanoma cells, including Eph receptor A2 (EphA2), a member of the largest receptor tyrosine kinase subfamily 
[7]. EphA2 has been recognized as a mitogen in the development of glioma. It is reported that targeting EphA2 also reduces glio
blastoma stemness, suppresses tumor growth and could potentially improve survival of patients [8–10]. Phosphoinositide 3 kinase 
(PI3K)/Akt/matrix metalloproteinases (MMP) 2/9 signalling was considered another essential pathway mediating EphA2-related VM 
formation [8–10].

Dihydroartemisinin (DHA), a main active derivative of artemisinin which acts as the active principle of Artemisia annua L [11], has 
been revealed to exert preferentially cytotoxic effects toward several malignancies such as lung [12], breast [13] and colorectal cancer 
[14]. Chen et al. demonstrated that DHA exerts anti-glioma effects, at least partly mediated by protein kinase R-like ER kinase 
(PERK)-related ferroptosis [15] and extrachromosomal DNA-dependent epithelial-mesenchymal transition (EMT) [16]. Other mech
anisms underlying the antitumor effects include inhibition of proliferation and angiogenesis, and induction of autophagy, endoplasmic 
reticulum and apoptosis [17]. However, whether EphA2 mediates the anti-VM and anti-glioma effects of DHA remains unclear.

In this study, we aim to elucidate the potential role of the DHA treatment and knockdown of EphA2 in shaping VM formation in C6- 
brain glioma stem cells (BGSCs). These research provided novel mechanistic understanding and preclinical evidence for the admin
istration of DHA and inhibition of EphA2 in the treatment of glioma.

2. Materials and methods

2.1. Drugs

DHA was purchased from Company Chemsrc (Shanghai, China). PI3K inhibitor LY294002 was purchased from Beyotime Institute 
of Biotechnology (Shanghai, China) and stored at − 20 ◦C.

2.2. Cell culture

C6 Glioma cell lines purchased from China Center for Type Culture Collection (CCTCC) were cultured in DMEM (Gibco, NY, USA) 
containing 10 % fetal bovine serum (FBS, Gibco, Australia), 1 % penicillin/streptomycin (Cat# 15070-063, Gibco, USA) and asepti
cally grown at 37 ◦C in a humidified incubator containing 5 % CO2. The culture medium was replaced after 5 days. After 10 days, 
digestion and centrifugation were performed, and then the cells were re - inoculated into DMEM/F12 serum - free medium. After the 
glioma cell clonal spheres had been passaged for 3 times, the cell monoclonal culture experiment was conducted on the 3rd-generation 
C6-BGSCs. Dynamically observed the division of single cells and the formation of clones in the marked wells every day. After about one 
week of culture, observed and collected the clonally proliferated cells under an inverted microscope, transferred them to culture flasks 
for continuous culture and amplification, so as to obtain a large number of subcell line clonal spheres derived from the same cell. The 
cells that had undergone clone screening and purification were used for the next research step and were called stem cells. Glioma stem 
cells were incubated with DMEM/F12 serum-free medium (containing 20 μg/L epidermal growth factor, 10 μg/L fibroblast growth 
factor, 2 % B27) at a density of 2 × 105 and cultured in an incubator with 5 % CO2 at 37 ◦C. After 5 days, the medium was changed. 
After 10 days, the glioma cells were digested, centrifuged, and re-incubated into serum-free DMEM/F12. The glioma cells were 
considered to be glioma stem cells after 3 times of clonal ball passage, which was further identified by assessing the expression of 
CD133 (Supplementary Figs. 1A and B).

2.3. Cell viability assay

The cell viability of C6 and C6-BGSC under different treatment conditions was measured using the Cell Counting Kit-8 (CCK-8) cell 
counting kit (C0037,Beyotime, China). Cells were resuspended, counted, and plated at approximately 4000 cells/well in a 96-well 
plate, and treated with different concentrations of DHA (0, 10, 25, 50, 75, 100, 200 μM) for up to 24h, 48h, 72h or concentrations 
of 100 μM DHA treated for 6 h, 12 h, 24h and 48 h. Subsequently, 15 μL of CCK-8 solution was added to each well, and the cells were 
cultured for another 2 h. The optical density of cells was measured at a wavelength of 450 nm using a microplate reader (Multiskan FC, 
Thermo Scientific, United States).

2.4. Flow cytometry analysis of apoptosis

For apoptosis analysis, BGSCs were treated with 100 μM DHA or DMSO for 48 h, combined with or without siEphA2, pc-EphA2 or 
LY294002 (50 nM). the cells then were collected and centrifuged after trypsinization without EDTA, and washed twice with cold PBS. 
According to the manufacturer’s recommendations, the pelleted cells were resuspended in 300 μL Binding Buffer, and 5 μL Annexin V- 
FITC and 10 μL PI staining solution (Annexin V-FITC/PI apoptosis kit; 401003,BestBio, China) were added and stained under light for 
5 min. The percentage of apoptotic cells was assessed using flow cytometry analyzed using FlowJo software.

2.5. Western blotting

Cells were lysed by pre-cooled RIPA lysis buffer (Solarbio, China) with PMSF(Solarbio, China) on ice for 30 min, followed by 
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centrifugation at 13 000×g for 15 min at 4 ◦C. Protein was quantified with the bicinchoninic acid (BCA) quantification kit.
Loading buffer-mixed protein samples were subsequently boiled and separated using electrophoresis and transferred to nitrocel

lulose membranes (10600003,Cytiva, Life Sciences). The membrane was blocked in TBST containing 5 % skim milk for 2 h, incubated 
with primary antibodies including rabbit anti-CD133 (1:2000, ab284389, abcam), rabbit anti-MMP2 (1:2000, 10373-2-AP, pro
teintech), rabbit anti-MMP3 (1:3000, 17873-1-AP, proteintech), rabbit anti-MMP9 (1:2000, 27306-1-AP, proteintech), rabbit anti-Bcl- 
2 (1:2000, 12789-1-AP, proteintech), rabbit anti-Bax (1:2000, 50599-2-Ig, proteintech), rabbit anti-EphA2 (1:2000, bs-10209R, bioss), 
rabbit anti-AKT (1:2000,60203-2-Ig, proteintech), rabbit anti-p-AKT (1:1000, 80455-1-RR, proteintech), rabbit anti-PI3K (1:2000, 
ab227204, abcam), rabbit anti-p-PI3K (1:1000, ab182651,abcam) overnight at 4 ◦C. Membranes were washed three times with TBST, 
and incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 h. After washing the membrane three times 
with TBST, blots were detected using the Super Sensitive ECL-solution (ECL-0011, Dingguo, China) on a ChemiScope 5300 Pro 
intelligent image workstation (Clinx, China) and analyzed using ImageJ.

2.6. Tube-formation assay

For the in vitro tube formation assay, basement membrane matrigel(#356234, Corning,USA) was applied to a 24-well tissue culture 
plate (200 μl per well). After polymerization of the matrigel at 37 ◦C for 1 h, cells starved for 2 h were harvested using trypsin/EDTA, 
washed with assay medium, and seeded at a density of 1 × 105 cells per well on the polymerized matrigel in the presence of different 
formulations (i.e. DHA [at 100 μM] or DMSO). The medium containing no DHA was set as the control, and the medium containing 30 
ng/ml VEGF was set as the positive control. After being shaken for 15 s with orbital shaker, the plate was kept in the cell incubator for 
24 h. Representative pictures of tube formation were taken at 10 × magnification under a stereomicroscope (Olympus, IX71, Japan) 
and tubes were counted for statistical analysis (n = 4).

2.7. Immunofluorescent staining(IF staining)

Cells were seeded in a 24-well plate with cell coverslips at a density of 30000 cells/well. The cells were treated with 100 μM DHA or 
DMSO for 24h. The cells were rinsed once with PBS, fixed with 4 % paraformaldehyde for 20 min, and then washed with PBS three 
times for 5 min each. After that, the plates were blocked and permeabilized with 0.1 % Triton X-100 in PBS containing 5 % bovine 
serum albumin (BSA) at room temperature for 1 h. Subsequently, cells were incubated with primary antibody overnight at 4 ◦C, 
including rabbit anti-EphA2 (1:500, #14074, CST), rabbit anti-MMP2 (1:500, #9661, CST). Then, cells were washed with PBS three 
times for 5 min each, and incubated with secondary antibody at 1:500 for 1 h at room temperature. After rinsing three more times with 
PBS, Hoechst 33342 was stained (62249,Thermo Fisher Scientific) for 10 min at 1:10000 and then coverslips were mounted the slides 
with an anti-fluorescence decay mounting medium. Images were acquired by confocal (Olympus, Japan) and ImageJ software was 
used for analysis.

2.8. si-RNAs, plasmids and cell transfection

Cells were seeded in 6-well or 96-well plates at a density of 5 × 103 cells/well or 1.5 × 105 cells/well, respectively, and transfected 
with a serum-free medium containing Lipofectamine 3000™ Transfection Reagent (L3000-015, InvitrogenTM) for 100 pmol si-NC or 
si-EpaA2 for 6 h according to the manufacturer’s instruction. The transfection efficiency peaked at 72 h, and subsequent experiments 
were carried out. The primer sequences of si-EpaA2 and pc-EpaA2 are listed in Table 1.

2.9. RNA extraction and quantitative real-time PCR

Total RNA was extracted from cells using RNA extraction method based on Trizol (No.20211125, invitrogen). RNA (500 ng) was 
reverse transcribed into single-stranded cDNA using Revert Aid First Strand cDNA Synthesis Kit(K1622, Thermo Fisher Scientific) 
according to the protocol provided by the manufacturer. PCR amplification of target cDNA and internal control (GAPDH) cDNA was 
performed using specific primers. Sample mRNA levels were quantified using DyNAmo Flash SYBR Green qPCR Kit (F-415XL, Thermo 

Table 1 
Sequences of primers and siRNAs.

Name Sequence(5′-3′) Sequence(5′-3′) Trials

CD133 Forward: CTGCCCAGAGTGGAAGAAT Reverse: ACAGCAAGCCCAGGTAAAA qPCR
MMP2 Forward: TAACTCCACTACGCTTTT Reverse: TACTTTACTCGGACCACT qPCR
MMP3 Forward: CCCTGATGTCCTCGTGGTA Reverse: GGTCCTGAGAGATTTTCGC qPCR
MMP4 Forward: CCCTGATGTCCTCGTGGTA Reverse: GGTCCTGAGAGATTTTCGC qPCR
MMP9 Forward: TGAAGACGACATAAAAGGCA Reverse: GGGACACATAGTGGGAGGAG qPCR
EphA2 Forward: TGTGTGGCATTGCTCTCT Reverse: TTCTCGTAGCCTTCTTGG qPCR
GAPDH Forward: ACAGCAACAGGGTGGTGGAC Reverse: TTTGAGGGTGCAGCGAACTT qPCR
Epha2-rat-1385 Sense:GGAAGUACGAAGUCACCUATT Anti-sense:UAGGUGACUUCGUACUUCCTT Gene silencing
Epha2-rat-2023 Sense:GGCGUUGUCUCUAAAUACATT Anti-sense:UGUAUUUAGAGACAACGCCTT Gene silencing
Epha2-rat-1715 Sense:CCAAGUCAGAACAACUAAATT Anti-sense:UUUAGUUGUUCUGACUUGGTT Gene silencing
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Fig. 1. The expression of EphA2 in BGSCs was downregulated by DHA. 
Legend. 
A) Results of western blot of MMPs, Bax and BCL-2 and the quantitative analysis. B) The relative expression of Mmp2, Mmp3 and Mmp9 mRNA. C) 
Results of VM formation of BGSCs with or without 100 μM DHA for 48 h and quantitative analysis. 
D) Results of CCK-8 assay of C6 BGSCs after 24-, 48- or 72-h treatment of DHA at different doses(0, 10, 25, 50, 75, 100, 200 μM). E) FACS results of 
BGSCs with or without 100 μM DHA and quantitative analysis. Bar, 50 μm *p < 0.05, ***p < 0.001 using student t-test. n = 4 for each group.
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Fisher Scientific) on a Real-Time PCR machine (Applied Biosystems 7500)and fold changes in gene expression were calculated by the 
2− ΔΔCt approach. The primers used in this study were synthesized by Sangon Biotech and Primer Premier 5.0 software and listed in 
Table 1.

2.10. Orthotopic transplantation mouse model

The animal study was reviewed and approved by the Animal Ethical and Welfare Committee of Guangxi Medical University. Male 
nude mice of six-week-old BALB/c nude mice were purchased from Charles River company, and raised at the Animal Experimental 
Center of Guangxi Medical University. To establish an in vivo orthotopic transplantation GBM model, C6 cells stably expressing 
Luciferase (1.5 × 107 cells per mouse) were injected into the striatum of the mice using a 69100 rotary digital stereotaxic apparatus 
(RWD, Shenzhen, China). Mice were randomly divided into five groups, (namely, Control; DHA; DHA + pc-NC; DHA + pc-EphA2; 
DHA + pc-EphA2+LY294002, n = 7 per group, DHA [at 100 μM]) and administered daily by gavage. The body weight of the mice was 
measured. On the 7th, 14th, and 28th day of transplantation, the bioluminescence imaging of tumors was analyzed by a three- 
dimensional bioluminescence imaging system for small animals (PhotonIMAGER Optima, Biospace Lab, France). All nude mice 
were sacrificed 28 days after transplantation, and the fluorescence intensity values were analyzed to evaluate the therapeutic effect of 
DHA on in situ GBM. The brains were collected for HE staining, DAB staining and western blotting detection.

2.11. Statistical analysis

All experiments were performed at least three independent times. Statistical analyses were performed using image J and GraphPad 
Prism 9.0 software. The statistical analysis significance between multiple groups was performed using analysis of variance (ANONA) 
and the statistical significance between two means was analyzed by student’s t-test. The data were expressed as the means ± standard 
error of the mean (SEM). Differences with p < 0.05 were considered to be statistically significant.

Fig. 2. DHA downregulates EphA2 in brain glioma stem cells. 
Legend. 
A) The relative expression of Epha2 mRNA. B) The relative expression of EphA2 protein. C) Immunofluorescent staining of EphA2 (red) of C6 BGSCs 
(nuclei in blue). Bar, 100 μm ***p < 0.001 using student t-test. n = 4 for each group.
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3. Results

3.1. The EphA2/MMPs pathway and VM formation in brain glioma stem cells was downregulated by DHA

In this study, BGSCs, characterized by higher expression of CD133 (Supplementary Fig. 1) treated with DHA had a significantly 
decreased level of EphA2 mRNA and proteins (Fig. 2A and B). The alternation was further confirmed by IF staining (Fig. 2C). The 
relative expression of MMP-2/3/9, the key downstream mediators of VM formation, were also downregulated in terms of WB (Fig. 2B) 
and qPCR (Fig. 2A) results. DHA significantly attenuates the VM formation of BGSCs (Fig. 1C). Additionally, the pro-apoptotic protein 
Bax was increased, while the anti-apoptotic protein Bcl-2 was decreased in BGSCs treated with DHA (Fig. 1A). Decreased cell viability 
and induced apoptosis, as demonstrated CCK-8 and flow cytometric results further verified the pro-apoptotic effects of DHA (Fig. 1D 
and E; Supplementary Figs. 2 and 3). Conclusively, these data demonstrated that DHA could inhibit EphA2/MMPs-mediated VM 
formation and malignant biological behaviors.

Fig. 3. Knockdown of EphA2 inhibits malignant biological behaviors of brain glioma stem cells. 
Legend. 
A) The relative expression of Epha2 mRNA between the BGSCs treated with si-NC RNA and si-EphA2 RNA. B,C) Results of western blot of cells 
treated with si-NC or si-Epha2 and quantitative analysis. D,E) Results of VM formation of BGSCs after EphA2 knockdown and quantitative analysis. 
F,G) Results of flow cytometry of cells treated with si-NC or si-Epha2 for 72 h. Bar, 50 μm ***p < 0.001. ****p < 0.0001 using student t-test. n = 4 
for each group.
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3.2. The knockdown of EphA2 inhibits VM formation and induces apoptosis in BGSCs

To explore whether the effects of inhibiting VM formation and inducing apoptosis of DHA were mediated by EphA2, small 
interfering RNA (siRNA) was used to knockdown EphA2 in BGSCs. The mRNA and protein levels of EphA2 were significantly inhibited 
(Fig. 3AC). IF staining also revealed a significant decrease of EphA2 level (Supplementary Fig. 4). The MMP-2/3/9 were also 
downregulated after EphA2 knockdown (Fig. 3B and C). Similar to DHA, si-EphA2 also significantly inhibited the formation of VM 

Fig. 4. The anti-glioma effects of DHA was at least partly mediated by downregulation of EphA2. 
Legend: A) The relative expression level of EphA2 mRNA after transfection with pcDNA-EphA2. B,C) Western blot results of BGSCs treated with 
DHA + pc-NC, DHA + pc-EphA2 or DHA + pc-EphA2+LY294002, and quantitative analysis for 48h. D) Results of angiogenesis of BGSCs treated 
with DHA + pc-NC, DHA + pc-EphA2 or DHA + pc-EphA2+LY294002 for 48h. E,F) Representative images and quantitative analysis of flow 
cytometric results of Annexin V/PI to identify the ratio of apoptotic cells. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 using student t-test. n 
= 4_ for each group.
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Fig. 5. The anti-glioma effects of DHA were dependent on EphA2/PI3K/MMP inhibition. 
Legend. 
A) IVIS for glioma tissue after treatment of DHA with or without pc-EphA2 and LY294002 for 48h. B) Western blot results of glioma tissue after 
treatment of DHA with or without pc-EphA2 and LY294002 for 48h and the quantitative analyses. * or ##p < 0.05. ** or ##p < 0.01. *** or ###p 
< 0.001. **** or ####p < 0.0001 using one-way ANOVA test. n = 4 for each group.
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(Fig. 3D and E) and induced apoptosis (Fig. 3F and G). These findings indicated that knockdown of EphA2 led to inhibition of VM 
formation and enhancement of cell apoptosis.

3.3. The anti-glioma effects of DHA were dependent on EphA2/PI3K/MMPs pathway

To investigate whether overexpression of EphA2 rescues the anti-glioma effects of DHA, The expression plasmid of EphA2 (pcDNA- 
EphA2) and an inhibitor of PI3K signal(LY294002), the downstream of EphA2, were added into the medium of BGSCs. The expression 
levels of EphA2 mRNA and protein were significantly increased (Fig. 4AC). PI3K and Akt were significantly activated and MMP-2/3/9 
were upregulated in EphA2-overexpressed BGSCs (Fig. 4B and C). In BGSCs treated with pcDNA-EphA2 and LY294002, PI3K/Akt/ 
MMPs pathway was significantly inactivated (Fig. 4B and C). The formation of VM increased, and the apoptosis was inhibited in pc- 
EphA2-treated BGSCs, which were reversed by PI findings indicated that the anti-VM and pro-apoptosis effects of DHA were dependent 
on EphA2/PI3K/MMPs pathway.

3.4. The anti-glioma effects of DHA in vivo were dependent on EphA2/PI3K/MMPs pathway

To investigate the role of DHA-induced inhibition of EphA2/PI3K/MMPs signal in vivo, mice glioma models were established. DHA, 
pcDNA-EphA2 and LY294002 were administrated in certain groups, as shown in Fig. 5A(Supplementary Fig. 5). Those with DHA + PBS 
or DHA + pc-NC treatment had significant attenuation of glioma burden, with decreased levels of the activation of PI3K/Akt signal and 
expression of MMPs (Fig. 5B). The addition of pc-EphA2 reversed the alternations in DHA + PBS or DHA + pc-NC groups; while the 
growth of glioma was mildly inhibited in the groups treated with DHA + pc-EphA2+LY294002 comparing with the DHA + pc-EphA2 
group. Several histological assessments were conducted to understand the mechanisms underlying the relationship between EphA2/ 
PI3K/MMP pathway and DHA-induced anti-glioma effects (Fig. 6A). It was observed that DHA and pc-EphA2 or LY294002 treated 
inhibited VM formation of CD31− PAS+ and promoted the formation of endothelial microvessel(Fig. 6B). The IF staining verified the 
results of WB regarding the protein levels of EphA2 and MMP-2 in all groups (Fig. 6C and D). Although the key protein levels of WB 
seemed to be comparable between the DHA + pc-EphA2+LY294002 group and the DHA + pc-EphA2 group, the levels of EphA2 and 
MMP-2 was decreased according to IF staining. Additionally, the levels of BGSCs in glioma tissues were analyzed by CD133/Nestin 
staining (Fig. 6A–E), demonstrating the EphA2/PI3K/MMP signal mediates DHA-induced anti-BGSC effects. Conclusively, EphA2/ 
PI3K/MMPs serve as a key pathway mediating the anti-VM and anti-glioma effects of DHA in vivo.

4. Discussion

In this study, we revealed that DHA significantly inhibits the formation of vasculogenic-like networks, the stemness of C6 BGSCs 
and the growth of glioma by inhibiting the expression of EphA2. Mechanistic investigations indicated that the PI3K/Akt pathway at 
least partly mediates the function, as overexpression of EphA2 reversed the anti-tumor effects of DHA. Conclusively, the current report 
provides evidence of DHA, PI3K/Akt/EphA2 blockage and VM inhibition as promising therapies for glioma.

Eph receptors are single transmembrane proteins with extracellular-(N-terminal) and intracellular domains with ligand binding 
and intrinsic enzymatic activities [18]. Some of the Eph receptors, including EphA2 and related ligands (ephrins), have spurred most 
efforts due to there hypothesized or indicated contribution to carcinogenesis and progression, as they participate in multiple biological 
processes, mostly causing cell-cell repulsion or adhesion [19,20]. In particular, EphA2 is of great interest due to its capability of 
directing vascular network assembly, affecting capillary morphogenesis and angiogenesis in addition to regulating the stem properties 
of BGSCs [21,22]. The expression of EphA2 is at low levels in normal neural tissue and significantly overexpressed in glioma [23].

Malignant glioma is characterized by abnormal angiogenesis, infiltrative growth, and metastasis, leading to incomplete surgical 
removal and recurrence. Distinct from classical tumor angiogenesis, VM provides a blood supply for tumor cells independent of 
endothelial cells [24]. Cancer stem cells are crucial modulators in the process of VM formation [25,26]. VM is associated with high 
tumor grade, invasion, metastasis, and poor prognosis in patients with malignant tumors, and has been considered as a therapeutic 
target of glioma recently [24]. Downregulating tumor growth factor (TGF) β by RNA interference led to a significantly impaired VM 
formation, which could be rescued by rhTGFβ in U251MG glioma cells [27]. PP2, a Src tyrosine kinase inhibitor,was also found to 
downregulate the expression of EphA2 and MMP2, and inhibit VM formation [28]. Similarly, miR-26b and miR-141 also regulate the 
glioma VM via EphA2 [29,30]. PI3K/Akt/MMP-2/9 signaling was considered another essential pathway mediating EphA2-related VM 
formation. For instance, in a study focusing on choroidal melanoma, the expression levels of EphA2, PI3K and MMPs and angiogenesis 
were decreased by curcumin, another natural bioactive molecule, indicating that EphA2/PI3K/MMPs signaling pathway could be a 
clinical inhibitor of tumor vasculogenic mimicry [31]. Liu et al. showed that miR-451a negatively regulates EphA2 along with the 
downstream PI3K/Akt pathway, and subsequently the growth and metastasis of bladder cancer cells [32]. In this report, we revealed 
that EphA2 was downregulated after DHA treatment in glioma stem cells. Similar to bladder and melanoma cells, PI3K, Akt and MMPs 
were also downregulated following the EphA2 inhibition in BGSCs. However, it remains unclear how DHA inhibits the expression of 
EphA2, and thus, studies on the upstream or ligands are required. In addition to ephrinA, findings from Gai et al. revealed that EphA2 is 
also a potential receptor of platelet-derived growth subunit A (PDGFA) and synergetic benefits were observed with simultaneous 
inhibition of both EphA2 and platelet-derived growth factor receptor α (PDGFRA) in vitro and in vivo [33]. It is interesting to note that 
Hamaoka Y et al. demonstrated that EphA2 is an effector in the downstream of the MEK/ERK/RSK pathway and mediates cell pro
liferation in glioblastoma cells [34,35], although EphA2 could also regulate MEK/ERK signal [36].

Artemisinin and derivatives, which are derived from the annual Artemisia annua L., have been initially used as anti-malarial agent 
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for over 2000 years [37]. Recently, DHA has also been recognized as a promising antitumor reagent. DHA efficiently inhibits cell 
proliferation, induces cell cycle arrest, and promotes apoptosis by regulating Bax, Mcl-1, STAT3, surviving, and other key molecules in 
several lung cancer cell lines [38–40]. Yao et al. demonstrated that DHA can inactivate cancer-associated fibroblasts by inhibiting the 
TGFβ signal [41]. Moreover, DHA suppresses the specificity protein 1 and MAPK pathways to inhibit proliferation and induce 
caspase-dependent apoptosis in SK-Hep-1 cells (a hepatocellular cancer cell line) [42]. In the current study, the anti-glioma effects of 
DHA were blocked by overexpression of EphA2 using a plasmid, while additional administration of the PI3K inhibitor LY294002 
reversed the benefits. These data provide novel mechanistic understanding and preclinical evidence for the administration of DHA and 
inhibition of EphA2 in the treatment of glioma. Conclusively, DHA significantly inhibits the stemness of BGSCs and VM formation both 
in vitro and in vivo. Mechanistically, the EphA2/PI3K/Akt pathway at least partly mediates the benefits.
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Fig. 6. The anti-VM and pro-apoptotic effects of DHA were dependent on EphA2/PI3K/MMP inhibition. 
Legend. 
A) Histological analysis for glioma tissue after treatment of DHA with or without pc-EphA2 and LY294002 for 48h. B) Quantitative analysis for 
CD31/PAS double staining. C) Quantitative analysis for EphA2 IF staining. D) Quantitative analysis for MMP2 IF staining. E) Quantitative analysis 
for CD133/Nestin IF staining. Bar, 50 μm** or ##p < 0.01. *** or ###p < 0.001. **** or ####p < 0.0001 using one-way ANOVA test. n = 4 for 
each group.
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