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Conclusion Our results suggest that FASN plays a pivotal 
role in glioma neovascularization, and inhibition of FASN 
may be a potential target for anti-angiogenic therapy for 
glioma.
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Introduction

Gliomas, which are the most common tumor in the central 
nervous system, accounts for approximately 70 % of the 
malignant primary brain tumors in adults (Wen and Kesari 
2008). They can be classified into multiple histologic sub-
types according to the World Health Organization (WHO) 
classification criteria (Louis et al. 2016). The most aggres-
sive and vascularized type is glioblastoma (GBM). Despite 
recent advances in clinical treatment, the prognosis of 
GBM patients remains very poor, with a median survival 
time of 12–15 months (Wen and Kesari 2008).

Glioma stem cells (GSCs) and tumor microenvironment 
are thought to play roles in drug resistance, recurrence, inva-
siveness and angiogenesis (Reya et al. 2001; Ward and Dirks 
2007). Additionally, metabolic alterations in cancer cells are 
also of great importance, such as increased de novo fatty 
acids (FAs) biosynthesis, because cancer cells need FAs to 
continuously provide lipids for membrane production and 
energy consumption (Menendez and Lupu 2007). The bio-
synthesis of de novo FAs is catalyzed by fatty acid synthase 
(FASN), which is significantly overexpressed in many can-
cers, including prostate, breast, colorectal, lung, ovary and 
bladder cancer (Kuhajda 2000). Inhibition of FASN can 
reduce the proliferation, invasion and metastasis of cancer 
cells, enhance apoptosis and decrease the tumor growth of 
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numerous cancer in vivo (Alli et al. 2005; Kridel et al. 2004; 
Li et al. 2001; Pizer et al. 1996, 1998; Zhou et al. 2007). 
FASN has been demonstrated to activate endothelial cells 
and promotes angiogenesis in colorectal cancer and mela-
nomas, and it regulates the expression of angiogenic factors, 
such as vascular endothelial growth factor A (VEGF-A), 
VEGF165, VEGF189 and VEGF165b (Seguin et al. 2012; Zayt-
seva et al. 2014). In normoxic condition, inhibition of FASN 
triggers a hypoxia-like condition that activates the Her2/neu-
dependent MAPK pathway to upregulate hypoxia-inducible 
factor-1α (HIF-1α) and VEGF-A (Menendez et al. 2005). In 
hypoxic condition, overexpression and hyperactivity of the 
FASN pathway satisfy the needs of oxidizing power in tumor 
cells (Hochachka et al. 2002).

In human glioma, FASN is overexpressed and correlated 
with the WHO tumor grade (Grube et al. 2014; Tao et al. 
2013; Wakamiya et al. 2014). Inhibition of FASN using orl-
istat, cerulenin or C75 reduces viability and triggers apopto-
sis in glioma cells (Grube et al. 2014). De novo FA synthesis 
and FASN levels are also upregulated in GSCs, and cerulenin 
treatment significantly decreases the expression of stem cell 
markers (CD133, Nestin and Sox2) in GSCs (Yasumoto et al. 
2016). However, few studies have reported the effect of FASN 
on angiogenesis in glioma cells, especially in GSCs and intrac-
ranial glioma models. GSCs have been implicated in glioma 
angiogenesis, and functional tumor vessels can be differenti-
ated from GSCs or glioblastoma cells in xenograft mice (Ricci-
Vitiani et al. 2010; Soda et al. 2011; Wang et al. 2010). In addi-
tion, in vitro study showed that GSCs could express endothelial 
cell markers (CD31, CD34 and vWF) under hypoxic induction 
(Zhao et al. 2010). Our preliminary microarray analysis showed 
a significant fold change in the expression of the FASN gene 
in GSCs under hypoxic condition. In 95 human glioma sam-
ples, we also found a significantly positive correlation between 
the levels of FASN and microvessel density (MVD). There-
fore, in this study, we focused on the role of FASN in glioma 
angiogenesis in vitro and in vivo. We observed that inhibition 
of FASN using shRNAs or C75 attenuates the tube formation 
ability of GSCs in vitro and significantly decreases the MVD 
in mouse brain tumors. Moreover, we demonstrated that inhibi-
tion of FASN regulates the expression of HIF-1α and VEGF-A 
in GSCs. Our study suggests that FASN may be a novel thera-
peutic target for anti-angiogenic treatment in gliomas.

Materials and methods

Cell culture and reagents

The U87MG cell line was obtained from the Cell Bank of 
Peking Union Medical College (Beijing, China). Glioma 

cells were cultured in DMEM (Invitrogen, Carlsbad, CA, 
USA) with 10 % fetal bovine serum (FBS, Invitrogen). 
CD133+ GSCs were sorted from U87MG cell line using 
a CD133 antibody (AC133, Miltenyi, Bergisch Glad-
bach, Germany) and were cultured in serum-free medium 
containing neurobasal (Invitrogen), 20 ng/ml human 
EGF (Invitrogen), 20 ng/ml human bFGF (Invitrogen),  
2 % B27 (Invitrogen) and 2 % glutamate (Invitrogen). 
To inhibit fatty acid synthesis in GSCs, we treated GSCs 
with a pharmacological inhibitor C75 (10 μg/ml for 72 h, 
C5490, Sigma-Aldrich). An N2–O2 incubator (Thermo, 
Waltham, MA, USA) was used to maintain hypoxia with 
1 % O2.

Lentivirus infection

FASN shRNAs (shFASN) and negative control shRNAs 
(shCtrl) were designed and synthesized by Genechem Ltd 
(Shanghai, China). The two specific target sequences of 
shFASN were as follows: 5′-TACGACTACGGCCCTC 
ATT-3′ (shFASN-1), 5′-AGAGCACCTTTGATGACAT-3′ 
(shFASN-2). The target sequence was: 5′-AGAGCACC 
TTTGATGACAT-3′ (shCtrl). U87MG cells were infected 
with a multiplicity of infection (MOI) of 2, and the pro-
cedure was performed according to the manufacturer’s 
instructions. The infected shFASN and shCtrl cells were 
maintained in 10 % FBS medium with 1 µg/ml puromycin 
(Sigma-Aldrich, St. Louis, MO, USA).

Quantitative reverse‑transcriptase polymerase chain 
reaction (qPCR)

To determine the mRNA levels of FASN in shCtrl and 
shFASN cells, qPCR was performed as previously 
described (Zhou et al. 2014). The primer sequences were  
as follows: FASN, forward 5′-CTTCCGAGATTCC 
ATCCTACGC-3′, reverse 5′-TGGCAGTCAGGCTCACAA 
ACG-3′ (product length, 131 bp); GAPDH, forward 
5′-CTGGGCTACACTGAGCACC-3′, reverse 5′-AAGTGG 
TCGTTGAGG-GCAATG3′ (product length, 101 bp).

Western blotting

To detect the proteins in shCtrl and shFASN cells, west-
ern blotting was performed as previously described (Zhou 
et al. 2014). The following primary antibodies were used 
to detect the proteins: anti-FASN (1:200, sc-20140, Santa 
Cruz Biotechnology, CA, USA), anti-GAPDH (1:2000, 
ab181602, Abcam, Cambridge, UK), anti-VEGF-A (1:300, 
ab183100), anti-HIF-1α (1:500, ab113642), anti-VEGF165b 
(1:500, MAB3045, R&D Systems).



2449J Cancer Res Clin Oncol (2016) 142:2447–2459 

1 3

Cell proliferation assay

To explore the effect of FASN on cell proliferation, a cell 
counting kit-8 (CCK8) assay was performed according to 
the manufacturer’s instructions. shFASN, shCtrl and C75 
GSCs were initially treated with Accutase (Invitrogen) and 
then seeded into 96-well plates at a density of 2500 cells 
per wells in 100 µl medium. All 96-well plates were incu-
bated under hypoxia for 1–5 days. All data are presented as 
the mean ± SD from three experiments.

Cell migration assay

The shFASN, shCtrl and C75 GSCs (5 × 104/well) were 
seeded onto the upper compartment of Transwell cham-
bers (8-µm pore size, Corning), and the lower compartment 
was filled with 600 µl of 5 % FBS medium. After incuba-
tion under hypoxia for 8 h, the migrated cells on the upper 
surface of the chamber were stained, photographed and 
counted. Five fields were photographed in each well. All data 
are presented as the mean ± SD from three experiments.

Tube formation assay

To investigate the influence of FASN on angiogenesis in 
GSCs, tube formation assay was performed. shFASN, shC-
trl and C75 GSCs (1.5 × 105/well) were seeded in 24-well 
plates, which were pre-treated with the reduce growth fac-
tor basement membrane matrix (Geltrex, A1413202, Inv-
itrogen) according to the manufacturer’s instructions. All 
plates were incubated under hypoxia for 72 h. Five fields 
were randomly photographed in each well with 100× mag-
nification. Mesh numbers and total mesh areas were ana-
lyzed per field with ImageJ software (NIH website).

Intracranial GSC tumor models and magnetic 
resonance imaging (MRI)

Four- to six-week-old BALB/c-nu mice were purchased 
from Beijing HFK Bioscience Ltd. Being continuously 
anesthetized with isoflurane, the mice were stabilized in 
a stereotactic apparatus (KOPF940). The shFASN and 
shCtrl GSCs (5 × 105) were injected into their brain as 
described before (Lal et al. 2000). Five of ten shCtrl mice 
were intraperitoneally injected with 200 μl C75 (5 mg/ml,  
15 mg/kg/3 days) every 3 days after GSC injection. The 
shCtrl (n = 5), shFASN (n = 5) and C75 (n = 5) mice 
were weighed every 3 days after the injection of C75. 
Using a 7.0 T MRI scanner (Bruker BioSpin, Billerica, 
MA, USA), intracranial tumor images were acquired. The 

maximal anteroposterior diameter (L), transverse diam-
eter (W) and height (H) were measured with a RadiAnt 
DICOM Viewer. Tumor volume was calculated as follows: 
V = π/6 × L × W × H (mm3).

Human glioma specimens

Ninety-five human glioma specimens were obtained from 
the Department of Neurosurgery, Beijing Tiantan Hospital 
affiliated to Capital Medical University during 2013–2016 
(Supplementary file: Table S1). At least three experienced 
pathologists confirmed the histological diagnoses. The tis-
sue collection was approved by the institutional review 
board of Beijing Tiantan Hospital affiliated to Capital Med-
ical University, and informed consents were prospectively 
obtained.

Immunohistochemistry (IHC), immunofluorescence 
(IF) and assessment

FASN, Ki67 and CD34 in human glioma samples 
were detected using IHC according to the procedures 
as described before (Zhou et al. 2014). FASN, HIF-1α 
and VEGF-A were determined in the mouse brains. All 
antibodies used were as follows: anti-FASN (1:200, 
sc-20140), anti-Ki67 (1:400, ab16667), anti-human CD34 
(1:100, sc-7324), anti-VEGF-A (1:200, ab183100). Five 
fields from each slice were randomly photographed at 
400 × magnification. Expression levels of FASN, Ki67, 
VEGF-A and HIF-1α were analyzed using Image Pro Plus 
5.0 (IPP, Media Cybernetics), and the integrated optical 
density (IOD) of each sample was determined. The levels 
of MVD were evaluated by CD34 following principles pre-
viously described (Bottini et al. 2002). IF staining of the 
stem cell marker nestin was performed as described pre-
viously (Macarthur et al. 2014). The nestin+ GSCs were 
detected with an anti-nestin antibody (1:200, ab22035) and 
labeled with Alexa Fluor 647 (1:2000, ab150115).

Statistical analysis

Statistical analysis was performed using SPSS 16.0 soft-
ware. Student’s t test was used to analyze the significance 
of two group results. Pearson or Spearman correlation 
tests were used to determine the relationship among Ki67, 
CD34 and FASN according to IHC staining results. Graphs 
were prepared using GraphPad Prism 5.03. All values are 
expressed as the mean ± SD. The overall survival time was 
compared using the log-rank method. P < 0.05 was consid-
ered statistically significant.
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Results

The expression levels of FASN correlates with WHO 
grades and MVD in human gliomas

Firstly, we determined the expression levels of FASN, 
CD34 and Ki67 in 95 human glioma specimens using IHC 
(Fig. 1a, Supplementary file: Table S1). Significant differ-
ences of FASN levels were observed between WHO II and 
WHO III gliomas (P < 0.001), WHO III and WHO IV glio-
mas (P < 0.01), as well as high-grade (WHO III and IV) and 
low-grade (WHO I and II) gliomas (Fig. 1b, P < 0.001). The 
expression levels of Ki67 and MVD were also correlated with 
WHO grades (Fig. 1c, d). These results suggest that FASN 
mainly expresses in high-grade gliomas, and its levels corre-
late with WHO grades. To verify if FASN levels correlate with 
Ki67 and MVD in glioma, Spearman correlation tests were 
performed. Significant positive correlations were observed 
between the levels of FASN and both Ki67 (Fig. 1e, r = 0.758, 
P < 0.001), and MVD (Fig. 1f, r = 0.761, P < 0.001). The 
above results indicated that the levels of FASN may be impli-
cated in cell proliferation and angiogenesis in glioma.

Establishment of CD133+ GSCs with stable inhibition 
of FASN gene

To investigate the role of FASN in gliomas, we infected cell 
line U87MG with two lentivirus shRNA vectors targeting 
FASN (shFASN-1, shFASN-2) and one control shRNA (shC-
trl) (Fig. 2a). The infection efficiency was determined after 
72 h of infection using flow cytometry and cell sorting (FACS). 
The GFP+ shFASN and shCtrl cells accounted for 95% 
(Fig. 2b) and were collected in serum-free medium for further 
analysis. To obtain sufficient GSCs, we sorted CD133+ GSCs 
from shFASN and shCtrl cells using FACS (Fig. 2c). Nestin 
(another stem cell marker) positivity was detected in the above-
collected GSCs using IF (Fig. 2d). Using qPCR, we confirmed 
that the mRNA level of FASN had been downregulated in 
shFASN cells (Fig. 2e, P < 0.001). Western blotting confirmed 
shFASN-2 as the most effective shRNA (Fig. 2f).

Downregulation of FASN inhibits GSC proliferation 
and migration in vitro

To explore the effect of FASN on GSC proliferation, we 
performed CCK8 assays using shCtrl, shFASN and C75-
treated (10 μg/ml) GSCs. Comparing with the shCtrl 

GSCs, the proliferation rate of the shFASN and C75 GSCs 
was significantly decreased under hypoxia from day 2 to 
5 (Fig. 3a, P < 0.001). This result suggested that FASN 
participates in regulating proliferation of GSCs. A signifi-
cant difference was also observed between the shFASN 
and C75 GSCs at day 5 (Fig. 3a, P < 0.001). This indi-
cated that FAS activity may be continuously inhibited by 
C75 treatment despite the induction from hypoxic condi-
tions. However, knockdown of FASN using shRNA could 
only partially attenuate the effect of FASN under hypoxia. 
Moreover, we examined whether inhibition of FASN could 
affect the migration ability of GSCs. C75 GSCs were pre-
treated with 10 μg/ml C75 for 3 days, then GSCs of the 
above three groups were seeded onto the upper compart-
ment of Transwell chambers. After incubation for 8 h under 
hypoxic conditions, the migrated GSCs were counted. Our 
results showed that the migration ability of shFASN and 
C75 GSCs was significantly inhibited in comparison with 
the shCtrl GSCs (Fig. 3b, c, P < 0.001).

Downregulation of FASN inhibits the tube formation 
ability of GSCs in vitro

A previous study had showed that GSCs have the ability to 
form tube-like structures in vitro (Mao et al. 2013). There-
fore, we seeded GSCs onto Matrigel in 24-well plates to 
evaluate the effect of FASN on GSC tube formation abil-
ity under hypoxia. Mesh numbers and total mesh areas 
were measured using ImageJ software. Our results showed 
that the mesh numbers in the shFASN and C75 GSCs 
were significantly decreased in contrast with the shC-
trl cells (Fig. 4a, b, P < 0.001). The total mesh area was 
also decreased in the shFASN and C75 GSCs (Fig. 4a, c, 
P < 0.05, P < 0.01, respectively). These results showed that 
inhibition of FASN attenuates the tube formation ability of 
GSCs and indicated that FASN participates in glioma angi-
ogenesis. However, in vivo studies are necessary to confirm 
the role of FASN in glioma angiogenesis.

Downregulation of FASN suppresses intracranial 
tumor growth and prolongs the overall survival time 
of xenograft mice

To explore the role of FASN in vivo, we established intracra-
nial xenograft models using shCtrl and shFASN GSCs. Five 
of ten mice in the shCtrl group were randomly selected for 
C75 injection. Two hundred microliters of C75 (15 mg/kg  
at a 5 mg/ml concentration) was injected intraperitoneally 
every 3 days after the GSCs injection into the mouse 
brain. The intracranial tumors were regularly assessed 
using 7.0T MRI on days 10, 18, 26, 35 and 42 (Fig. 5a). 
Tumor volumes were measured using a RadiAnt DICOM 
Viewer, and the tumor growth trend showed that tumors 

Fig. 1  Expression levels of FASN, CD34 and Ki67 in human glioma 
specimens. a HE and IHC staining of human glioma specimens of all 
WHO grades. b–d The levels of FASN, Ki67 and MVD correlated 
with WHO grade. e, f The levels of FASN correlated with Ki67 and 
MVD in human glioma specimens. ***P < 0.001; **P < 0.01

◂
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Fig. 2  Establishment of CD133+ GSCs with stable inhibition of the 
FASN gene. a Infected U87MG cells in bright and fluorescent field 
microscopy (×100). b GFP+ U87MG cells were sorted using FACS, 
and the infection efficiency was determined. c After being starved 
in serum-free medium, CD133+ GSCs were sorted from GFP+ 
U87MG cells, and an isotype control was used. GFP+/CD133+ 

GSCs formed spheres in serum-free medium under microscopy 
(×100). d The expression of nestin was detected using IF staining 
(×400). e A more effective shRNA target-shFASN-2 was selected 
using qPCR. f Western blotting confirmed that FASN had been down-
regulated using shFASN-2. ***P < 0.001
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in the shFASN (n = 5) and C75 (n = 5) groups were sig-
nificantly inhibited in comparison with the shCtrl group 
(n = 5; Fig. 5b, P < 0.01, P < 0.001, respectively). The 
median survival time (MS) of mice in the shCtrl group was 
45 ± 1.64 days, and in the shFASN and C75 groups, the 
MS was 50 ± 1.10 days and 57 ± 3.83 days, respectively. 
Log-rank analysis showed the overall survival time (OS) of 
the shFASN and shCtrl mice to be significantly prolonged 
in contrast with the shCtrl mice (Fig. 5c, P < 0.01). These 
results were consistent with the CCK8 assay in vitro and 
suggested that inhibition of FASN using shRNA and C75 
could suppress glioma growth. The significant inhibitory 
effect of shRNA might contribute to the decreased tumori-
genicity of shFASN GSCs.

Inhibition of FASN decreases the formation 
of microvessels in vivo

The above tube formation assays, which were indirect 
proofs, indicated that inhibition of FASN attenuates the 
ability of GSCs to form tube-like structures. To verify if the 
microvessels in the mouse brain were decreased, we deter-
mined the expression levels of the EC marker in the mouse 
brain tumors of the three groups using mouse anti-human 
CD34 antibody (hCD34). IHC results showed that MVD in 
the shFASN and C75 groups was significantly lower than 
that in the shCtrl group (Fig. 6a, b, P < 0.01). Double-IF 
staining for EGFP and hCD34 showed that the microves-
sels were derived from lentivirus-infected GSCs (Fig. 6c). 

Fig. 3  FASN regulated GSC proliferation and migration in vitro. a 
CCK8 assays were performed to observe the effect of shFASN and 
C75 on GSC proliferation from day 2 to 5 under hypoxia. b, c Tran-

swell chambers were used to evaluate the migration ability of shCtrl, 
shFASN and C75 GSCs under hypoxia (×200). ***P < 0.001
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These results directly suggested that inhibition of FASN 
reduces the formation of microvessels and may be a poten-
tial target for anti-angiogenic therapy in glioma.

Inhibition of FASN decreases the expression levels 
of HIF‑1α and VEGF‑A

Studies have reported that FASN inhibition regulates the 
levels of HIF-1α and VEGF-A, but the regulatory effects 
are different in various cancer cells (Menendez et al. 2005; 
Seguin et al. 2012; Zaytseva et al. 2014). In glioma cells 
or GSCs, the relationship between FASN inhibition and 

HIF-1α or VEGF-A has not been reported. We determined 
the expression levels of HIF-1α and VEGF-A in shCtrl, 
shFASN and C75 GSCs under hypoxia (Fig. 7a). West-
ern blotting results showed that inhibition of FASN using 
shRNA and C75 decreased the expression of HIF-1α and 
VEGF-A (Fig. 7b). In mouse brain tumor sections, the 
expression levels of hVEGF-A in the shFASN and C75 
groups were significantly decreased than in the shCtrl 
group (Fig. 7c, d, P < 0.001). Moreover, we determined the 
anti-angiogenic isoform-VEGF165b, which is usually down-
regulated in several epithelial cancers (Peiris-Pages 2012). 
Our results showed that the expression levels of VEGF165b 

Fig. 4  FASN regulated the tube formation ability of GSCs in vitro. 
a Tube formation assays were performed to evaluate the effect 
of shFASN and C75 on GSC tube-like structure formation under 
hypoxia. Bright field photos were merged with fluorescent field pho-

tos (×100). b, c Mesh numbers and total mesh areas were signifi-
cantly decreased in shFASN and C75 GSCs in contrast with shCtrl 
GSCs. ***P < 0.001; **P < 0.01; *P < 0.05
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were upregulated in shFASN and C75 GSCs in contrast 
with shCtrl GSCs (Fig. 7e, f). These results indicated that 
inhibition of FASN may block HIF-1α/VEGF-A signaling 
in response to hypoxia and may also suppress neovasculari-
zation via upregulating VEGF165b in glioma.

Discussion

FAs are essential components for membrane lipids bio-
synthesis and energy consumption. In cancer cells, more 
FAs are needed for cell proliferation and metabolism.  

Fig. 5  Effect of FASN on intracranial tumor growth and overall sur-
vival time of xenograft mice. a A 7.0-T MRI scanner was used to 
observe the intracranial tumor growth in shCtrl, shFASN and C75 
mice on day 10, 18, 26, 35 and 42 after GSC injection. b Intracra-
nial tumor growth was determined using a RadiAnt DICOM Viewer, 

and the tumor growth trends of the shCtrl, shFASN and C75 groups 
were plotted. c The overall survival time (OS) of xenograft mice was 
recorded, and log-rank analysis was performed to analyze the OS of 
the three groups. **P < 0.01
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De novo FAs synthesis is catalyzed by FASN, which is 
highly expressed in many types of cancers (Menendez and 
Lupu 2007). The expression levels of FASN are found to 
correlate with the poor prognosis of cancer patients (Cama-
ssei et al. 2003; Zaytseva et al. 2012).

In human gliomas, studies have reported that over-
expression of FASN correlates with WHO tumor grade 
(Grube et al. 2014; Tao et al. 2013). In our study, we deter-
mined the expression level of FASN in 95 human glioma 
specimens. Statistical analysis showed that FASN expres-
sion is significantly higher in high-grade gliomas than in 

low-grade gliomas, and it correlates with the expression 
level of Ki67, which is a cell proliferation marker. Grube 
et al. (2014) treated GBM cells with pharmacological 
inhibitors of FASN, such as orlistat, cerulenin and C75, and 
found that inhibition of FASN reduces cell viability and 
promotes apoptosis. Yasumoto et al. (2016) also showed 
inhibition of FASN using 20 μM cerulenin significantly 
suppressed the proliferation and migration of GSCs.

It has been demonstrated that hypoxia induces the 
expression of FASN, and hyperactivity of the FASN path-
way meets the increasing need for oxidizing power under 

Fig. 6  FASN regulated the formation of microvessel in vivo. a 
The expression of hCD34 in brain tumor sections detected by IHC 
(×400). b The MVD levels of the shFASN and C75 groups were sig-

nificantly decreased in comparison with the shCtrl group. c Double-
IF staining showed the expression of EGFP and hCD34 in the brain 
sections (×400). **P < 0.01
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hypoxia in cancer cells (Menendez and Lupu 2007). This 
may explain the higher expression level of FASN in high-
grade gliomas. Therefore, to imitate the tumor microen-
vironment and activate the overexpression of FASN, we 
investigated the effect of FASN on GSC proliferation and 

migration under hypoxic condition (1 % O2). Our results 
showed that C75 had a more significant effect on cell pro-
liferation than FASN-targeted shRNA. This may because of 
the level of FASN in shFASN GSCs could still be induced 
in response to hypoxia, whereas in C75-treated GSCs, 

Fig. 7  FASN regulated the expression of HIF-1α and VEGF-A. a, b 
Western blotting results showed decreased expression of HIF-1α and 
VEGF-A in shFASN and C75 GSCs. c The expression of hVEGF-A 
in brain tumor sections was detected using anti-human VEGF-A anti-
body. d The levels of hVEGF-A in the shFASN and C75 groups were 

analyzed using Student’s t test in comparison with the shCtrl group. 
e, f Western blotting results showed that the expression of VEGF165b 
in shFASN and C75 GSCs was upregulated in comparison with shCtrl 
GSCs. ***P < 0.001
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the continuous inhibitory effect on de novo FAs synthe-
sis blocked membrane lipid production and power supply. 
These results suggested that FASN contributes to glioma 
cell proliferation in vitro. However, animal studies, espe-
cially intracranial glioma models, are necessary to evalu-
ate the effect of FASN and its inhibitors on tumor growth. 
In many other cancers, inhibition of FASN suppresses 
tumor growth and prolongs the survival of xenograft ani-
mals (Bian et al. 2015; Ventura et al. 2015). Using a 7.0-T 
MRI scanner, our observation of intracranial tumor growth 
showed that the tumor growth rates in both the shFASN and 
C75 groups were significantly decreased in contrast to the 
shCtrl group. This finding suggests that inhibition of FASN 
using specific-targeted shRNA and C75 can suppress gli-
oma growth in vivo. Due to the decreased proliferation of 
shFASN GSCs, the inhibitory effect was more significant 
in the shFASN group than in the C75 group. Moreover, the 
OS of mice in the shFASN and C75 groups was signifi-
cantly prolonged in comparison with the shCtrl group mice.

FASN has been demonstrated to contribute to angiogen-
esis, and it regulates the expression levels of VEGF (Browne 
et al. 2006; Menendez et al. 2005; Seguin et al. 2012; Zay-
tseva et al. 2014). Few studies have explored the role of 
FASN in glioma angiogenesis; therefore, we determined the 
MVD in 95 human glioma specimens. A significantly posi-
tive correlation was observed between the expression levels 
of FASN and MVD, suggesting that FASN may associate 
with angiogenesis in glioma. Next, we performed tube for-
mation assays using shFASN and C75 GSCs under hypoxia 
(Mao et al. 2013). Our results showed the inhibition of FASN 
using shRNA and C75 significantly attenuates the ability of 
GSCs to form tube-like structures. In addition, the MVD of 
mouse brain in the shFASN and C75 groups was significantly 
decreased in contrast with the shCtrl group. These results 
suggest that FASN regulates angiogenesis in glioma. In 
breast and ovarian cancer, inhibition of FASN has been dem-
onstrated to upregulate VEGF-A and HIF-1α via the Her2/
neu-MAPK pathway (Menendez et al. 2005). In HCT116 and 
HT29 colon tumors, inhibition of FASN decreases the level 
of VEGF-A and increases the level of VEGF165b, which is an 
anti-angiogenic isoform of VEGF-A (Zaytseva et al. 2014). 
In our study, we found that inhibition of FASN using shRNA 
and C75 inhibits the expression levels of HIF-1α and VEGF-
A, but upregulates the level of VEGF165b in vitro and in vivo. 
VEGF165b has been reported to inhibit the tube formation of 
ECs in vitro and suppress angiogenesis in mammary tissue 
(Peiris-Pages 2012). These results may explain the anti-angi-
ogenic effect of FASN inhibition in glioma. Our results are 
consistent with studies in colon tumors and different from the 
results in breast and ovarian cancer (Menendez et al. 2005; 
Zaytseva et al. 2014), yet further investigations are needed 
to explore the relevant signaling pathways involved in the 
FASN-HIF-1α/VEGF-A regulatory mechanism.

In summary, our study showed that FASN is overexpressed 
in human glioma, and it correlates with tumor grade as well 
as with the cell proliferation marker Ki67. Our results firstly 
revealed that FASN correlates with glioma neovascularization 
and that inhibition of FASN suppresses intracranial tumor 
growth and prolongs the OS of xenograft mice. Moreover, 
inhibition of FASN blocks the HIF-1α/VEGF-A signaling in 
response to hypoxia, upregulates the anti-angiogenic isoform-
VEGF165b and hence suppresses neovascularization in vitro 
and in vivo. Therefore, inhibition of FASN may be a potential 
anti-angiogenic method for the treatment of glioma.
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