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Background. High-grade glioma is incurable, with a
short survival time and poor prognosis. The increased ex-
pression of p75 neurotrophin receptor (NTR) is a charac-
teristic of high-grade glioma, but the potential significance
of increased p75NTR in this tumor is not fully understood.
Since p75NTR is the receptor for the precursor of brain-
derived neurotrophic factor (proBDNF), it is suggested
that proBDNF may have an impact on glioma.
Methods. In this study we investigated the expression of
proBDNF and its receptors p75NTR and sortilin in 52
cases of human glioma and 13 cases of controls by immu-
nochemistry, quantitative real-time PCR, and Western
blot methods. Using C6 glioma cells as a model, we inves-
tigated the roles of proBDNF on C6 glioma cell differenti-
ation, growth, apoptosis, and migration in vitro.
Results. We found that the expression levels of proBDNF,
p75NTR, and sortilin were significantly increased in high-
grade glioma and were positively correlated with the
malignancy of the tumor. We also observed that tumors
expressed proBDNF, p75NTR, and sortilin in the same
cells with different subcellular distributions, suggesting
an autocrine or paracrine loop. The ratio of proBDNF to
mature BDNF was decreased in high-grade glioma
tissues and was negatively correlated with tumor grade.

Using C6 glioma cells as a model, we found that
proBDNF increased apoptosis and differentiation and de-
creased cell growth and migration in vitro via p75NTR.
Conclusions. Our data indicate that proBDNF and its re-
ceptors are upregulated in high-grade glioma and might
play an inhibitory effect on glioma.

Keywords: brain-derived neurotrophic factor, glioma,
human, proBDNF, p75NTR, sortilin.

M
alignant glioma is the third leading cause of
cancer-related deaths among 15- to 54-year-
old men and women.1,2 Despite optimized

surgery, radiotherapy, and chemotherapy,3–7 the median
survival time of high-grade glioma is 9 months, and
only 5%–10% of patients can survive up to 2 years.8

The etiology of glioma is not fully understood. It is be-
lieved that human malignant glioma arises from neural
progenitor cells and/or dedifferentiated astrocytes.9–15

These tumors tend to occur in the cerebral hemispheres,
typically at the cortical/subcortical interface.16 Malignant
glioma cells are extremely infiltrative, often migrating
along the basement membrane of blood vessels or along
myelinated white matter but rarely metastasizing
outside the central nervous system.17

How malignant glioma cells infiltrate and quickly
migrate away from tumor mass is not clear. Recent studies
have shown that the neurotrophin receptor (NTR)
p75NTR plays a central role in the quick migration and
infiltration of glioma cells into normal brain tissues and
is likely a therapeutic target.18 However, the mechanism
of p75NTR responsible for triggering and activating the
migration of these cells is not known. Neurotrophins,
including nerve growth factor (NGF), brain-derived
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neurotrophic factor (BDNF), neurotrophin (NT)-3, and
NT-4/5, bind to p75NTR and play important roles in
brain function and development. BDNF is the most
studied neurotrophin produced by astrocytes and
neurons.19–21 It is first synthesized as a precursor of
BDNF (proBDNF) and is subsequently cleaved either intra-
cellularly by prohormone convertases and/or furin or ex-
tracellularly by plasmin and matrix metalloproteases
(MMPs) to release mature homodimeric proteins (mature
BDNF).22,23

ProBDNF is present in many regions of the CNS24 and
is released in cultured cortical neurons and at hippocampal
synapses.25,26 ProBDNF binds to both p75NTR and the
coreceptor sortilin with a high affinity,26 which induces
apoptosis,26–28 long-term depression,29 synaptic retrac-
tion,30–32 and neurite collapse.33 Because proBDNF
induces cell apoptosis and has inhibitory effects on neuro-
nal events, it may be important to characterize the expres-
sion profile of proBDNF and its receptors in human
glioma, which might provide therapeutic targets for clini-
cal intervention.

In the present study, we investigated, for the first time,
the expression of proBDNF and its receptors p75NTR
and sortilin in human glioma. We also examined the poten-
tial role of proBDNF inglioma using the C6 gliomacell line.

Materials and Methods

Patients

All patients (N ¼ 65) included in this study were enrolled
from the Department of Neurosurgery and the
Department of Oncology of the Second Affiliated
Hospital of Kunming Medical University, Yunnan,
China. The use of human material in this study was ap-
proved by the ethics committee of Kunming Medical
University. Informed consent forms were signed by all
patients, authorizing the use of their tissues in the present
investigation. Of 65 cases, 52 underwent resection of
glioma and none received radiotherapy or chemotherapy.
All tumor specimens were classified and graded according
to the 2007 World Health Organization (WHO) classifica-
tion of tumors of the CNS34 by 2 independent pathologists
with full diagnostic agreement. Patient characteristics are
shown in Supplementary Table S1. The 52 glioma
samples included 9 cases of WHO grade I (all pilocytic as-
trocytomas), 23 cases of grade II (18 astrocytomas, 4
ependymomas, 1 oligodendroglioma), 15 cases of grade
III (13 anaplastic astrocytomas, 1 anaplastic ependy-
moma, 1 anaplastic oligoastrocytoma), and 5 cases of
grade IV (all glioblastomas). For the convenience of anal-
ysis, we divided all gliomas into 2 groups: the low-grade
group included grades I and II (n ¼ 32; mean age:
34.34+15.22 y; 17 males and 15 females), and the high-
grade group included grades III and IV (n ¼ 20; mean age:
46+15.35 y; 11 males and 9 females).

Tumors were localized in the frontal lobe (n ¼ 28),
temporal lobe (n ¼ 15), parietal lobe (n ¼ 9), occipital
lobe (n ¼ 4), and ventricles (n ¼ 7). There were 14
tumors involving multiple lobes.

Nonneoplastic brain tissues (n ¼ 13) were used as con-
trols. These patients were subjected to lobe resection for
epilepsy surgery (n ¼ 3; mean age: 37.66+10.98 y; 2
males and 1 female), brain trauma (n ¼ 4; mean age:
36.75+11.14 y; all males), and hypertensive cerebral
hemorrhage (n ¼ 2; mean age: 63.3+2.82 y; all males)
and underwent internal decompression. Normal tissues
near the tumor (n ¼ 4; mean age: 35+5.71 y; 2 males
and 2 females) were also included. Control tissues were
acquired from the frontal lobe (n ¼ 6), temporal lobe
(n ¼ 4), parietal lobe (n ¼ 1), and cerebellum (n ¼ 2).

Tissue Preparation

During surgery, resected tissues from the tumors and con-
trols were collected, snap-frozen in liquid nitrogen, and
stored at –808C for Western blot analysis and quantita-
tive real-time (qRT) PCR assay. Small fragments of
tissue were washed in phosphate buffered saline (PBS),
fixed in 10% formalin, and embedded in paraffin accord-
ing to standard immunohistochemistry (IHC) procedure.

C6 Cell Culture

C6 glioma cells were grown in low-glucose Dulbecco’s
modified Eagle’s medium (DMEM; Gibco) supplemented
with 10% fetal bovine serum (FBS; Gibco) or otherwise as
specified, 1% glutamate, and 1% penicillin/streptomycin
at 378C in a humidified atmosphere of 5% CO2 and 95%
air.

Immunohistochemistry and Immunocytochemistry

Serial 5-mm-thick sections of paraffin-embedded tissues
were cut using a microtome, mounted on polylysine-
coated slides, and processed for IHC. Briefly, single-label
IHC was carried out using the avidin–biotin peroxidase
method and diaminobenzidine as a chromogen. The sec-
tions were deparaffinated in xylene, rinsed in ethanol
(100% to 75%) and incubated with 3% H2O2 for
10 min. The section slides were subjected to antigen re-
trieval using a pressure cooker and then washed with
PBS (pH 7.4). After being incubated with 10% normal
horse serum for 1 h for blocking, the section slides were
incubated with the primary antibodies (see Table 1) at
48C overnight. After incubation with the primary anti-
bodies, section slides were washed with PBS 3 times and
incubated with the appropriate biotinylated secondary
antibody (1:200 donkey anti-goat or 1:200 donkey anti-
rabbit immunoglobulin; SantaCruz) at roomtemperature
for 1 h. All section slides were incubated with avidin–
biotin peroxidase complex (Vectastain ABC kit, Vector
Labs) at room temperature for 30 min, then were devel-
oped in a solution of diaminobenzidine and counter-
stained with hematoxylin. The section slides were
dehydrated through a series of alcohol washes and cover-
slipped. In this experiment, primary antibody omission
controls were used as negative controls. Sections were ob-
served by using a light microscope (Leica). Positive immu-
nostaining, which appeared as a yellow to brown color,
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and its intensity were clearly higher than the background
staining. Five to 10 representative fields at 400× magnifi-
cation per slide were observed. The intensity of the posi-
tive reaction was scored as 0 ¼ negative (same as the
background), 1 ¼ light staining, 2 ¼ moderate staining,
and 3¼ intense staining. Additionally, the numberof pos-
itive cells was classified as (i) negative (2, no positive cells
found), (ii) weakly positive (+, ≤25% cells positive), (iii)
moderately positive (++, 26%–50% cells positive), and
(iv) intensely positive (+++, over 50% cells positive), as
described.35 IHC staining was assessed semiquantitative-
ly by measuring both the intensity of the staining and the
number of positive cells. The scores for the intensity and
the percentage of positive cells were multiplied to give a
weighted score for each case. The mean weighted scores
in 3 groups were compared for statistical analysis.36

For C6 cell staining, cells were cultured on coverslips
and fixed with 4% paraformaldehyde in PBS at room tem-
perature for 20 min. Immunocytochemistry (ICC) for
proBDNF, p75NTR, and sortilin was performed as for
IHC.

Fluorescence Double Labeling of Tumors and Controls

Before primary antibody incubation, the section slides
were permeabilized and blocked with PBS/0.5% Triton
X-100/10% donkey serum at room temperature for
60 min. The sections were incubated in proBDNF/
p75NTR and proBDNF/sortilin antibodies diluted in
PBS/0.5% Triton X-100/5% donkey serum at 48C over-
night. The primary antibodies used for immunofluores-
cence are summarized in Table 1.

The sections were then washed 3 times with PBS/0.3%
Triton X-100, each time for 15 min. The sections were in-
cubatedwith the secondaryantibodiesdonkeyanti-rabbit
Alexa 546 (red, 1:1000; Invitrogen) and donkey anti-goat

Alexa 488 (green, 1:1000; Invitrogen) in the dark for 1 h.
The section slides were washed 3 times with PBS and
mounted with media containing 4′,6′-diamidino-2-phe-
nylindole (DAPI; Vector Labs).

Coexpression of proBDNF/p75NTR and proBDNF/
sortilin was assayed by immunofluorescence double-
labeling. The section slides were observed and photo-
graphed using a Leica confocal microscope.

Protein Extraction

Tissues from human controls and glioma samples were
homogenized in lysis buffer containing 50 mM Tris
HCL, pH 7.4, 150 mM NaCl, 1% nonyl phenoxylpolye-
thoxylethanol (NP)40, 1% sodium deoxycholate, 0.1%
sodiumdodecyl sulfate (SDS)andprotease inhibitorcock-
tail (Roche), plasminogen activator inhibitor 1(PAI-1;
Sigma), and furin inhibitor 1 (Calbiochem), vortexed,
and centrifuged for 20 min at 13 000 rpm at 48C. The
addition of PAI-1 and furin inhibitor 1 was to prevent
the conversion of proBDNF to mature BDNF. The C6
cells were harvested with lysis buffer as in the previous
procedure and centrifuged at 48C at 13 000 rpm for
20 min. Nuclear protein extraction was performed
using NE-PER Nuclear and Cytoplasmic Extraction
Reagents (Thermofish) according to manufacturer’s in-
structions. Protein content was determined using a bicin-
choninic acid kit (CoWin Biotechnology). Protein was
stored at 2808C until analysis.

Western Blots

For Western blot, 50 mg/lane was subjected to SDS–
polyacrylamide gel electrophoresis in 10% or 12% gels
at 100 V for 2 h. Separated proteins were transferred
onto polyvinylidene difluoride membranes in transfer
buffer (48 mM Tris, 39 mM glycine, 0.037% weight/
volume [w/v]SDS,20%volume/volume[v/v]methanol)
with 400 mA at 48C for 1.5 h, using a wet electroblotting
system (Bio-Rad). The membranes were then blocked in
blocking buffer (20 mM Tris, pH 8.0, 150 mM NaCl,
0.05% [v/v] Tris-buffered saline and 0.05% Tween 20
[TBST], 5% [w/v] nonfat milk) for 2 h at room tempera-
ture and incubated overnight at 48C with primary anti-
bodies in TBST containing 5% nonfat milk (see Table 1
for the primary antibodies used in the present study).
After several washes in TBST, the membranes were incu-
bated with the appropriate horseradish peroxidase–
conjugated secondary antibodies (goat anti-rabbit or
anti-mouse, donkey anti-goat in TBST + 5% nonfat
milk, 1:1000; all Santa Cruz) for 2 h at roomtemperature.
After a washing with TBST, immunoreactive bands were
detected using an enhanced chemiluminescence kit
(CoWin Biotechnology). The same membrane was
probed with mouse anti–b-tubulin or anti–b-actin as a
loading control. Densitometric analyses were performed
using the Quantity One software program. Protein ex-
pression was determined in relative units in reference to
b-tubulin or b-actin. Nuclear proteins were extracted
with NE-PER Nuclear and Cytoplasmic Extraction

Table 1. Primary antibodies for IHC/ICC or Western blot assays

Primary
Antibody

Source Dilution for
IHC/ICC

Dilution for
Western Blot

Sheep
anti-proBDNF

Provided by
Prof Zhou
Lab

1:500 1:500

Rabbit
anti-proBDNF

Provided by
Prof Zhou
Lab

1:400

Sheep anti–
mature BDNF

Provided by
Prof Zhou
Lab

1:200

Rabbit
anti-sortilin

Abcam 1:1000 1:1000

Goat
anti-p75NTR

Santa Cruz 1:200 1:200

Rabbit anti-SP1 Abcam 1:500

Mouse anti–
b-actin

Sigma 1:1000

Mouse anti–
b-tubulin

Sigma 1:1000

Rabbit anti-GFAP Abcam 1:500 1:1000
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Reagents (Thermofish) and blotted with antibodies to the
nuclear protein marker SP1 (specificity protein 1; Abcam)
and the cytoplasmic protein marker b-tubulin (Sigma) to
monitor potential contaminations from different frac-
tions.

Enzyme-linked Immunosorbent Assay for Mature BDNF

Tissue samples were homogenized, and levels of mature
BDNF in the homogenate were determined by a highly
specific, mature BDNF enzyme-linked immunosorbent
assay (ELISA) kit developed in-house. Briefly, sterile
immunoplates were coated with 100 mL/well of protein
G-purified monoclonal mouse antibodies to mature
BDNF (2 mg/mL in coating buffer [50 mM carbonate,
pH 9.6]) for an overnight incubation. After being
washed 3 times with 0.05% (v/v) Tween-20 in PBS (pH
7.4) after each step, the plates were blocked with 3%
bovine serum albumin (150 mL/well) and incubated for
1 h at 378C. Subsequently, 100 mL homogenate of tissue
samples and different concentrations of standard
mature BDNF were added in plates for 1 h incubation at
378C. The plates were washed and incubated in
100 mL/well of biotin-conjugated sheep anti–mature
BDNF (2.5 mg/mL in 0.1% bovine serum albumin,
0.05% [v/v] Tween-20 in Tris-buffered saline, pH 7.4)
at 378C for 1 h. After extensive washing, streptavidin–
horseradish peroxidase was added in the plates. Color
was developed in 3,3′,5,5′-tetramethylbenzidine sub-
strates and stopped in 1 M sulfuric acid (50 mL/well).
The plate was analyzed with an enzyme immunoassay
(EIA) plate reader at a wavelength of 450 nm (Thermo).

Relative ratio of proBDNF and mature BDNF expres-
sion was determined by proBDNF in reference to
b-tubulin in Western blot to mature BDNF in an ELISA
assay.

Total RNA Extraction and cDNA Synthesis

Total RNA was extracted from tissues using Trizol reagent
(Invitrogen) according to the manufacturer’s instructions.
RNA quantification/purification was determined by mea-
suring A260:A280 ratios. A ratio close to 2.0 was consid-
ered a satisfactory level of homogeneity. Denaturing
agarose gel electrophoresis was also used to assess the
quality of the samples by observing 28S and 18S RNA
bands. Then cDNA was synthesized from 1 mg total
RNA in a final reaction volume of 20 mL. Briefly, a
mixture of total RNA, oligo(deoxythymine), deoxyribo-
nucleotide triphosphate mix, and diethylpyrocarbonate-
treated distilled water was incubated for 5 min at 658C.
Then 5× first chain solution and 0.1 M dithiothreitol
were added, prior to incubation for 2 min at 378C. Next,
Moloney murine leukemia virus reverse transcriptase
was added and incubated for 30 min at 378C and followed
incubation at 708C for 15 min. The resulting cDNA was
used for qRT-PCR.

Quantitative RT-PCR

The expression levels of the BDNF gene, the NGFR
(p75NTR) gene, and the SORT1 (sortilin) gene in both
control brain tissues and gliomas of different malignancy
grades were determined by qRT-PCR. Quantitative data
were normalized relative to the internal housekeeping
genes, such as ACTB (b-actin). Primer sequences were
as follows (5′-3′): BDNF forward: TACTTTGGTTGC
ATGAAGGCTGCC, reverse: ACTTGACTACTGAGCA
TCACCCTG; NGFR forward: GTGGGACAGAGTCT
GGGTGT, reverse: AAGGAGGGGAGGTGATAGGA;
SORT1 forward: TTGATGATCTCAGAGGCTCAG,
reverse: TGAAGATTCTTCCTCCACGAC; ACTB forward:
CGGGAAATCGTGCGTGAC, reverse: TGGAAGGT
GGACAGCGAGG; synthesized by Invitrogen. Each
SYBR Green reaction (total volume, 20 mL) contained
1× FastStart Universal SYBR Green master (Roche
Diagnostic), 0.5 mM forward and reverse primers, and
0.5 mg cDNA. Reactions were run on an ABI 7300
Real-Time PCR System (Applied Biosystems). The cycle
conditions were initial denaturation at 958C for 10 min,
and 40 cycles of 15 s each at 958C, and 608C for 1 min.
A DNA melting curve analysis was performed. The results
of the qRT-PCR analysis were normalized to ACTB.
Samples were confirmed to be free of DNA contamination
by performing reactions without reverse transcriptase.
All reactions were performed twice on each preparation.
Data were analyzed using the 22DDCt method.37,38

Cell Viability Assay

To investigate the effect of endogenous and exogenous
proBDNF on C6 cell growth and viability, we performed
an MTT assay (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphe-
nyltetrazolium bromide; Sigma). Cells were plated in
96-well plates at a density of 15 000 per well and treated
at 60%–70% confluence. On the day of the experiment,
the cells were rinsed twice with serum-free medium and
treated with recombinant proBDNF protein (1, 3, 10,
30 ng/mL), anti-proBDNF (1, 3, 10 mg/mL), or 5 mg/
mL p75NTR-ECD-Fc (an extracellular domain of
p75NTR fused with an Fc fragment of immunoglobulin
G) dissolved in serum-free media and media containing
5% FBS. Each treatment was performed in triplicate.
Control remained untreated. The treated cells were incu-
bated for 24–48 h at 378C in 5% CO2. MTT assays
were performed at 0, 24, and 48 h. The MTT reagent
was reconstituted in PBS to 5 mg/mL. MTT-labeling
reagent (20 mL) was added to each well, the plates were in-
cubated at 378C for 4 h, and dimethyl sulfoxide solubiliza-
tion solution (150 mL) was added to each well. The
absorbance of the samples was measured at 560 nm (EIA
reader; Thermo) and correlated with living cell numbers.
To minimize the variation among different assays, the
data were corrected against control and plotted by using
the optical density of control wells as 100% survival.
The experiments were performed in duplicate and repeat-
ed at least 3 times.
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Cell Apoptosis Assay

To investigate the effect of endogenous and exogenous
proBDNF on C6 cell apoptosis, apoptotic C6 cells were
measured by DAPI stain as reported.39 C6 cells were
plated 15 000 per well in 96-well plates and cultured to
60%–70% confluence. On the day of the experiment,
the cells were treated and prepared in serum-free
medium as we have previously described here. After
48 h, C6 cells were fixed using 4% paraformaldehyde
for 20 min and then stained with DAPI to visualize
nuclei. Cell images were collected (≥5 fields/well) using
a Leica fluorescence microscope for each sample. The ap-
optotic and total number of nuclei were counted and their
ratio calculated. To minimize the variation among differ-
ent assays, we corrected against control.

Scratch Assay

C6 cells (1.8 × 105) were plated in a 12-well plate and
grown overnight to reach 95% confluence in 10%
FBS-containing media. The monolayer cells were washed
3 times with serum-free DMEM and scratched with a
10-mL pipette tip, washed with serum-free DMEM to
remove floating cells, and photographed (0 h) at 100×
magnification. Monolayer cells with cell scratches were
treated with recombinant proBDNF protein (1, 3, 10,
30 ng/mL), proBDNF antibody (1, 3, 10 mg/mL), or
p75NTR-ECD-Fc (5 mg/mL). The cells were cultured in
the serum-free medium for another 24 h and then photo-
graphed at the same position. The width of the cell
scratch was measured using Adobe Photoshop 9.0 soft-
ware. The relative migration distance was calculated by
the formula: (A – B)/A, where A represents the mean
width of the cell scratch before treatments and B represents
the mean width of the cell scratch after treatments. Results
were expressed as means+SE.

Cell Invasion Assay

C6 cell invasion was examined using 24-well Boyden che-
motaxis (Becton Dickinson). The upper culture chamber
consisted of a polycarbonate filter with 8 mm pore size
coated with a uniform layer of Matrigel basement mem-
brane matrix in the uppercompartment of the chemotaxis
chamber;3 × 105 cells perwellwere seeded into theupper
compartment individually and incubated in 100 mL
serum-free media containing recombinant proBDNF (1,
3, 10, 30 ng/mL), antibodies to proBDNF (1, 3, 10 mg/
mL), or p75NTR-ECD-Fc (5 mg/mL), while 750 mL/
well of media containing 20% FBS was placed in the
bottomwells.Controls remaineduntreated. After 24 h in-
cubation at 378C in a CO2 incubator, the cells on the
upper surface of the inserts were gently wiped with a
cotton swab. The cells on the lower surface of the inserts
were fixed for 30 min with 4% paraformaldehyde,
stained with DAPI. The cells in at least 5–10 random
selected fields were photographed under a fluorescence
microscope and counted. The data are presented as
means+ SE. In additional experiments, the cells on the

bottom of the insert were stained with cresyl violet solu-
tion (0.2%) for 15 min to confirm the DAPI stain data.
After PBS washing, the dye was extracted with 10%
acetic acid. Absorbance was measured at 570 nm using
an EIA microplate reader (Thermo). The dye levels are
directly proportional to the number of cells.40

Statistical Analysis

The Kruskal–Wallis test, Mann–Whitney test, and
Spearman rank correlation were applied to compare the
differences between the control brain samples and
glioma samples. The data of cell experiments from differ-
ent groups were analyzed by 1-way ANOVA followed by
post-hoc analysis of multiple comparisons. Differences
were considered significant at P , .05.

Results

Expression of ProBDNF in Human Glioma Tissues

To investigate the expression of proBDNF and its recep-
tors, p75NTR and sortilin, in the normal brain tissues
and different grades of gliomas, we performed IHC,
Western blot, and qRT-PCR assays. The proBDNF anti-
body used in this study was well characterized in our pre-
vious studies28,33,40 and recognizes only proBDNF but
not mature BDNF. ProBDNF-positive cells were detected
in all normal brain and glioma tissues (Fig. 1A–C).
ProBDNF was predominantly seen in the cytoplasm of
neurons in normal tissues (Fig. 1A). There was a weak
staining in the cytoplasm of tumor cells of low-grade
gliomas (Fig. 1B). In contrast, strong proBDNF staining
was shown in the cytoplasm and nuclei of high-grade
gliomas (Fig. 1C). The intensity of immunostaining and
the number of positive cells for proBDNF in high-grade
gliomas were increased compared with low-grade
gliomas and controls. The intensity of proBDNF staining
appeared to be correlated with malignant progression.
The distribution of proBDNF intensity among low-grade
and high-grade tumors and control brain tissues is shown
in Fig. 1D. All high-grade gliomas (100%) showed mod-
erate to intense (++ to +++) proBDNF staining com-
pared with low-grade gliomas (63.16%) and controls
(46.15%). Semiquantitative analysis of proBDNF immu-
nostaining showed that the difference in proBDNF score
reached statistical significance in high-grade gliomas
(P ¼ .003; Fig. 1E). This result was supported by
Western blot data, which showed a significant increase
of proBDNF expression in high-grade gliomas compared
with low-grade gliomas and controls (P , .001 Fig. 1G
and H). The major proBDNF-like immunoreactive band
corresponds to 34 kD. Two lower-molecular-weight
bands at 23 and 17 kD were also observed and were
most abundant in high-grade gliomas. After being
normalized to b-tubulin, proBDNF showed a 1.40-fold
increase from normal to low-grade (Fig. 1H) and
a 3.32-fold increase from low-grade to high-grade
(P ¼ .001; Fig. 1H). Quantitative RT-PCR also showed
increased BDNF mRNA levels in high-grade gliomas
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Fig. 1. Expression of proBDNF in human gliomas at different grades of malignancy. (A–E) IHC of proBDNF in glioma. ProBDNF staining is shown

in (A) the neuronal cytoplasm of controls and (B) the cytoplasm of low-grade glioma cells. (C) High-grade glioma show an increase of proBDNF

cytoplasmic and nuclear staining in tumor cells. (D) The percentage of proBDNF staining (2, +, ++, +++) in controls and low-grade and

high-grade gliomas. (E) IHC of proBDNF staining was assessed semiquantitatively. ProBDNF intensity and percentage of positive cells were

multiplied to give a weighted score for each case. Data were plotted as means+SE from control (0.92+0.15, n ¼ 13) and low-grade

(1.21+0.16, n ¼ 19) and high-grade tumors (1.81+0.15, n ¼ 12). ProBDNF staining was significantly increased in high-grade glioma

(Kruskal–Wallis test, P ¼ .003). DAB, diaminobenzidine. (F) Examination of BDNF mRNA by qRT-PCR; data were normalized by ACTB and

plotted as means+SE from controls (n ¼ 9) and low-grade (n ¼ 16) and high-grade tumors (n ¼ 14) (Kruskal–Wallis test, P ¼ .014). (G and

H) Western blot of proBDNF using sheep anti-proBDNF antibody. (G) Duplicate samples were used for Western blot (lanes 1, 2: control;

lanes 3, 4: low grade; lanes 5, 6: high grade). (H) A histogram was plotted as means+SE from controls (n ¼ 10), low-grade tumors (n ¼ 21),

and high-grade tumors (n ¼ 15) (Kruskal–Wallis test, P , .001) after being normalized by b-tubulin. Scale bar, 25 mm. *P , .05. **P , .01.
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(P ¼ .014; Fig. 1F), which is consistent with the immu-
nostaining and Western blot results.

Expression of P75NTR in Human Glioma Tissues

P75NTR staining was weakly present in the cytoplasm of
neurons (Fig. 2A) in control and low-grade glioma cells
(Fig. 2B). In contrast, high-grade tumors showed 71.45%
of p75NTR staining (++ to +++), compared with con-
trols (0%) and low-grade tumors (5.56%) (Fig. 2D).
Semiquantitative analysis showed that p75NTR immuno-
reactivity in high-grade gliomas was significantly higher
than in low-grade and control tissues (P , .001; Fig. 2C
and E). The increase of p75NTR expression in high-grade
gliomas was supported by Western blot (Fig. 2G and H),
showing a significant increase of p75NTR expression in
high-grade gliomas (P , .001). There was no significant
difference in p75NTR level between low-grade gliomas
and controls. Quantitative RT-PCR showed increased
NGFR mRNA levels in high-grade gliomas (P ¼ .032;
Fig. 2F), consistent with the results of immunostaining
and Western blot results. Notably, expression profiles of
both p75NTR and proBDNF were similar, showing in-
creased expression parallel to the increase in tumor grade.

Expression of Sortilin in Human Glioma Tissues

Sortilin was stained from weak to moderate intensity in
cytoplasm or membrane in neurons and glial cells of the
control tissues and low-grade gliomas (Fig. 3A and B).
High-grade gliomas showed a 50% moderate to intense
(++ to +++) cytoplasmic staining (Fig. 3C and D).
The expression pattern of sortilin was similar to that of
proBDNF and p75NTR. Western blot showed a 95-kD
immunoreactive band representing sortilin expression in
human samples (Fig. 3G). Both SORT1 mRNA analysis
(P ¼ .021; Fig. 3F) and Western blot (P ¼ .008; Fig. 3G
and H) showed increased sortilin in high-grade gliomas
compared with controls and low-grade gliomas.

Distribution of ProBDNF and P75NTR/Sortilin
Receptors in Human Gliomas

Confocal imaging showed that p75NTR was mainly in
the cytoplasm of tumor cells, whereas proBDNF was
present in both cytoplasm and nuclei (Supplementary
Fig. S1A–H). The presence of proBDNF in nuclei was
more obvious in high-grade tumors (Supplementary Fig.
S1E–H). ProBDNF and sortilin were also colocalized in
control tissues and glioma (Supplementary Fig. S2A–H)
and both were increased in high-grade glioma
(Supplementary Fig. S2E–H). To confirm the presence
of proBDNF in nuclei, we extracted nuclear protein
using a commercial reagent and probed with relevant
markers. Indeed, we found a significant proportion of
proBDNF in the nuclear fraction (Supplementary Fig.
S3). Weaker sortilin expression was also detected in the
nuclear fraction (Supplementary Fig. S3).

Correlation Between Expression Levels of ProBDNF,
P75NTR, and Sortilin and Malignancy Grades of Glioma

Correlation analysis showed that proBDNF, p75NTR, and
sortilin were positively related to the malignancy grade of
glioma. Despite the popular correlation with glioma malig-
nancy grade, the correlation coefficient between p75NTR
and grade was largest (Spearman correlation analysis,
proBDNF/grade: r ¼ 0.567, P ¼ .001; p75NTR/grade:
r ¼ 0.739, P , .001; sortilin/grade: r ¼ 0.390, P¼ .014;
Fig. 4A–C). Spearman correlation analysis also revealed
certain interrelations between proBDNF and its receptors.
There was a positive correlation between proBDNF and
p75NTR levels (r ¼ 0.621, P , .001; Fig. 4D), but no
correlation was found between proBDNF and sortilin
(r ¼ 20.159, P ¼ .341; Fig. 4E).

Decreased Ratio of ProBDNF to Mature BDNF
in Human High-grade Glioma

To better understand the biological role of the increase in
proBDNF found in high-grade gliomas, we also deter-
mined the ratio of proBDNF to mature BDNF in samples
of different grades of glioma and control samples. Levels
of mature BDNF were assayed by ELISA. The concentra-
tion of mature BDNF was significantly increased
1.97-fold from normal to low-grade (P , .001; Fig. 5A)
and 4.06-fold from low-grade to high-grade (P , .001;
Fig. 5A).

There was a positive correlation between proBDNF
and mature BDNF levels (Spearman rank correlation,
r ¼ 0.822, P , .001; Fig. 5B). Though there was signifi-
cant increase in proBDNF and mature BDNF levels in
high-grade gliomas, mature BDNF exhibited a much
greater increase. The ratio of proBDNF to mature
BDNF exhibited a significant decrease of 17% in low-
grade gliomas (P ¼ .002; Fig. 5C) and 44% in high-grade
gliomas compared with control (P , .001; Fig. 5C). The
ratios of proBDNF to mature BDNF were negatively cor-
related with tumor grade (Spearman correlation,
r ¼ 20.35, P ¼ .02; Fig. 5D).

Expression of ProBDNFand Its Receptors (P75NTR and
Sortilin) in C6 Cells

To examine the effect of proBDNF, the C6 cell line was
used in the present study. Immunostaining and Western
blots showed the expression of proBDNF and its main re-
ceptors, p75NTR and sortilin, in C6 cells (Supplementary
Fig. S4A-F). Western blots showed proBDNF also in
the cell culture medium at the basal condition
(Supplementary Fig. S4D). These results indicate that
proBDNF may activate its receptors by an autocrine or
paracrine mechanism in the behavior of C6 glioma cells.

Effect of ProBDNF on Morphology and Differentiation
of C6 Glioma Cells

Treatment of C6 glioma cells with 30 ng/mL recombi-
nant proBDNF for 24 h revealed a major morphological

Xiong et al.: ProBDNF in glioma

996 NEURO-ONCOLOGY † A U G U S T 2 0 1 3

http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/not039/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/not039/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/not039/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/not039/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/not039/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/not039/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/not039/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/not039/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/not039/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/not039/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/not039/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/not039/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/not039/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/not039/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/not039/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/not039/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/not039/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/not039/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/not039/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/not039/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/not039/-/DC1


Fig. 2. Expression of p75NTR in human gliomas at different grades of malignancy. (A–E) IHC of p75NTR in glioma. (A) Controls showed weak

p75NTR staining in the neuronal cytoplasm. (B) Low-grade glioma and (C) high-grade glioma show an increase of p75NTR staining in cytoplasm

andnuclei. (D)Percentageofp75NTRstaining (2,+,++,+++) in controls and low-gradeandhigh-gradegliomas. (E) IHCofp75NTRstaining

was assessed semiquantitatively. P75NTR intensity and percentage of positive cells were multiplied to give a weighted score for each case. Data

were plotted as means+SE from control (0.14+0.05, n ¼ 13) and low-grade (0.25+0.17, n ¼ 16) and high-grade tumors (1.18+0.14, n ¼

14). A histogram shows that p75NTR staining is significantly increased in high-grade glioma (Kruskal–Wallis test, P , .001). DAB,

diaminobenzidine. (F) Examination of NGFR mRNA by qRT-PCR; data were normalized by ACTB and plotted as means+SE from controls

(n ¼ 7), low-grade tumors (n ¼ 14), and high-grade tumors (n ¼ 14) (Kruskal–Wallis test, P ¼ .032). (G) Western blot of p75NTR using

p75NTR polyclonal antibody; duplicate sample was used for Western blot (lanes 1, 2: control; lanes 3, 4: low grade; lanes 5, 6: high grade).

(H) Histogram plotted as means+SE from controls (n ¼ 10), low-grade tumors (n ¼ 17), and high-grade tumors (n ¼ 20) (Kruskal–Wallis

test, P , .001). Scale bar, 25 mm. *P , .05. **P , .01.
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Fig. 3. Expression of sortilin in human glioma at different grades of malignancy. (A–E) IHC of sortilin in glioma. (A) Controls show weak sortilin

staining in the neuronal cytoplasm and membrane. (B) Low-grade glioma and (C) high-grade glioma show an increase of sortilin staining in

cytoplasm and nuclei. (D) The percentage of sortilin staining (2, +, ++, +++) in controls and low-grade and high-grade gliomas is shown.

(E) IHC of sortilin staining was assessed semiquantitatively. Sortilin intensity and percentage of positive cells were multiplied to give a

weighted score for each case. Data were plotted as means+SE from controls (0.41+0.07, n ¼ 11), low-grade tumors (0.39+0.07, n ¼

15), and high-grade tumors (0.95+0.14, n ¼ 12). Sortilin staining was significantly increased in high-grade glioma (Kruskal–Wallis test, P ,

.001). DAB, diaminobenzidine. (F) Examination of sortilin expression by qRT-PCR; data were normalized by ACTB and plotted as means+SE

from controls (n ¼ 9), low-grade tumors (n ¼ 15), and high-grade tumors (n ¼ 15) (Kruskal–Wallis test, P ¼ .021). (G and H) Western blot

of sortilin using sortilin polyclonal antibody. (G) Duplicate samples were used for Western blot (lanes 1, 2: control; lanes 3, 4: low grade; lanes

5, 6: high grade). (H) A histogram was plotted as means+SE from controls (n ¼ 9), low-grade tumors (n ¼ 15), and high-grade tumors (n ¼

15) (Kruskal–Wallis test, P ¼ .008). Scale bar, 25 mm. *P , .05. **P , .01.
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transformation. The control cells displayed a flat polygo-
nal appearance, whereas the treatedcells showedamature
form characterized by a spindle shape with much longer,
fine, tapering processes (Fig. 6A and B).41 The cell mor-
phological change was accompanied by cell differentia-
tion. We further examined cell differentiation in the
presence or absence of proBDNF by immunostaining
and Western blot of glial fibrillary acidic protein
(GFAP), a marker for mature astrocytes.42,43

GFAP staining in C6 cells was significantly decreased
in the presence of anti-proBDNF (10 mg/mL) (Fig. 6C,
D, and F), while staining was significantly increased
after proBDNF treatment (30 ng/mL) (Fig. 6C, E, and F).
Similarly, Western blots showed a significant decrease
of GFAP protein in C6 cells treated with anti-proBDNF
(3–10 mg/mL), while proBDNF induced an increase of
GFAP at 48 h culture (Fig. 6G and H). To determine
whether proBDNF induced differentiation of C6 cells
through p75NTR, we used p75NTR-ECD-Fc to block
proBDNF binding to p75NTR in the presence of
proBDNF in the cell culture. C6 glioma cells were pre-
treated with p75NTR-ECD-Fc (5 mg/mL) for 1 h, fol-
lowed by treatment with proBDNF (30 ng/mL) for

48 h. Our results showed that p75NTR-ECD-Fc blocked
the effect of proBDNF on increasing GFAP expression
(Fig. 6G and H).

ProBDNF Inhibited C6 Cell Growth Through P75NTR

UpregulationofproBDNF inbothC6cells andhigh-grade
gliomas suggests that proBDNF mayplaya role in glioma.
To test this hypothesis, we first investigated the growth of
C6 glioma cells by MTT and migration assays in the pres-
ence and absence of proBDNF or in the presence of
p75NTR-ECD-Fc. MTT assays were performed in the
presence of anti-proBDNF(1, 3, 10 mg/mL) to deplete en-
dogenous proBDNF from either FBS-free or 5%
FBS-containing cultures. Controls remained untreated.
MTT assay showed that exogenous proBDNF signifi-
cantly inhibited the growth of C6 cells in a dose-
dependent manner, even at a concentration of 1 ng/mL
in the absence of serum (Fig. 7A and C). However, the
treatment of anti-proBDNF significantly promoted cell
growth in a dose-dependent manner in the absence of
serum (Fig. 7B and C). The inhibitory effect of

Fig. 4. Correlations of proBDNF and its receptors with tumor grade. (A) Ratio of proBDNF/tubulin vs grade. (B) Ratio of p75NTR/tubulin vs

grade. (C) Ratio of sortilin/tubulin vs grade. (D) Ratio of proBDNF/tubulin vs ratio of p75NTR/tubulin. (E) Ratio of proBDNF/tubulin vs ratio

of sortilin/tubulin.
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proBDNF on C6 cell growth under serum-free conditions
might be due to either increased cell death or decreased
proliferation or both. Since p75NTR was expressed in
C6 cells, we hypothesized that proBDNF might inhibit
the growth of C6 cells through p75NTR. Indeed, the in-
hibitory effect of exogenous proBDNF (30 ng/mL) on
C6 cell growth was abolished by p75NTR-ECD-Fc in
the serum-free culture medium (Fig. 7C), suggesting that
the inhibitory effect of proBDNF is dependent on
p75NTR.

Sincedifferentconcentrationsof serumaffectedC6cell
growth in the presence of neurotrophins,44 we tested
whether serum concentration influenced C6 cell growth
in the presence of different proBDNF doses. An MTT
assay was performed in the presence of 5% FBS. In con-
trast to the absence of serum, the addition of proBDNF
or anti-proBDNF had no significant impact on C6
glioma cell growth after a 48-h culture in the presence of
5% FBS (Supplementary Fig. S5A–C). To test whether
proBDNF was degraded by proteases present in the
serum, 50 ng proBDNF was incubated in culture medium
in the presence or absence of 5% FBS in a CO2 incubator
overnight, and then a Western blot assay was performed.
The membrane was incubated with sheep anti-proBDNF
and sheep anti–mature BDNF simultaneously to see
whether proBDNF was processed into mature BDNF.
The result showed that proBDNF was decreased in 5%
FBS culture medium and that no mature BDNF was de-
tected (Supplementary Fig. S6).

ProBDNF Promoted Apoptosis of C6 Cells In vitro

To further evaluate the inhibitoryeffect of proBDNFon C6
glioma cells, we examined apoptosis of C6 glioma cells
by DAPI nuclear staining. Treatment of anti-proBDNF
significantly inhibited the apoptosis of C6 cells in a dose-
dependent manner (Supplementary Fig. S7A, B, D). In con-
trast, C6 glioma cells treated with proBDNF (1, 3, 10,
30 ng/mL) in serum-free medium for 48 h significantly in-
creased apoptosis in a dose-dependent manner. Treatment
with 30 ng/mL recombinant proBDNF increased the
number of dying cells by 38.26+2.99% compared with
controls (P , .01; Supplementary Fig. S7A, C, E). To
study whether the effect of proBDNF on apoptosis was
through p75NTR, 5 mg/mL p75NTR-ECD-Fc was added
in the culture medium supplemented with 30 ng/mL re-
combinant proBDNF. The result showed that the effect
of proBDNF on C6 cell apoptosis was abolished by
p75NTR-ECD-Fc (Supplementary Fig. S7E), suggesting
that the effect of proBDNF is p75NTR dependent and
that endogenous proBDNF may be able to induce the
death of C6 glioma cells.

ProBDNF Reduced Motility and Invasion in C6 Glioma
Cells

The increased GFAP expression of C6 cells by proBDNF
may affect the motility and invasion of glioma cells. To
test this hypothesis, we first examined the motility of C6

Fig. 5. Decreased ratio of proBDNF to mature BDNF in human high-grade glioma. (A) The levels of mature BDNF were assayed by ELISA. The

concentration of mature BDNF was significantly increased 1.97-fold from normal to low grade (Mann–Whitney test, P , .001) and 4.06-fold

from low grade to high grade (Mann–Whitney test, P , .001). (B) There was a positive correlation between proBDNF and mature BDNF levels

(Spearman rank correlation, r ¼ 0.822, P , .001). (C) The ratios of proBDNF to mature BDNF exhibited a significant decrease of 17% in

low-grade gliomas (Mann–Whitney test, P ¼ .002) and 44% in high-grade gliomas compared with control (Mann–Whitney test, P , .001),

respectively. (D) The ratios of proBDNF to mature BDNF were negatively correlated with tumor grade (Spearman correlation, r ¼ 20.35, P ¼ .02).
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glioma cells in the presence of proBDNF and anti-
proBDNF antibodies. By scratch assay, the proBDNF-
treated C6 glioma cells exhibited decreased wound
closure activity, while anti-proBDNF increased the activ-
ity (Supplementary Fig. S8). The effect of proBDNF on
wound closure activity was blocked by the addition of
p75NTR-ECD-Fc (Supplementary Fig. S8). Furthermore,
we examined the effect of proBDNF on preventing the in-
vasive nature of C6 glioma cells in a Boyden chamber
assay. The results showed that the invasion of C6
glioma cells was inhibited significantly by the addition
of proBDNF in a dose-dependent manner, whereas anti-

proBDNF increased the activity, and p75NTR-ECD-Fc
abolished the effect of proBDNF (Fig. 8).

Discussion

The aim of the present study was to elucidate the expres-
sion profile and functions of proBDNFand its receptors in
glioma. Our results indicate that proBDNF and its recep-
tors p75NTR and sortilin are highly expressed by glioma
cells, particularly in high-grade glioma. We also found
that proBDNF promotes apoptosis and differentiation

Fig. 6. Effect of recombinant proBDNF on C6 glioma cell morphological transformation and the expression of GFAP. (A) Control without

treatment for 24 h. (B) Cells were treated with proBDNF (30 ng/mL) for 24 h. Treatment of proBDNF shows a remarkable change of

morphology from polygonal shape to much longer, fine, tapering processes. (C–F) GFAP staining on C6 cells. (C) Untreated group. (D and F)

Cell staining with Alexa 546 (red) showed that GFAP in C6 cells was significantly decreased after anti-proBDNF (10 mg/mL) was added for

48 h, whereas (E and F) GFAP was increased after adding proBDNF (30 ng/mL) in the culture for 48 h compared with (C) untreated group.

(G and H) Western blot analysis shows that GFAP in C6 cells is significantly decreased after adding anti-proBDNF (3–10 mg/mL) for 48 h,

whereas GFAP was increased after adding proBDNF (10–30 ng/mL) in the culture for 48 h compared with untreated group.

P75NTR-ECD-Fc (5 mg/mL) blocked the increased GFAP expression by proBDNF (lane 1: control, lane 2: anti-proBDNF 3 mg/mL, lane 3:

anti-proBDNF 10 mg/mL, lane 4: p75NTR-ECD-Fc 5 mg/mL, lane 5: proBDNF 30 ng/mL + p75NTR-ECD-Fc 5 mg/mL, lane 6: proBDNF

10 ng/mL, lane 7: proBDNF 30 ng/mL). Data are presented as means+SE. Data points are the mean of triplicate assays. Scale bar, 25 mm.

**P , .01.

Xiong et al.: ProBDNF in glioma

NEURO-ONCOLOGY † A U G U S T 2 0 1 3 1001

http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/not039/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/not039/-/DC1


of C6 glioma cells and suppresses their migration. Our
data suggest that proBDNF may play an inhibitory role
in glioma, in contrast to the roles of mature BDNF and
its receptors.

Upregulation of ProBDNF and Its Receptors in Glioma

Previous studies have shown that BDNF mRNA is a prev-
alent transcript in the human frontal and temporal lobe

cortex,45 which are the predilection sites of astrocytoma.
Neurotrophin genes are widely expressed in 24 cell lines
derived from human malignant gliomas, and the BDNF
gene is most abundantly expressed.46 In the present
study, we have focused on the expression of proBDNF
because it is a potent ligand of p75NTR,26 which is
highly expressed in glioma.18 For the first time, our study
systemically revealed the high expression of proBDNF
and its receptor sortilin in human glioma. We found
that BDNF mRNA and proBDNF are upregulated in ad-
vanced gliomas. Quantitative data show that the mRNA
level in high-grade glioma is about 3-fold that of control
tissues, and the proBDNF level is about 4-fold that of con-
trols. The high expression of proBDNF in human gliomas
is confirmed using Western blot, qRT-PCR, and immu-
nostaining methods. In the present study, proBDNF,
like mature BDNF, was predominantly detected in the cy-
toplasm of neurons in normal brain tissue, confirming
previous findings.47,48 The 34-kD peptide is the main
form of proBDNF detected in normal human brain
tissues and gliomas, but it is increased to a large degree
in human high-grade gliomas compared with normal
human brain tissues and low-grade gliomas. We found
that proBDNF and fragments of 22 kD and 17 kD were
all present. The 17-kD fragment is likely the prodomain
generated from cleavage of the RR (diarginine) motif by
furin. The existence of this fragment has been reported
in neurons recently.49 One important finding of the
present study is that proBDNF immunoreactivity is obvi-
ously found in the nuclei of gliomacells. In normal control
neurons or astrocytes, proBDNF is localized mainly in the
cytoplasm. To verify the finding, we separated nuclear
proteins from the cytoplasm of primary tumor cells. The
function of proBDNF in the nuclei of tumor cells is not
known, but the presence of proBDNF in the nuclei of
tumor cells suggests that they may be involved in gene
transcription. It would be worthwhile to further investi-
gate whether the nuclear localization of proBDNF is
related to the prognosis of the tumors.

The receptors of proBDNF—p75NTR and sortilin—
are also upregulated in high-grade gliomas. This has
been consistently supported by observations of IHC,
Western blot, and qRT-PCR experiments. P75NTR is fre-
quently expressed in advanced stages of human gliomas.
High-grade glioma cells express significantly higher
amounts of p75NTR compared with normal tissue and
low-grade gliomas. The correlation data also indicate
that p75NTR levels are positively correlated with tumor
grades, suggesting that p75NTR may play a critical role
in the pathogenesis of glioma. Our study is also consistent
with previous studies in that p75NTR frequently exhibits
robust expression in highly invasive glioblastoma speci-
mens18 and is a key regulator of glioma malignancy.18,41

The coreceptor of proBDNF, sortilin, is a member of
the Vps10p-domain family of transmembrane receptors
and mediates proneurotrophin-induced cell death.26,50

Our data indicate that sortilin is highly upregulated in
glioma. The levels of sortilin in high-grade tumors were
2- to 3-fold higher than in control tissues. The level of sor-
tilin is positively correlated with tumor grade, indicating
that sortilin may play a role in tumorigenesis. Sortilin is

Fig.7. Growth ofC6 cellswithproBDNForanti-proBDNF treatment in

serum-free medium. Cells were incubated in serum-free medium,

supplemented with indicated concentrations of proBDNF (1, 3, 10,

30 ng/mL) or anti-proBDNF (1, 3, 10 mg/mL) in 96-well plates.

MTT assays were performed after 0, 24, and 48 h for each treatment

in triplicate. (A and C) ProBDNF inhibited C6 cell growth through

p75NTR, whereas (B and C) anti-proBDNF promoted C6 cell survival

under serum-free conditions after 48 h. Data are presented as

means+SE. Results were replicated in at least 3 independent

experiments. Controls were set as 100%. **P , .01.
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localized mainly in the neuronal cytoplasm of controls
and the cytoplasm of low-grade glioma cells. Our data
show that sortilin is colocalized with proBDNF in the cy-
toplasm of control neurons, consistent with previous
studies.26,51 We also found that sortilin was localized in

some nuclei of glioma cells and that 95 kDa sortilin was
present in the nuclear proteins from human glioma
samples. Sortilin may play a role in proBDNF nuclear lo-
calization because the sortilin luminal domain interacts
with proBDNF.26,51

Fig. 8. Effect of proBDNFandanti-proBDNFon C6 cell invasion.Photomicrographs of C6 cells invaded through transwell membranes. Cells were

treated with anti-proBDNF (10 mg/mL), proBDNF (30 ng/mL), p75NTR-ECD-Fc (5 mg/mL), or proBDNF (30 ng/mL) + p75NTR-ECD-Fc

(5 mg/mL) or were untreated for 24 h. The cells on the bottom of the insert were counted by DAPI staining and were stained with cresyl

violet solution to confirm the DAPI stain data. Results were replicated in 3 independent experiments. Data were compared with control

group. **P , .01.
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ProBDNF Suppresses Tumor via Its Receptors

ThehighexpressionofproBDNFand its receptors inhigh-
grade glioma suggests that proBDNF may have an impact
on the biology and progression of human glioma.
Consistent with the results from tumor samples, the rat
C6 glioma cell line also expresses proBDNF and its recep-
tors. Furthermore, we found that proBDNF could be se-
creted into the medium, suggesting an autocrine or
paracrine mechanism. Thus, C6 cells are a valid model
to study the functions of proBDNF in glioma. Indeed,
we found that proBDNF promoted the differentiation
and apoptosis of C6 glioma cells and suppressed their
growth and migration via p75NTR, suggesting that
proBDNF and its receptors are likely to mediate an inhib-
itory signaling pathway on tumors.

ProBDNF may be able to promote the differentiation
of C6 glioma cells. After proBDNF treatments, C6
gliomacells changed their shapes in culture.Mostcells ap-
peared as polygonal flattened shapes in normal culture
medium but bore longer processes with narrow cell
bodies after proBDNF treatment. GFAP is regarded as a
marker of mature astrocytes, and its expression is often
lost in malignant glioma grown in culture.41,43,52

ProBDNF treatment significantly increases GFAP expres-
sion of C6 glioma cells, as shown by ICC and Western
blots. Interestingly, the treatment of C6 glioma cells
with anti-proBDNF to neutralize endogenous proBDNF
decreased GFAP expression, which is consistent with
the results of exogenous proBDNF. Our data also indicate
that endogenous proBDNF secreted from C6 glioma cells
promotes the differentiation of C6 cells. We found that
the function of proBDNF in C6 glioma cell differentiation
is p75NTR dependent, because p75NTR-ECD-Fc can
reduce GFAP expression. These results strongly suggest
that proBDNF promotes C6 glioma cell differentiation
through p75NTR.

The differentiation of tumor cells is usually accompa-
nied by cell cycle arrest.41,53 Consistent with the data on
differentiation, exogenous proBDNF induces a dose-
dependent inhibitionofC6gliomacell growth and increas-
es apoptosis. ProBDNF is likely to be potent in suppression
of tumor cell growth, even effective at a concentration of
1 ng/mL. On the contrary, anti-proBDNF treatment in-
creased cell growth but reduced apoptosis, indicating
that endogenous proBDNF is functional in tumor suppres-
sion. Our result is consistent with a recent report showing
that proBDNF suppresses the growth of the colorectal
cancer cell.54 Interestingly, the suppressive effect of
proBDNF on C6 glioma cell growth is prevented by
p75NTR-ECD-Fc.

It appears that the effect of proBDNF on cell growth is
related to the serum levels in the culture medium. It is
likely that growth factors present in the serum override
the tumor-suppressive effect of proBDNF on tumor.44

In addition, proBDNF may be degraded or cleaved to
mature BDNF by proteolytic proteases in the serum,
losing its tumor-suppressive effect. Indeed, we found
that proBDNF is nonspecifically degraded in the presence
of 5% serum (Supplementary Fig. S6). As we use the
cleavage-resistant form of proBDNF (the cleavage site

RR of proBDNF is mutated into AA), no mature BDNF
is observed under this condition.

The invasive property of a tumor often determines its
malignancy and prognosis.55,56 High-grade glioma is no-
torious for its invasiveness and rapid penetration to
normal tissues.55,56 A previous study has shown that
p75NTR is a key molecule regulating infiltration of glio-
blastoma.18 Our results indicate that proBDNF is effec-
tive in the suppression of cell infiltration and migration,
as shown by 2 different assays, in a dose-dependent
manner. The results from proBDNF neutralizing antibod-
ies are consistent with those from exogenous proBDNF,
promoting migration and invasion. Our dataalso indicate
that the effect of proBDNF on cell migration is dependent
on p75NTR, because using p75NTR-ECD-Fc attenuates
its effect. Thus we propose that endogenous proBDNF se-
creted from glioma cells in vivo may suppress the invasion
of glioma cells via its receptor p75NTR. However, our
data are in high contrast to previous studies showing
that p75NTR is a positive regulator of glioma migration
and infiltration to normal brain tissues.18,57 This diffe-
rence in p75NTR function in the migration of glioma
cells may depend on which ligands it binds. When
p75NTR binds mature neurotrophins, as shown by
Johnston et al,18 p75NTR acts as an oncogenic factor-
mediating invasion, and the activation of tumor cells
results in striking cytoskeletal changes of the invading
cells. In contrast, proBDNF, which forms the complex
with the p75 receptor and sortilin,26 may act as a tumor
suppressor to inhibit cell migration and infiltration. Our
previous studies on neurons have shown that proBDNF
suppresses the migration of cerebellar granule cells and
causes neurite collapse via p75NTR by activating
RhoA.40 It is well known that RhoA activation suppresses
process growth and cell migration.33,58 Thus our current
study is consistent with the findings on functions of
proBDNF in neurons that express both p75NTR and sor-
tilin. Our result is also consistent with a recent report
showing that p75NTR is a negative regulator of C6
glioma cell migration with neutralization antibodies to
p75NTR.41

ProBDNF Versus Mature BDNF

New evidence shows that proBDNF and mature BDNF
elicit opposing effects via the p75NTR and tropomyosin-
related kinase B (TrkB) receptors, respectively, in several
physiological functions.26–30,32,33 In our study the coex-
pression of proBDNF/p75NTR and proBDNF/sortilin
is observed in human glioma samples by confocal micros-
copy. A recent study examined whether exogenous
proBDNF significantly increased apoptotic ratios in
primary colorectal cancer cell lines maintained in serum-
free medium.54 Considering the important roles of both
proBDNF and mature BDNF in physiological functions,
it would be informative to measure individual levels and
the ratio of proBDNF and mature BDNF in human
normal brain tissue and glioma samples.

BDNF and other neurotrophins are regarded as onco-
genic factors in tumorigenesis, proliferation, and survival

Xiong et al.: ProBDNF in glioma

1004 NEURO-ONCOLOGY † A U G U S T 2 0 1 3

http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/not039/-/DC1


in different types of tumors54,59,60 and are correlated with
poor prognosis in various TrkB-expressing human
cancers, including tumors in the nervous system.61,62 In
our study, both proBDNF and mature BDNF were signifi-
cantly increased in high-grade glioma tissues, but mature
BDNF showed a much greater increase. The ratio of
proBDNF to mature BDNF levers is decreased in high-
grade glioma tissues and is negatively correlated with
tumor grade. Therefore, it is likely that increased levels of
mature BDNF contribute mainly to tumorigenesis, as ob-
served in earlier reports.54,59,60 ProBDNF may have an op-
posite functionto itsmature formin tumorigenesis through
p75NTR and sortilin, as known in neurons.26–28,32 These
findings suggest that the proBDNF-p75-sortilin pathway
may be a balancing signal to tumor growth by the mature
BDNF-TrkB pathway and other tumor growth signals,
such as epidermal growth factor,63,64 platelet derived
growth factor,65–67 and neuregulin.68,69 The opposing
role played by proBDNF may be critical to prevent high-
grade tumors from overaggression. The relative expression
levels of proBDNF and mature BDNF may determine the
balance of these 2 signaling pathways in the malignancy
and prognosis of glioma. Given the opposing functions of
proBDNF and mature BDNF in glioma, it would be of
great interest to study the precise mechanisms controlling
the relative expression levels of proBDNF and mature
BDNF in the malignancy and prognosis of glioma.

High-grade gliomas are associated with heterogeneity
of clinical manifestation, image characteristics, and histo-
pathological findings.70 Malignant gliomas arecharacter-
ized by their invasiveness and angiogenesis71 and are
necrosisprone.34 The microenvironment change inmalig-
nant glioma will lead to the change of a series of growth
factor signals.72,73 An imbalance between levels of
proBDNF and mature BDNF in a “tumor microenviron-
ment” might contribute to tumor cell growth and inva-
sion. Proteases play a decisive role in this malignant
process, either by degradation of brain extracellular
matrixcomponentsandadhesionmoleculesorby regulat-
ing the activity of growth and chemotactic factors.74,75

ProBDNF-converting enzymes such as MMPs or tissue
plasminogen activator (tPA) are produced and released
by glioma cells.75–79 The constitutive overexpression of

MMPs is frequently observed in malignant tumors. In
particular, MMP-2 and MMP-9 have been reported to
be closely associated with invasion and angiogenesis in
malignant gliomas.80 A relative reduction in tPA in
glioma tissue may playan integral role in the development
of tissue necrosis and tissue edema.81,82 Expression of tPA
is detected during the entire glioma growth, while later
in the time course the expression is found predominantly
in the invasive border of the tumor.83 Thus, modification
of the proBDNF signaling pathway by supplement of
cleavage-resistant proBDNFor the inhibition of proBDNF-
converting enzymes such as furin, tPA, or MMPs 25,84,85

might have a therapeutic significance in this tumor.

Conclusion

Taken together, our data illustrate that proBDNF and its
receptors p75NTR and sortilin are highly upregulated in
high-grade glioma in humans. Using C6 cells as a model,
we have also demonstrated that proBDNF is a potent
tumor suppressor by promoting differentiation and
death and by inhibiting the growth and migration of C6
cells via p75NTR in vitro. Our study suggests that the
modification of the proBDNF signaling pathway may be
useful to suppress the growth of high-grade gliomas.
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