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Background: Angiogenesis plays an important role in the progression of glioblastoma, with a high degree of malignancy.
Previous studies have proved that glial cell line-derived neurotrophic factor (GDNF) and fibromodulin (FMOD)
are strongly expressed in human glioblastoma. The purpose of this study was to explore the roles of GDNF and
FMOD in angiogenesis and the molecular mechanisms underlying these roles in human glioblastoma.
Material/Methods: The effects of GDNF on the expression and secretion of vascular endothelial growth factor (VEGF) in human
glioblastoma cell line U251 and angiogenesis in human umbilical vein endothelial cells (HUVECs) were inves-
tigated. The molecular mechanism of GDNF-induced expression of FMOD was explored. The roles of FMOD in
GDNF-induced expression and secretion of VEGF and angiogenesis were also examined.

Results: In the present study, we showed that GDNF promoted the expression and secretion of VEGF in U251 cells. VEGF
mediated GDNF-induced angiogenesis in human glioblastoma. In addition, GDNF significantly upregulated the
expression of FMOD in U251 cells. Mechanistically, the results of luciferase reporter assay and methylation-
specific PCR (MSP) demonstrated that GDNF facilitated the demethylation of the FMOD promoter. More im-
portantly, we found that FMOD acted as an important mediator in VEGF expression and angiogenesis induced
by GDNF in human glioblastoma.

Conclusions: Collectively, our data show that GDNF promotes angiogenesis through demethylation of the FMOD promoter
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in human glioblastoma, indicating that GDNF and FMOD may be potential therapeutic targets for glioblastoma.
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Material and Methods

Glioblastoma is the most common and malignant tumor derived
from the central nervous system in adults [1]. Despite remark-
able advances in chemotherapy, radiation, surgery, and target-
ed therapy, the prognosis for the majority of patients with glio-
blastoma remains poor [2]. Accumulating evidence indicates
that glioblastoma is highly vascularized, and angiogenesis is of
great importance in the progression of this lethal disease [3].
In recent years, more and more researchers have paid consid-
erable attention to angiogenesis in glioblastoma, which may
be a promising therapeutic target [4,5]. Moreover, it is gener-
ally accepted that angiogenesis is regulated by a wide range
of molecules in tumors [6,7]. As is well known, vascular endo-
thelial growth factor (VEGF) serves as one of the most impor-
tant factors with proangiogenic potential.

Glial cell line-derived neurotrophic factor (GDNF), a member
of the transforming growth factor-p (TGF-B) superfamily, is
a neurotrophic factor that is involved in regulating survival
and differentiation of various neural cells [8]. Previous stud-
ies have demonstrated that GDNF is highly expressed in hu-
man glioblastoma and promotes the proliferation, migration,
and invasion of glioma cells [9-11]. In addition, it has been
reported that GDNF secreted from adipose-derived stem cells
promotes angiogenesis in human umbilical vein endothelial
cells (HUVECs) [12]. Nevertheless, little is known about the role
of GDNF in angiogenesis in human glioblastoma.

Fibromodulin (FMOD), a member of the family of small leucine-
rich proteoglycans, participates in regulating angiogenesis in
cutaneous and optical diseases associated with angiogenesis
and wound healing [13-15]. Moreover, a previous study has
shown that FMOD has aberrantly high expression in human
glioblastoma tissues and is implicated in promoting migration
and invasion of glioma cell via regulating actin cytoskeleton
remodeling [16]. However, the effect of FMOD on angiogenesis
in human glioblastoma has not been investigated. Additionally,
it remains undefined whether there is a regulatory interaction
between GDNF and FMOD in glioblastoma cells.

In the present study, we investigated the roles of GDNF in the
expression and secretion of VEGF in human glioblastoma cells
and angiogenesis in HUVECs. Moreover, the molecular mech-
anisms of GDNF-induced FMOD expression was explored.
We also assessed the roles of FMOD in GDNF-induced the ex-
pression and secretion of VEGF in glioblastoma cells and an-
giogenesis in HUVECs.

Cell culture

U251 (human glioblastoma cell line) and HUVECs were pur-
chased from the American Type Culture Collection. Both were
cultured in Dulbecco’s modified Eagle’s medium (DMEM,
Hyclone) supplemented with 10% fetal bovine serum (FBS,
Hyclone) at 37°C with 5% CO,.

Western blot analysis

U251 cells transfected with control siRNA (si-Con) or GDNF siRNA
(si-GDNF) were cultured. Western blot analysis was performed
as previously described [17]. The proteins were separated
using SDS-PAGE and then transferred to PVDF membranes.
The specific antibodies were used to detect and identify pro-
teins of interest. Antibodies against GAPDH, GDNF, FMOD, and
VEGF were obtained from Abcam (Cambridge, UK).

Quantitative real-time PCR

gRT-PCR was carried out as previously described [17]. TRIzol
was purchased from Invitrogen to extract total RNA. Extraction
of RNA was performed according to the manufacturer’s in-
structions. Primers for GAPDH, VEGF, and FMOD were obtained
from Invitrogen Bioengineering Corporation (Shanghai, China).

ELISA

Human VEGF ELISA kit was obtained from Abcam and used to
measure the concentration of VEGF. ELISA was performed ac-
cording to the manufacturer’s instructions. The concentration
of VEGF in conditioned medium was determined by detecting
the absorbance at 450 nm in a microplate reader.

Transwell migration assay

HUVECs (6x10%) were seeded in the upper chamber of Transwell
inserts in 24-well plates (Corning, USA). Conditioned medium
(CM) from U251 cells transfected with FMOD siRNA (si-FMOD)
or control siRNA (si-Con) was added to the lower chamber.
After culturing for 18 h, the migratory cells were counted via
using a microscope.

Tube formation assay

Growth factor-reduced Matrigel (Corning, USA) was placed in
96-well plates (50 pL/well) and incubated for 30 min at 37°C.
HUVECs were suspended in conditioned medium from U251
cells transfected with si-FMOD or si-Con. HUVECs (2x10%/200 pL)
were seeded in the Matrigel-coated wells and then cultured
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Figure 1. GDNF induces the expression and secretion of VEGF in human glioblastoma cells. (A—C) U251 cells were transfected with
GDNF siRNA (si-GDNF) or control siRNA (si-Con). The protein and mRNA expression levels and secretion of VEGF were
detected through Western blot, qRT-PCR, and ELISA. ** P<0.01 vs. si-Con group. (D) The expression of VEGF in U251 cells
transfected with si-GDNF or si-Con was measured by immunofluorescence.

for 20 h at 37°C. An inverted microscope was used to assess
tube formation in endothelial cells.

Methylation-specific PCR (MS-PCR)

MS-PCR was carried out to detect the methylation status of
FMOD promoter in U251 cells transfected with si-Con or si-
GDNF. According to the manufacturer’s instructions, MS-PCR
was performed using a methylation-specific kit (Tiangen).
The products were analyzed through agarose gel electropho-
resis. All experiments were repeated at least 3 times.

Statistical analysis
All data are presented as mean + standard deviation (SD).

The difference between the 2 groups was analyzed using the
t test. P<0.05 was considered statistically significant.

Results

GDNF promotes the expression and secretion of VEGF in
human glioblastoma cells

To investigate the effects of GDNF on the expression and se-
cretion of VEGF in human glioblastoma cells, U251 cells were
transfected with si-GDNF or si-Con. We found that silencing
of GDNF expression significantly suppressed the protein and
mRNA expression levels and secretion of VEGF compared with
the si-Con group (Figure 1A-1C). In addition, the same results
were further demonstrated through immunofluorescence stain-
ing (Figure 1D). These data suggest that GDNF promotes the
expression and secretion of VEGF in human glioblastoma cells.

VEGF mediates GDNF-induced angiogenesis

To explored whether GDNF was involved in angiogenesis in
human glioblastoma, HUVECs were treated with conditioned
medium (CM) from U251 cells transfected with si-Con or si-
GDNF. As shown in Figure 2A and 2B, GDNF obviously promoted
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Figure 2. VEGF is involved in GDNF-induced angiogenesis. (A, B) HUVECs were treated with conditioned medium (CM) from U251 cells
transfected with si-Con or si-GDNF. Antibody against VEGF was used to neutralize it in the CM. Transwell migration assay
and tube formation assay were performed. ** P<0.01 vs. si-Con group, # P<0.01 vs. si-Con + 1gG group.
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Figure 3. GDNF promotes the expression of FMOD in glioblastoma cells. (A-C) U251 cells were transfected with si-Con or si-GDNF.
Western blot and gRT-PCR were used to analyze the protein and mRNA expression of FMOD. ** P<0.01 vs. si-Con group.
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Figure 4. GDNF regulates the expression of FMOD via the demethylation of its promoter. (A, B) U251 cells transfected with FMOD
promoter-dependent Luc construct and si-GDNF were stimulated with 5-azacytidine (1 uM) or vehicle. Luciferase reporter
assay and methylation-specific PCR (MS-PCR) were performed. ** P<0.01 vs. si-Con group, # P<0.01 vs. si-GDNF + Vehicle.

the migration and tube formation of HUVECs. On the con-
trary, ablation of GDNF inhibited these effects. Next, to iden-
tify the potential role of VEGF in GDNF-induced angiogenesis,
we neutralized VEGF in the CM by specific antibody against it.
The results showed that inhibiting VEGF in the CM through
neutralizing antibody led to decreased migration and tube
formation of HUVECs compared with the CM treated with 1gG
(Figure 2A, 2B). Collectively, these observations demonstrate
that VEGF mediates GDNF-induced angiogenesis.

GDNF promotes the expression of FMOD in glioblastoma
cells

TGF-B was reported to regulate the expression of FMOD in
glioblastoma cells [16]. Moreover, GDNF is a member of the
TGF-B superfamily. Therefore, to demonstrate the role of GDNF
in the expression of FMOD, we silenced GDNF expression in
U251 cells by using siRNA. We found that silencing of GDNF ex-
pression inhibited the mRNA and protein expression of FMOD
(Figure 3A-3C). These results indicate that GDNF promotes the
expression of FMOD in glioblastoma cells.

GDNF regulates the expression of FMOD via the
demethylation of its promoter

To further investigate the molecular mechanisms involved in
GDNF-induced the expression of FMOD, luciferase reporter as-
say was performed in U251 cells. As shown in Figure 4A, ab-
lation of GDNF resulted in a significant decrease in the FMOD
promoter-dependent luciferase activity comparing with the si-
Con group, whereas 5-azacytidine (a DNA methyltransferase
inhibitor) treatment abolished the effect of si-GDNF in U251

cells (Figure 4A). Furthermore, the results of MS-PCR demon-
strated that GDNF promoted the demethylation of the FMOD
promoter (Figure 4B). Overall, these results suggest that GDNF
regulates the expression of FMOD through the demethylation
of its promoter.

FMOD mediates GDNF-induced the expression and
secretion of VEGF in glioblastoma cells

To determine whether GDNF-induced VEGF was mediated by
FMOD, we silenced FMOD expression in U251 cells by siRNA.
As shown in Figure 5A and 5B, the protein and mRNA expres-
sion of VEGF was induced by GDNF. Inversely, silencing of FMOD
abolished the effects of GDNF (Figure 5A, 5B). Moreover, we
found that the secretion of VEGF in U251 cells transfected with
si-FMOD was obviously decreased compared with the si-Con
group (Figure 5C). In conclusion, these data show that FMOD
mediates GDNF-induced expression and secretion of VEGF in
glioblastoma cells.

FMOD mediates GDNF-induced angiogenesis

To further verify the role of FMOD in GDNF-induced angiogene-
sis, HUVECs were treated with conditioned medium from U251
cells transfected with si-Con or si-FMOD. We found that GDNF
significantly promoted the migration and tube formation of
HUVECs (Figure 2A, 2B), and silencing of FMOD eliminated the
effect of GDNF (Figure 6A, 6B). Taken together, these results
demonstrate that FMOD mediates GDNF-induced angiogenesis.
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Figure 5. FMOD mediates GDNF-induced the expression and secretion of VEGF in glioblastoma cells. (A-C) U251 cells were transfected
with FMOD siRNA (si-FMOD) or control siRNA (si-Con). The protein and mRNA expression levels and secretion of VEGF were
measured via Western blot, qRT-PCR and ELISA. ** P<0.01 vs. si-Con group.
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Figure 6. FMOD mediates GDNF-induced angiogenesis. (A, B) HUVECs were stimulated with CM from U251 cells transfected with si-
Con or si-FMOD. Transwell migration assay and tube formation assay were carried out. ** P<0.01 vs. si-Con group.

Discussion

Tumor angiogenesis is regulated by antiangiogenic and pro-
angiogenic factors secreted from the surrounding and in-
filtrating host cells and tumor cells [7,18]. Sufficient angio-
genesis is of great importance in growth and progression in
human glioblastoma cells. There is an urgent need to better
understand the molecular mechanisms of angiogenesis dur-
ing progression of this deadly disease. In the present study,
we demonstrated that GDNF promoted the expression and se-
cretion of VEGF in human glioblastoma cells. VEGF mediated

This work is licensed under Creative Common Attribution-
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GDNF-induced angiogenesis in HUVECs. Moreover, we provid-
ed evidence that GDNF upregulated the expression of FMOD
through the demethylation of its promoter. More important-
ly, we identified that FMOD mediated GDNF-induced the ex-
pression and secretion of VEGF in glioblastoma cells. In addi-
tion, we found that FMOD acted as an important mediator in
GDNF-induced angiogenesis.

GDNF is one of the most potent neurotrophic factors dem-
onstrated to be mainly involved in promoting the differen-
tiation and survival of nerve cells [8,19,20]. Previous studies
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have shown that the expression of GDNF in human glioblas-
toma is significantly increased compared to normal brain tis-
sues [9,21]. Additionally, it has been reported that GDNF par-
ticipates in regulating the proliferation, migration, and invasion
of glioblastoma cells [9,10,22,23]. It is also well known that
VEGF plays an important role in neovascularization in brain
tumors [24]. However, it is not clear whether GDNF promotes
angiogenesis via regulating VEGF expression in human glio-
blastoma. Our study demonstrates that GDNF induces the ex-
pression and secretion of VEGF in human glioblastoma cells.
Moreover, GDNF promotes angiogenesis by regulating VEGF
expression. Our results are similar to those reported previous-
ly, in which GDNF induced VEGF-C expression in mouse neu-
roblastoma cells and promoted angiogenesis in hepatocellular
carcinoma cells, normal skin cells, and renal cells [12,25-27].

FMOD plays an important role in angiogenesis in lung cancer
and in cutaneous and optical diseases associated with angio-
genesis and wound healing [14,15,28]. In addition, a previous
study has shown that FMOD is highly expressed in human glio-
blastoma and is upregulated by TGF-3 via the demethylation of
its promoter in glioblastoma cells [16]. FMOD is also a mem-
ber of the TGF-B superfamily. These observations prompted
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us to investigate whether FMOD was involved in angiogen-
esis and VEGF expression induced by GDNF in glioblastoma.
In this study, our findings provide evidence that GDNF induc-
es the expression of FMOD via the demethylation of its pro-
moter in glioblastoma cells. More importantly, FMOD medi-
ates GDNF-induced VEGF expression and angiogenesis. It is
worth noting that these results are supported by previous ob-
servations [16,28].

Conclusions

We demonstrated for the first time that FMOD acts as an im-
portant mediator of VEGF expression and angiogenesis induced
by GDNF in human glioblastoma. Furthermore, we provided
evidence that GDNF upregulates the expression of FMOD via
the demethylation of its promoter. These data indicate that
GDNF and FMOD may be a promising therapeutic target for
glioblastoma.
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