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Abstract. The mammalian target of rapamycin  (mTOR) 
is a crucial regulator in malignant gliomas. Vasculogenic 
mimicry (VM) describes functional channels established by 
highly malignant tumor cells that is different from endothe-
lium-lined blood vessels. Our previous studies confirmed the 
existence and clinical significance of VM in medulloblastoma 
and glioblastoma. In the present study, by immunohistochem-
ical and CD34/PAS histochemical double-staining, 34 cases 
(26.8%) with VM structures were identified among a total of 
127 glioma cases, and these VM structures were associated 
with mTOR expression in the glioma specimens. In vitro, U87 
malignant glioblastoma cells formed tube structures similar 
to HUVECs on Matrigel in 3D culture, and mTOR-specific 
inhibitor rapamycin inhibited VM formation in the U87 malig-
nant glioblastoma cells under both normoxia and hypoxia. In 
addition, rapamycin and mTOR siRNA inhibited molecules in 
the signaling cascade of VM formation, particularly HIF-1α. 
Taken together, our results demonstrated that mTOR signaling 
is involved in VM formation, and may be a potential thera-
peutic target for gliomas.

Introduction

Glioma is one of the most common malignant primary brain 
tumors. According to the 2007 World Health Organization 
classification of central nervous system tumors, gliomas are 
divided pathologically into four grades, which are relevant 
for prognosis. Surgery, with or without radiotherapy and 
chemotherapy, can relieve many symptoms in glioma patients, 

but clinically, tumor recurrence often occurs (1). For many 
patients, complete elimination of gliomas remains a challenge.

In recent years, vascular-targeted therapy has gradually 
been accepted. The antiangiogenic drug bevacizumab (Avastin) 
has become one of the most popular vascular-targeted 
therapeutic drugs for several types of tumors, including 
gliomas (2). However, this traditional antiangiogenic drug also 
accelerates metastasis, together with marked hypoxia and an 
alternative blood supply - vasculogenic mimicry (VM) (3). 
VM consists of laminin-rich networks that can be stained 
with periodic acid‑Schiff (PAS) in vivo and forms extracel-
lular matrix (ECM)-rich tubular networks on Matrigel that 
mimic conventional angiogenesis in vitro. VM is established 
by highly aggressive tumor cells instead of poorly aggressive 
ones or endothelial cells (4). Our previous studies confirmed 
the existence and clinical significance of VM in medulloblas-
toma and glioblastoma, and VM might be an independent 
adverse prognostic factor for overall survival (5,6). As a novel 
form of blood supply, suppression of VM could be an alterna-
tive therapeutic target for gliomas.

The mammalian target of rapamycin (mTOR) signaling 
pathway is activated in the majority of human tumors. It plays 
an important role in regulating angiogenesis both in normal 
tissues and in tumors (7). Previous studies have demonstrated 
that there is molecular crosstalk between the mTOR and VM 
signaling pathways, particularly HIF-1α (8).

A recent study indicated that rapamycin acts as an HIF-1α 
inhibitor and prevents VM formation of human epithelial 
ovarian cancer in  vivo  (9). Researchers have reached a 
consensus that HIF-1α is a major cause of VM (reviewed in 
ref. 10). Therefore, HIF-1α might be one of the mTOR down-
stream molecules involved in VM. However, the integrated 
mechanism of mTOR signaling in VM formation has not yet 
been investigated. In this study, we aimed to achieve a better 
understanding of the role of mTOR signaling in VM formation 
and to explore a novel method of treatment targeting glioma.

Materials and methods

Patients. One hundred and twenty-seven specimens of 
paraffin-embedded glioma tissues were obtained from the 

Mammalian target of rapamycin signaling is involved in the 
vasculogenic mimicry of glioma via hypoxia-inducible factor-1α

Min Huang1,  Yiquan Ke1,  Xinlin Sun1,  Li Yu2,  Zhilin Yang1,  Yonghong Zhang1, 
  Mouxuan Du1,  Jihui Wang1,  Xiao Liu1  and  Shuyun Huang1

1The National Key Clinic Specialty, The Neurosurgery Institute of Guangdong Province, 
 Guangdong Provincial Key Laboratory on Brain Function Repair and Regeneration, Department of Neurosurgery, 

 Zhujiang Hospital, Southern Medical University; 2Department of Pathology, Zhujiang Hospital, 
Southern Medical University, Guangzhou, Guangdong 510280, P.R. China

Received July 11, 2014;  Accepted August 14, 2014

DOI: 10.3892/or.2014.3454

Correspondence to: Professor Yiquan Ke, Department of 
Neurosurgery, Zhujiang Hospital, Southern Medical University, 253 
Gongye Road, Guangzhou, Guangdong 510280, P.R. China
E-mail: zjkeyiquan@gmail.com

Key words: glioma, hypoxia-inducible factor-1α, mammalian target 
of rapamycin, vascular-targeted therapy, vasculogenic mimicry



huang et al:  mTOR INVOLVED IN THE VM of GLIOMA1974

Department of Pathology of Zhujiang Hospital at Southern 
Medical University between 2009 and 2012. Tumor sections 
were reviewed by two neuropathologists to verify the diag-
nosis of glioma in accordance with the 2007 World Health 
Organization classification of central nervous system tumors. 
Informed consent was obtained for the use of the specimens, 
and the study was approved by the Research Ethics Committee 
of Southern Medical University.

Cells and reagents. The human U87 malignant glioblastoma 
(U87-MG) cell line was chosen for the in vitro functional 
test, and human umbilical vein endothelial cells (HUVECs) 
were used as control cells. Both cell lines were cultured in 
Dulbecco's modified Eagle's medium (DMEM; Hyclone, 
Logan, UT, USA) supplemented with 10% fetal bovine serum 
(FBS; Gibco, Minneapolis, MN, USA). Cells were grown at 
37˚C in a humidified atmosphere of 5% CO2 and 95% air. 
Serum-free culture medium was used for the cell function 
assays.

Rapamycin (Sigma-Aldrich, St. Louis MO, USA) was 
stored at a concentration of 10 mM in 100% DMSO at -20˚C 
and was diluted in serum-free medium immediately prior to 
use. Antibodies against mTOR, HIF-1α, MMP-14 and MMP-2 
were purchased from Abcam (Cambridge, UK).

Hypoxia treatment. Hypoxic conditions were simulated by 
flushing 5% CO2 and 95% N2 through a modified chamber 
(Mitsubishi, Japan), as described previously (11), until the O2 

concentration was reduced to 1%, as measured with a Mini 
oxygen meter. The culture system was sealed and incubated 
at 37˚C.

Immunohistochemical and CD34/PAS histochemical 
double-staining. Immunohistochemical and CD34/PAS histo-
chemical double-staining were performed as we previously 
described  (6). For immunohistochemical staining of each 
slide, a total of five random images (magnification, x400) were 
selected and examined under a microscope (Leica, Germany). 
The number of stained cells and the total number of cells were 
counted, and the ratio between the stained and total cells was 
calculated. The following scoring was used for the stained cell 
ratio: <10% was negative or weakly positive (-/+); 10-50% was 
strongly positive (++); and >50% was very strongly positive 
(+++).

For CD34/PAS histochemical double-staining, after immu-
nohistochemical staining for CD34 (Zhongshan Goldenbridge 
Biotechnology, Beijing, China), the sections were washed 
with distilled water and slides were stained following the 
PAS staining procedures before counterstaining with Mayer's 
hematoxylin.

Three-dimensional (3D) culture. The in  vitro study of 
vasculogenic mimicry formation was assessed on Matrigel 
by a 3D  culture. Matrigel (Growth Factor Reduced; BD 
Biosciences) was thawed at 4˚C, and 250 µl was quickly added 
to each well of a 24-well plate and allowed to solidify for 1 h at 
room temperature. HUVECs or U87-MG cells were harvested 
by trypsin, resuspended in medium with serum in the pres-
ence or absence of rapamycin at the indicated concentrations, 
and seeded onto the Matrigel layer at 1-5x104 cells/well. The 

HUVECs were used as a control. After a 6-h incubation, the 
tubular network structures were visualized, and images were 
captured under a phase contrast microscope. The relative 
lengths of the tubes were quantified by image analysis soft-
ware (Image-Pro Plus).

Western blotting. The cells were lysed with RIPA buffer 
(Beyotime, Nangtong, China) with the addition of 1% fresh 
protease inhibitor cocktail 1 and/or phosphatase inhibitor 
cocktail 2 (Sigma) and 1 µl 100 mM phenylmethylsulfonyl 
fluoride (Beyotime). After removal by scraping, the cells were 
placed in ice for 30 min and centrifuged at 12,000 rpm for 
10 min. The protein concentration of the samples was deter-
mined using an Enhanced BCA protein assay kit (Beyotime). 
The protein concentrations were quantified and 30 µg protein 
per sample was separated on 8% SDS-PAGE. The separated 
proteins were transferred onto polyvinylidene difluoride 
membranes (Millipore). After blocking with 5% non-fat milk 
for 1 h at room temperature, the membranes were probed with 
primary antibodies for 2 h at room temperature, followed by 
appropriate horseradish peroxidase-conjugated secondary 
antibodies (all from Abcam) for 1 h at room temperature. The 
blots were detected using Pierce ECL Plus Western Blotting 
Substrate (Thermo Fisher) and developed using X-ray film.

Table I. Relationship between VM and clinicopathological 
data of the patients with glioma.

	 VM
	 --------------------------------------
Variables	 Cases	 Positive	 Negative	 χ2 a	 P-value

Gender				    0.486	 0.486
  Male	 72	 21	 51
  Female	 55	 13	 42

Age (years)				    0.011	 0.917
  <60	 85	 23	 62
  ≥60	 42	 11	 31

KPS				    0.026	 0.872
  <60	 36	 10	 26
  ≥60	 91	 24	 67

Tumor size (cm)				    0.132	 0.717
  <6	 78	 20	 58
  ≥6	 49	 14	 35

Pathological grade				    9.051	 0.029b

  Ⅰ	 7	 0	 7
  Ⅱ	 45	 7	 38
  Ⅲ	 42	 14	 28
  Ⅳ	 33	 13	 20

mTOR expression				    7.748	 0.021b

  -/+	 10	 1	 9
  ++	 83	 18	 65
  +++	 34	 15	 19

aPearson χ2 test (asymptotic significance, two-sided). bP<0.05 indi-
cates a significant difference. KPS, Karnofsky performance score.
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siRNA transfection. The negative control and mTOR siRNAs 
were purchased from GenePharma Biological Technology 
(Shanghai, China). The target sequence of mTOR siRNA was 
5'-GGCCUAUGGUCGAGAUUUATT-3'  (12). For siRNA 
transfection, cells at a concentration of 2.5-5x104 cells/ml 
were incubated for 24 h in 6-well plates. The cells were then 
transfected with 200 pmol negative control (NC) and mTOR 
siRNA for 24-48 h in the presence of Lipofectamine (Invitrogen) 
and subjected to western blotting. We also used a positive 
control (GAPDH siRNA) and a fluorescein-labeled negative 
control to ensure the reliability of the method and transfection 
efficiency.

Cell migration assay. Cell migration was evaluated using an 
in vitro wound healing assay. Cells were seeded on a 6-well 
plate and incubated for 6 h to allow the formation of a cell 
monolayer. Cells were scratched with the tip of a 200-µl 
pipette and then incubated at 37˚C under normoxic or hypoxic 
conditions for 24 h. Cell motility was assessed by measuring 

the speed of wound closure at specific intervals. Each experi-
ment was conducted in triplicate.

Statistical analysis. All experiments were repeated at least 
three times. The data are expressed as mean  ±  standard 
deviation (SD) or standard error of the mean (SEM). Statistical 
analysis was performed using the Student's t-test (two-sided). 
The criterion for statistical significance was P<0.05 or P<0.01.

Results

Relationship between VM and clinicopathological data of the 
glioma cases. Thirty-four cases (26.8%) with VM structures 
were identified among a total of 127 glioma cases (Table Ⅰ). 
These structures were positive for PAS but negative for CD34 
(Fig. 1A), indicating that they did not consist of endothelial 
cells. Red blood cells were observed at higher magnifica-
tion in the VM structures (Fig. 1B) suggesting that they had 
a blood supply function. Some VM structures were even 

Figure 1. Immunohistochemistry of VM structures and mTOR expression in the glioma tissues. (A) Representative VM structure (arrow) and endothelial 
cell‑lined blood vessels (brown staining) in glioma tissues. The VM structure was stained purple with PAS, and endothelial cell-lined blood vessels were 
stained brown. (B) Higher magnification of the VM structure containing red blood cells (arrow heads). (C and D) Some VM structures were connected 
with CD34-positive endothelial cell-lined blood vessels. mTOR expression in the (E) VM group of glioma tissues was significantly higher than that in the 
(F) non-VM group. Original magnification: x200 in A, C, E and F; x400 in B and D. Tissue stains: CD34/PAS histochemical double-staining in A-D; immu-
nohistochemical staining in E and F.
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interlinked with CD34+ endothelial cell-lined blood vessels 
(Fig. 1C and D).

Among all of the clinicopathological variants compared, 
the pathological grade of gliomas and the mTOR expres-
sion in the tissue sections differed significantly between the 
VM-positive and VM-negative group (P<0.05). However, there 
was no relationship with other clinicopathological variants 
such as gender, age, Karnofsky performance score (KPS) and 
tumor size.

VM structures were found more frequently in highly 
aggressive gliomas (33.3% of grade Ⅲ and 39.4% of grade Ⅳ 
cases) compared to the poorly aggressive ones (15.6% of grade 
Ⅱ and 0.0% of grade Ⅰ cases) (χ2=9.051, P=0.029), which is 
consistent with other tumors from different studies (4,13).

mTOR protein expression in the human glioma tissues 
was investigated by immunohistochemistry (Fig. 1E and F). 
VM structures were significantly more frequent in the tissues 
with a higher rate of mTOR expression than the frequency of 
VM structures in tissues with a lower rate of mTOR expression 
(10.0% of -/+, 21.7% of ++ and 44.1% of +++ tissues) (χ2=7.748; 
P=0.021). These results strongly imply that VM is not only 
correlated with tumor grade but also with mTOR signaling 
activity in gliomas.

Rapamycin inhibits tube structures in the U87-MG cell line 
under normoxia. In the in vitro test, under normoxia, U87-MG 
cells formed tube structures similar to HUVECs on Matrigel 
(Fig. 2A and B). The tube structures were significantly inhibited 
with increasing concentrations of rapamycin (Fig. 2C and D), 
and there was a significant difference between the various 
degrees of inhibition (Fig. 2E).

Rapamycin inhibits stronger tube structures in the U87-MG 
cell line under hypoxia. As showed in the previous experiment, 

the ability of U87-MG cells to form tube structures on Matrigel 
appeared defective under a normoxic condition (Fig. 3A). The 
tumor cells grown under hypoxic conditions showed stronger 
tube structures on Matrigel (Fig. 3B). However, when treated 
with rapamycin, these tube structures disappeared (Fig. 3C 
and D).

Rapamycin inhibits mTOR and HIF-1α expression under 
normoxic or hypoxic conditions. Many studies have confirmed 
that intratumoral hypoxia is closely related with the formation 
of VM, and HIF-1α is often activated (14,15). We first exam-
ined the effect of rapamycin on the activation of HIF-1α under 
normoxic conditions. Western blotting revealed that rapamycin 
inhibited HIF-1α expression, even when it was expressed very 
low under normoxia (Fig. 4A). Quantitative analyses of the 
western blotting results revealed that treatment with increasing 
concentrations of rapamycin induced a dose‑dependent 
downregulation of HIF-1α protein in addition to inhibiting 
mTOR expression (Fig. 4B). Additionally, rapamycin induced 
a dose-dependent downregulation of HIF-1α expression under 
hypoxia. Inhibition of HIF-1α accumulation by rapamycin 
(Fig. 4C) was similar to that in previous studies of exposure 
to hypoxia (8,16).

mTOR siRNA significantly decreases downstream signaling 
of VM and suppresses glioma cell migration. To verify the 
regulation of downstream molecules of mTOR by rapamycin, 
U87-MG cells were transfected with mTOR siRNA. The 
efficiency and effectiveness of transfection were identified 
by western blot analysis. We designed and synthesized four 
mTOR siRNAs, and chose one that maximally knocked down 
mTOR expression, to screen the downstream signaling of 
VM. When mTOR expression was significantly decreased by 
siRNA, as expected, HIF-1α expression was also significantly 

Figure 2. Inhibition of tube formation in U87-MG cells by rapamycin under normoxic conditions. (A) Representative image of tube structure formation in 
HUVECs on Matrigel (magnification, x100). (B-D) U87-MG cells formed defective tube structures on Matrigel. Cells treated with (C) 50 µM or (D) 100 µM 
rapamycin showed different degrees of tube structure damage. (E) Total number of junctions per field in x100 view was compared between groups. Data 
represent the mean ± SEM from three independent experiments. *P<0.05 and **P<0.01 compared with the group without addition of rapamycin.
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downregulated, under normoxic or hypoxic conditions 
(Fig. 5A). Quantitative analyses of the western blotting results 

also showed the inhibitory effects of mTOR siRNA on the 
expression of related molecules (Fig. 5B).

Consequently, to establish whether the mTOR signaling 
pathway influenced the final stage of VM signaling, we inves-
tigated MMP-14 and MMP-2 expression by western blotting. 
As shown in Fig. 5A and B, expression of both MMPs was 
lower in the U87-MG cells transfected with mTOR siRNA 
than levels in the control cells, even under hypoxia.

MMP-2 is associated with cell migration (17). We further 
detected the migration of U87-MG cells when transfected 
with siRNA. Fig. 5C shows that cell migration increased after 
hypoxia for 24 h. However, this increase did not recur after 
siRNA interference.

Discussion

The initial morphologic and molecular characterization of 
VM was accomplished in human melanoma. In addition 
to identification in invasive melanoma, VM has also been 
observed in other malignant solid tumors, including prostatic 
tumors  (18,19), Ewing sarcoma  (20), hepatocellular carci-
noma (21,22), colorectal carcinoma (23) and glioma (24). Our 
previous study demonstrated that VM exists in glioblastomas 
and is a significant prognostic factor for patient survival (5). 
In the present study, we confirmed that VM was present in 
different grades of glioma, and the amount of VM in the 
tumors increased with the grade of glioma. These results are 
consistent with a previous study that showed that VM forma-
tion is related to the invasive ability of tumors; more VM 
structures are observed in highly aggressive tumors than in 
less aggressive ones (4).

In addition to the malignancy of tumor cells and tumor 
blood supply, the surrounding microenvironment (such as 
hypoxia) is also closely related with VM formation (25,26). 

Figure 3. Inhibition of tube formation in U87-MG cells by rapamycin under hypoxic conditions. (A) U87-MG cells showed defective tube formation on 
Matrigel under normoxic conditions. (B) Under hypoxia, U87-MG cells grown on Matrigel formed stronger tube structures. In cells treated with (C) 50 µM or 
(D) 100 µM rapamycin, tube structures disappeared, even under hypoxia. (E) Total number of junctions per field in x100 view was compared between groups. 
Data represent the mean ± SEM from three independent experiments. *P<0.05 and **P<0.01 compared with the group without addition of rapamycin under 
hypoxia. 

Figure 4. Effect of rapamycin on the expression of mTOR and HIF-1α. 
(A) Western blotting results revealed that rapamycin inhibits mTOR and 
HIF-1α expression in the U87-MG cell line under normoxic or hypoxic 
conditions. (B and C) Quantitative analyses of the western blotting results 
indicate that treatment with increasing concentrations of rapamycin induced 
a dose‑dependent downregulation of HIF-1α protein in addition to inhibiting 
mTOR expression. *P<0.05, **P<0.01 compared with the group without addi-
tion of rapamycin. 
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However, no relationship was noted with other clinico-
pathological variants such as gender, age, KPS, or tumor size. 
Taking all these factors into consideration, VM formed by 
glioma cells is a novel tumor microcirculation pattern, which 
is affected by the characteristics inside the tumor cells and 
outside their microenvironment and differs from classical 
angiogenesis formed by endothelial cells. Conventional anti-
angiogenic therapy targeted against tumor vasculature mainly 
refers to the inhibition of endothelial cells or vascular endo-
thelial growth factor. A previous study found that treatment 
with bevacizumab (Avastin) is not effective, but also elicits 
VM formation in tumors to accelerate metastasis, with marked 
hypoxia (3); thus, targeted therapy for glioma requires other 
modalities different from the conventional antiangiogenic 
mechanism, and VM might be a suitable choice.

mTOR, a 289-kDa serine-threonine kinase, is a therapeutic 
target in glioma (reviewed in ref. 27). Overactivation of the 
mTOR pathway seems to play an important role in glioma (28). 
In the present study, the quantity of VM structures increased 
with the grade of the tumor and the level of mTOR expression. 
An association between the mTOR signaling pathway and 
grade of malignancy of human glioma has been noted (29). It 
is clear that mTOR is a central molecule that controls initia-
tion of protein translation. Decreased oxygen concentration 
directly affects mTOR signaling and increases the synthesis 
of HIF-1α  (8). The present study found that rapamycin, a 
special inhibitor of mTOR, significantly inhibited HIF-1α 
accumulation in U87-MG cells, which is similar to the results 

of other studies from different laboratories, in which hypoxia 
was induced by a lower oxygen supply (8,16). All these studies 
provide strong support for the conclusion that mTOR is a 
positive modulator of the HIF-1α activation pathway and influ-
ences its downstream molecules, including those involved in 
VM formation.

In recent years, inhibition of signaling molecules involved 
in VM has become another therapeutic approach for blocking 
tumor blood supply (30,31). In this study, we found that under 
normoxic or hypoxic conditions, treatment of U87-MG cells 
with increasing concentrations of rapamycin induced a dose-
dependent reduction in tube structures on Matrigel, indicating 
that rapamycin inhibits VM formation of U87-MG cells even 
when the VM structures are defective under normoxia. This 
result gives a more rational option for the clinical treatment 
of glioma. Some studies have found that specific inhibitors 
of mTOR have a beneficial effect against gliomas (32-34). 
However, these studies investigated the roles of rapamycin or 
its synthetic analogs in tumor proliferation, migration, inva-
sion, and autophagy. In our study, both rapamycin intervention 
and RNAi confirmed that mTOR is involved in VM formation, 
which demonstrates a novel role of mTOR in glioma.

Various molecules involved in VM formation have been 
investigated in different tumors, including HIF-1α (14,35), 
VE-cadherin  (36,37), EphA2  (37,38), MMP-14  (39), 
MMP-2 (39) and Ln-5-γ2 chain (40). Following the identifi-
cation of the above-described molecules involved in VM, a 
classical model of the signaling cascade implicated in VM 

Figure 5. Effect of siRNA on expression of mTOR and downstream molecules, as well as cell migration. (A) Western blotting results for mTOR, HIF-1α, 
MMP-14 and MMP-2 expression in U87-MG cells with or without interference by siRNA under normoxic and hypoxic conditions for 0-24 h. (B) Quantitative 
analyses of the western blotting results show the inhibition effects of mTOR siRNA on the expression of related molecules. *P<0.05, **P<0.01 compared with 
the U87 group without interference of siRNA. (C) Wound healing assay showed a significant difference between groups with or without interference by mTOR 
siRNA under normoxic and hypoxic conditions. 
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was suggested (reviewed in ref. 10). Pertinent to VM, in this 
model, hypoxia is initiated to directly modulate EphA2 gene 
expression (via HIF-1α) or to indirectly modulate VE-cadherin 
expression (via activation of an intermediary protein), conse-
quently promoting the rest of the signaling cascade (41). In 
our study, consistent with the proposed cascade, inhibition 
of mTOR was shown to abrogate glioma VM formation. 
Therefore, we infer that mTOR is involved in VM formation, 
and is an upstream molecule of HIF-1α. In the final stage 
of the VM signaling pathway, expression and activation of 
MMP-14 activates MMP-2. MMP-2 combines with MMP-14 
to cleave Ln-5-γ2 chain into promigratory fragments. Release 
of these fragments into the tumor microenvironment can 
increase migration, invasion, and ultimately result in VM (10). 
In the present study, we knocked down the mTOR gene and 
found that both MMP-14 and MMP-2 were decreased under 
normoxic or hypoxic conditions. The wound healing assay 
also showed a significant difference between groups with or 
without interference by siRNA. All of these results confirm that 
the downstream molecules were influenced by mTOR siRNA. 
We infer that mTOR signaling is involved in VM formation in 
gliomas, and inhibition of mTOR can block expression of the 
downstream molecules in the VM formation signal cascade.

A recent systematic review and meta-analysis showed that 
VM-positive cancer patients had a poor 5-year overall survival 
compared with VM-negative malignant tumor cases  (42). 
Thus, treatment targeted against VM seems essential. Given 
the importance of mTOR as outlined above, if we can find 
an effective drug against mTOR similar to rapamycin, it 
may be possible to provide a more rational and effective 
vascular‑targeted therapy for gliomas. In the past 10 years, 
several agents have been designed to target the mTOR pathway 
and many other mTOR signaling pathway inhibitors are being 
studied in clinical trials. Temsirolimus, everolimus, and ridafo-
rolimus are rapalogs that share the same mechanism of action 
but differ in pharmacokinetic properties because of different 
substitutions at position C-40 of rapamycin (27,43). The present 
study found and explained, for the first time, the mechanisms 
of mTOR participation in the alternative form of tumor blood 
supply, VM, which provides a novel potential therapeutic target 
for gliomas. It is noteworthy that mTOR is located at the top of 
the VM signaling cascade, which can directly sense changes 
in several signals (such as energy or oxygen level). Therefore, 
VM treatment targeted against mTOR may be more effective 
than other downstream molecules. However, the methods we 
used in our study are mainly in vitro experiments, and animal 
experiments are needed to confirm the cell-based data. On the 
other hand, mTOR is a macromolecule (289 kDa) and can be 
divided into different components (44). Which part is involved 
specifically in VM formation warrants further study, and any 
further research will aid our understanding of VM formation.

In conclusion, the present study demonstrated that VM 
structures are found in highly aggressive glioma tissues by 
PAS/CD34 double-staining and rapamycin can inhibit VM 
formation in U87-MG cells under normoxic or hypoxic condi-
tions. We also found that rapamycin and mTOR siRNA can 
inhibit molecules involved in VM formation via HIF-1α. All 
of these results indicate that the mTOR signaling pathway 
is involved in the formation of VM. This study may provide 
preliminary evidence for a more integrated signaling cascade 

for VM formation, and mTOR is a potential therapeutic target 
for gliomas.
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