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1. ABSTRACT

Glioblastoma multiforme (GBM) is a brain 
tumor that deeply infiltrates adjacent tissues and 
causes significant mortality. Thus, understanding the 
mechanisms that derive the invasion of brain tissue 
by GBM might help the treatment of this cancer. 
To this end, we examined the impact of BMP4 on 
invasion of GBM. In this study, Human GBM samples, 
GBM cells and human orthotopic GBM-xenografted 
animal model, quantitative PCR, immunostaining, 
immunoblotting, Scratch wound and transwell assays 
were used to detect the effect and the mechanism 
of BMP4 in GBM cells. BMP4 expression was found 
to positively correlate with E-cadherin and claudin 
expression in human GBM samples. Elevation 

or suppression of BMP4 expression resulted in a 
respective increase or decrease in E-cadherin and 
claudin levels, both in vitro and in vivo. Suppression 
of BMP4 expression was associated with enhanced 
GBM cell migration and invasion, while BMP4 
overexpression inhibited these processes. Smad1/5/8 
protein phosphorylation positively correlated with 
BMP4 expression. Pharmacological blockade 
of Smad1/5/8 phosphorylation impaired BMP4-
dependent inhibition of cell migration and invasion. 
Together, these findings suggest that BMP4 increases 
E-cadherin and claudin expression in GBM through 
activation of SMAD signaling, thereby suppressing 
tumor cell invasion.
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2. INTRODUCTION

Glioblastoma multiforme (GBM) is the most 
common and deadliest primary malignant tumor of 
the adult central nervous system, and exhibits highly 
invasive and proliferative characteristics. Currently, 
the standard treatment for GBM is surgical resection 
followed by chemoradiation. However, even with 
standard treatment, the survival time of patients with 
GBM is only 18 months (1). Additional treatment 
options include passive and active immunotherapy, 
and the application of angiogenesis inhibitors in 
combination with chemotherapeutics and gene/
antibody therapy. However, the presence of the 
blood–brain barrier (BBB) and the invasive nature 
of brain-derived tumor cells have meant that these 
therapies have been unsuccessful in the treatment of 
GBM. A better understanding of the unique biology 
of glioma invasion may therefore provide brain-
specific interventions for the treatment of this rapidly 
progressing disease (2,3).

Bone morphogenetic proteins (BMPs) are 
members of the transforming growth factor-β (TGF-β) 
superfamily. There are more than 30 members in the 
BMP family. These proteins are also referred to as 
osteogenic proteins, growth/differentiation factors, and 
cartilage-derived morphogenetic proteins (2,4,5). The 
BMP family protein BMP4 was first identified in 1988 
(6). A series of recent studies have demonstrated that 
activation of the BMP4 signaling pathway can induce 
tumor suppression, both in mice and humans (7,8). 
Su et al. have reported that Adriamycin inhibits lung 
cancer cell proliferation through BMP4 (9). Piccirillo et 
al. have reported that exposure of dissociated GBM 
cells to BMP4 for 48 hours prior to transplantation into 
the striatum of SCID Beige mice dramatically reduces 
the tumor-promoting properties of these cells (8). 
BMP4 has also been shown to regulate the invasion 
and migration of various tumor cell types (10-12). For 
example, GBM invasion in nude mice is significantly 
decreased following BMP4 overexpression in the tumor 
cell population. However, until now, the mechanism by 
which BMP4 regulates invasion and migration in GBM 
has remained unclear.

In this study, we show that changes in 
BMP4 expression modulate GBM cell invasion by 
impacting on BMP/SMAD signaling. BMP4 deficiency 
resulted in decreased levels of Smad1/5/8 protein 
phosphorylation, which in turn suppressed BMP/
SMAD signaling, repressed E-cadherin and claudin 
expression, and promoted GBM cell invasion. Forced 
expression of BMP4 elevated BMP/SMAD signaling 
and E-cadherin and claudin expression, resulting 
in impeded GBM cell migration and invasion. This 
study therefore identifies a new function for BMP4 in 
BMP/SMAD-mediated GBM tumor cell migration and 
invasion, providing new insight into the molecular 

mechanisms driving the progression and spread of 
this disease.

3. MATERALS AND METHODS

3.1. Reagents

Reagents were purchased from Sigma-
Aldrich (St. Louis, USA). Green fluorescent protein 
(GFP), GFP-BMP4, Flag and Flag-BMP4 plasmids 
maintained have been described previously (13). 
siRNA for BMP4 was purchased from Thermo Scientific 
Dharmacon RNAi Technologies (BMP4, A147102, 
Lafayette, CO, USA).

3.2. Tissue samples

Twenty-seven human GBM samples were 
collected from patients with primary GBM who 
underwent total tumor resection at Renmin Hospital of 
Wuhan University from January 2013 to January 2015. 
The average age of patients was 35 years (range 18–
75). All tumor samples were subjected to pathological 
examination and related molecular testing (MGMT 
promoter methylation, 1p19q co-deletion and IDH1/
IDH2 mutation analysis), and were defined according to 
the 2016 WHO classification (14). Three normal brain 
tissues were obtained from patients who underwent 
surgical decompression for cerebral edema. All tissues 
were placed immediately into liquid nitrogen after 
resection and were subsequently stored at -80 °C. The 
study was approved by the Ethics Committee of the 
Renmin Hospital of Wuhan University (No. 2012LKSZ 
(010) H), and written informed consent was obtained 
from each patient.

3.3. Immunohistochemical staining

The following antibodies were used for 
immunohistochemical assays: anti-BMP4 (ab39973; 
Abcam, Boston, MA, USA), anti-E-cadherin 
(ab1416; Abcam), and anti-claudin (ab15098; 
Abcam). The method for sample processing and 
immunohistochemical staining has been described 
previously (15). Quantitative analysis of image data 
was conducted using Leica Application Suite Imaging 
Software (Version 4.0; Biberach, Germany).

3.4. Cell culture and transfection

Human U251 and U87 malignant glioma 
cells were obtained from the Shanghai Institute 
of Biochemistry and Cell Biology, at the Shanghai 
Institutes for Biological Sciences, Chinese Academy 
of Sciences, and were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) containing 10% 
fetal bovine serum, HEPES buffer 1M, PH 7.0  and 
3% Glutamine. Adherent cell cultures were passaged 
at a ratio of 1:3 every 3 days using 0.25% trypsin-
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EDTA. FuGENE HD (Promega, Madison, WI, USA) 
and LipofectAMINE 2000 (Invitrogen, Carlsbad, CA, 
USA) were used to transfect cells with plasmids and 
siRNAs, respectively.

3.5. Reverse transcription polymerase chain 
reaction

Reverse transcription polymerase chain 
reaction (RT-PCR) was performed according to 
the method described in our previous study (15). 
The upstream and downstream primers for BMP4 
amplification were 5′-AGCATGTCAGGATTAGCCGA-3′ 
and 5′-TGGAGATGGCACTCAGTTCA-3′, 
respectively; upstream and downstream 
primers for E-cadherin amplification were 
5′-TGAAGGTGACAGAGCCTCTGGAT-3′ and 
5′-TGGGTGAATTCGGGC TTGTT-3′, respectively; 
upstream and downstream primers for claudin 
amplification were 5′-CACGTTCGACCAATGC-3′ 
and 5′-CCCGTTCCATAGGCTC-3′, respectively; 
and the upstream and downstream primers 
for amplification of the GAPDH internal control 
were 5′-GAGTCAACGGATTTGGTCGT-3′ and 
5′-TTGATTTTGGAGGGATCTCG-3′, respectively.

3.6. Western blotting

Cells were lysed with lysis buffer 
supplemented with protease inhibitors (50 mmol/L 
tris-HCl (pH 7.4), 0.5 mmol/L EDTA, 0.5% NP40, 150 
mmol/L NaCl and 1% PMSF) and the lysates then 
clarified by centrifugation at 12,000 rpm for 10 min. The 
resulting insoluble pellet was discarded. Proteins were 
separated by SDS-PAGE (20 μg protein per lane), and 
then transferred to PVDF membranes. Membranes 
were then probed with antibodies against BMP4, 
E-cadherin, Claudin and GAPDH (ab8245; Abcam) 
at 1:1000 dilution, and antibodies against Smad1/5/8 
(NB100-56656; Novus Biologicals, Littleton, Colorado, 
USA) and phospho-Smad1/5/8 (sc32153; Santa Cruz, 
CA, USA) at 1:200 dilution. Immunoreactivity was 
visualized using the ECL Enhanced Chemiluminescent 
Reagent Kit (Beyotime, Shanghai, China) and 
densitometry analysis of protein bands was performed 
using Bandscan software.

3.7. Establishment of a stable GBM cell line with 
high BMP4 expression for tumor implantation

Lentiviral gene transduction was used to 
establish a U251 GBM stable cell line constitutively 
expressing BMP4. Human cDNA encoding BMP4 
was inserted into the pLVX-AcGFP1-C1 lentiviral 
transfer vector (632155, Clontech Mountain View, 
CA, USA). The empty pLVX-AcGFP1-C1 vector was 
used to establish the stable control cell line. Lentiviral 
packaging was performed in 293FT cells (Invitrogen, 
Carlsbad, CA) following the co-transfection of control 

or BMP4 transfer vectors with the pMD2.G and psPAX2 
packaging plasmids. U251 cells were infected with 
lentivirus at a multiplicity of infection (MOI) of 10 using 
Polybrene (8 µg/mL) to enhance viral transduction. 
The efficiency of viral infection was monitored by GFP 
expression. Puromycin (10 µg/mL) was used for cell 
selection.

Eight-week-old congenitally athymic male 
nude mice (Beijing Vital River Laboratory Animal 
Technology Co., Ltd.) were used in all tumor xenograft 
experiments. Intracranial injection of U251 cells into the 
lateral ventricle was performed as described previously 
(16). Briefly, mice were anesthetized by isoflurane, 
and a 1-cm midline sagittal incision was made over 
the parieto-occipital bone using a sterile scalpel. A 
sterile 25-gauge needle was used to penetrate the 
skull at a position 2 mm to the right of the bregma and 
1 mm anterior to the coronal suture. Then, 5 × 105 
cells in 3 μL of phosphate buffered saline (PBS), or 
PBS alone for the control, were slowly injected into the 
target site. Tumor growth was analyzed 15 weeks after 
injection. The experimental protocol was approved by 
the Institutional Ethics Committee of the Faculty of 
Medicine at Renmin Hospital of Wuhan University and 
conducted in accordance with institutional guidelines 
and regulations.

3.8. Scratch wound and transwell assays

For scratch wound assays, U251MG cells 
were seeded in six-well plates at a density of 2 × 105 
cells per well. At 8 h post-seeding, scratches were 
made in the cell monolayer using a 200 µl pipette tip 
and any floating cells were subsequently removed with 
PBS washes. The cells were then incubated in DMEM 
supplemented with 1% FBS. Photomicrographs were 
taken at 0 h and 24 h post-wounding. The distance 
traveled by the cells was determined by measuring the 
wound width at 24 h and subtracting this value from 
that obtained for the 0 h measurement. Wound closure 
was expressed as a percentage relative to the 0 h 
measurement. 

For transwell assays, 4 × 105 U251MG cells 
were seeded into the upper well of the transwell 
chamber. For invasion assays, cells were seeded into 
wells in which the polycarbonate filters were coated 
with Matrigel (QCM 24-Well Cell Invasion chambers; 
Cell Biolabs, San Diego, CA, USA). For invasion 
assays, cells were seeded in medium without serum, 
and medium supplemented with serum was used as 
a chemoattractant in the bottom chamber. The cells 
were then incubated at 37°C for 12 h. Non-migratory 
or non-invasive cells that remained on the upper 
surface of the polycarbonate filter were removed with 
a cotton swab. Those cells that had migrated to the 
lower surface of the membrane were fixed in 100% 
methanol for 10 min, air dried, and then stained with 
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4′, 6-diamidino-2-phenylindole and then counted under 
a microscope.

3.9. Statistical analysis 

Results were analyzed using SPSS17.0 
statistical software (SPSS, Chicago, IL, USA) and 
expressed as means ± standard deviation (SD) 
in the transwell analysis. The Student’s t-test was 
used to compare the means of two groups, one-way 
ANOVA was used to compare the means of multiple 
groups, and Pearson’s test was used to investigate 
correlations between two groups and to compare 
quantitative values of expression. A P value < 0.05 was 
considered statistically significant. All the experiments 
were repeated three times.

4. RESULTS 

4.1. BMP4 expression positively correlates with 
E-cadherin and claudin expression in human GBM 
tissues

Immunohistochemical analysis of human 
GBM samples revealed that E-cadherin and claudin 
expression decreased with decreasing expression 
of BMP4 (Figure.1A, B). Western blotting assays 
revealed a positive correlation between BMP4 and 
E-cadherin protein expression in 30 human tissue 
samples, including 27 GBM tissues and three normal 
brain tissues (E-cadherin, R = 0.7479, P =0.0013; 
claudin, R = 0.6144, P =0.0023; Figure. 1C, D, E).

4.2. BMP4 negatively regulates GBM cell invasion 
in vitro

Overexpression and RNA interference 
assays were performed using the human U251 GBM 
cell line to investigate the role of BMP4 expression 
in GBM cell migration and invasion. U251 cells were 
transfected with a Flag-BMP4 expression plasmid 
or BMP4-specific siRNAs (siBMP4) to overexpress 
or knockdown BMP4, respectively, and RT-PCR and 
western blotting then performed to evaluate changes 
in BMP4 expression. BMP4 expression was increased 
both at the mRNA and protein level following the 
transfection of U251 cells with the Flag-BMP4 plasmid 
(Figure 2 A left, B left), while, conversely, siBMP4 
transfection resulted in reduced BMP4 mRNA and 
protein expression in these cells (Figure 2 A right, B 
right).

Wound healing assays revealed 
statistically significant differences in the rate of cell 
migration between the Flag control and Flag-BMP4 
overexpression groups (38.2% ± 2.9% wound closure 
vs. 21.4% ± 2.6%, P = 0.0082; Figure 3 A left, B left), 
with BMP4 overexpression inhibiting cell migration 
and wound-gap closure. Conversely, suppression of 
BMP4 expression resulted in enhanced cell migration, 
with statistically significant differences in wound-gap 
closure observed between the siCtrl (controls) and 
siBMP4 experimental groups (36.7% ± 1.4% wound 
closure vs. 74.9% ± 4.9%, P = 0.0069; Figure 3 A right, 
B right).

Figure 1. BMP4 expression positively correlates with E-cadherin and claudin expression. (A, B,) Expression of BMP4, E-cadherin, and claudin in human 
GBM tissue samples, as determined by immunohistochemistry; BMP4, E-cadherin, and claudin staining was examined within the same tissue region 
(Scale bar=100 µm); (C, D, E) Correlation between BMP4 and E-cadherin or claudin protein expression in human GBM and normal brain tissues.
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Figure 2. Evaluation of BMP4 levels in GBM cells transfected with a BMP4 expression plasmid or BMP4-specific siRNAs; (A) BMP4 mRNA expression 
levels in U251 cells transfected with a BMP4 expression plasmid or BMP4-specific siRNAs; (B) BMP4 protein expression levels in U251 cells transfected 
with the indicated plasmids and siRNAs, as determined by western blotting; Flag-BMP4: Flag-BMP4 plasmid-transfected U251 cells; siBMP4: BMP4-
specific siRNA-transfected cells.

Figure 3. BMP4 expression inhibits GBM cell invasion. (A) Representative photomicrographs from scratch wound healing assays of cultured U251 cells 
from high and low BMP4 expression groups; (B) Quantification of wound-gap closure; (C) Quantitative analysis of transwell migration assay data; Bars 
represent mean number of motile cells scored from 20 randomly selected fields from three independent experiments for each of the high and low BMP4 
expression experimental groups; P value is for comparisons with the Ctrl/siCtrl group and was obtained using the Student’s t-test; Scale bar = 100 µm; 
Flag-BMP4: Flag-BMP4 plasmid-transfected U251 cells; siBMP4: BMP4-specific siRNA-transfected U251 cells.
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Transwell migration assays also revealed a 
role for BMP4 in the migration and invasion of GBM 
cells. BMP4 overexpression resulted in a reduction 
in the number of U251 cells migrating through to the 
underside of the transwell filter (mean cell counts 
for Flag control and Flag-BMP4 groups were 22.5 ± 
1.8 and 12.6 ± 1.6, respectively; P = 0.0052, Figure 
3C left), while suppression of BMP4 expression with 
siRNA resulted in enhanced U251 cell transwell 
migration and invasion (mean cell counts for siCtrl 
and siBMP4 groups were 23.1 ± 1.1 and 48.2 ± 3.3, 
respectively, P = 0.0049; Figure 3C right).

RT-PCR analysis revealed statistically significant 
increases in E-cadherin and claudin mRNA expression 
following overexpression of BMP4 (relative expression 
for Flag control and Flag-BMP4 overexpression groups 
were 1 ± 0.04 and 7.4 ± 0.12, P=0.0041; 1 ± 0.03 and 
1.8 ± 0.11, P=0.0009; respectively, Figure 4A left). 
Conversely, suppression of BMP4 expression with siRNA 
resulted in reduced E-cadherin and claudin expression 
in U251 cells (relative expression for siCtrl and siBMP4 
groups were 1 ± 0.03 and 0.22 ± 0.01, P=0.0042; 1 ± 
0.03 and 0.17 ± 0.01, P=0.0017; respectively, Figure 4A 
right). Western blotting assays showed that E-cadherin 

Figure 4. BMP4 promotes E-cadherin and claudin expression. (A) Relative E-cadherin and claudin mRNA expression in U251 cells following BMP4 
overexpression or downregulation; (B, C, D) E-cadherin and claudin protein expression in U251 cells, and associated quantification, following BMP4 
overexpression or downregulation; Data are presented as means ± SEM; Significance was determined using the Student’s t-test; BMP4: Flag-BMP4 
plasmid-transfected U251 cells; Ctrl: Control empty Flag plasmid-transfected U251 cells; siBMP4: BMP4-specific siRNA-transfected U251 cells; siCtrl: 
control siRNA-transfected U251 cells.
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and claudin protein expression was significantly higher 
in the Flag-BMP4 group, when compared with the Flag 
control group, and conversely, that the expression of 
these two proteins was reduced in the siBMP4 group, 
when compared with the siCtrl group (Figure 4 B, C, D).

4.3. Forced expression of BMP4 inhibits GBM cell 
invasion in the nude mouse brain

In parallel to our in vitro assays, we also 
examined the effects of BMP4 overexpression on the 
ability of U251 cells to generate solid tumors in vivo. 

Cells stably overexpressing BMP4 were established 
by lentiviral-mediated gene delivery using a vector that 
carried a GFP reporter for viral transduction. Analysis 
of GFP fluorescence demonstrated that the percentage 
of virally transduced cells was greater than 95% (Figure 
5 A), and RT-PCR and western blotting assays showed 
that BMP4 expression was significantly increased 
in the GFP-BMP4 group, when compared with the 
GFP control group (Figure 5 B, C). An intracranial 
GBM model (n = 12 for each group), which involved 
the injection of GFP-BMP4-U251 or GFP-U251 cells 
into the cerebral cortex of athymic-nu/nu male mice, 

Figure 5. BMP4 inhibits GBM cells invasion in vivo. (A) Immunofluorescence micrographs showing U251 cells infected with Lentivirus -GFP and Lentivirus 
-BMP4 at MOI 30 for 72 h; The efficiency of viral transduction was greater than 95%, as determined by analysis of GFP fluorescence; (B) Analysis of 
BMP4 mRNA and (C) protein levels in stable cell lines; (D) : Analysis of BMP4 mRNA and (E) protein levels in nude mice tumors; (F) E-cadherin and 
claudin expression in tumors was assessed by immunohistochemical staining (dark red); G: The depth of invasion of brain tissue by tumors and the 
boundaries between tumors and brain tissue; Statistical analysis in B and D was performed using the paired Student’s t-test; Scale bars in A and F = 100 
μm, G1=400 μm, G2= 200 μm, G3=50 μm. 
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was then used to evaluate the effects of constitutive 
BMP4 expression on GBM invasion in vivo. At 15 
weeks post-injection,  the depth of invasion of brain 
tissue was shallower and the boundary between brain 
tissue and tumors was clear in BMP4 over expression 
group, while the depth of invasion of brain tissue was 
deeper and the boundary between tumors and brain 
tissue was not clear in control group (Figure 5 G). At 
the same time, the expression of the invasion markers 
E-cadherin and claudin was evaluated in tumor 
specimens by immunohistochemistry. Significantly 
increased expression of both E-cadherin and claudin 
was observed in the tumors generated from U251 cells 
with stable BMP4 overexpression, when compared 
with those generated from the GFP controls (Figure 
5F). These results therefore suggested that expression 
of BMP4 in GBM negatively regulates tumor invasion.

4.4. BMP4 inhibits GBM cell invasion via promo-
tion of Smad1/5/8 protein phosphorylation

As shown in Figure 6A, phosphorylated 
Smad1/5/8 protein levels were significantly upregulated 

in U87 cells overexpressing BMP4 (Figure 6A left), 
and significantly downregulated in cells where BMP4 
was depleted by siRNA (Figure 6A right). In order to 
determine whether Smad1/5/8 phosphorylation was the 
mechanism mediating BMP4-dependent inhibition of 
GBM cell invasion, a rescue experiment was performed 
in which Smad1/5/8 phosphorylation was blocked by 
pharmacological inhibition. These experiments showed 
that inhibition of Smad1/5/8 phosphorylation prevented 
the inhibitory effects of BMP4 expression on the invasion 
of GBM cells (Figure 6 B, C).

5. DISCUSSION

The highly invasive nature of GBM remains 
a significant challenge in the treatment of this disease 
and a is major reason for the failure of current treatment 
regimens (17). In GBM, tumor cells can invade 
the surrounding brain tissue at any stage of tumor 
progression, and consequently small populations of 
cells can persist even after surgery, radiation therapy or 
chemotherapy. Although drugs that target angiogenesis 
can prolong the life of patients with recurrent GBM, 

Figure 6. BMP4 expression promotes Smad1/5/8 phosphorylation. (A) Smad1/5/8 protein phosphorylation and associated quantification following 
overexpression or downregulation of BMP4; (B) Mean cell counts for transwell invasion assays where BMP4-overexpressing cells were treated with or 
without an inhibitor of Smad phosphorylation; (C) Proposed model of BMP4-dependent inhibition of GBM tumor cell invasion.
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the disease is incurable (18,19). Therefore, there is 
an urgent need to identify new therapeutic targets and 
strategies for the treatment of GBM.

In previous studies, we have shown that 
BMP4 expression is significantly lower in GBM 
(13), and that low BMP4 expression promotes the 
proliferation and tumorigenic potential of GBM 
cells (7,13). In agreement with our findings, other 
studies have also shown that GBM tumor invasion 
is significantly decreased following overexpression 
of BMP4 (20), suggesting that BMP4 functions as a 
tumor suppressor in this disease.

In this study, we examined the effects of 
BMP4 expression on human GBM tumor cell invasion, 
both in vitro and in vivo, and found that BMP4 
negatively regulated this process. Importantly, our 
analysis of human GBM samples revealed that BMP4 
expression positively correlates with the expression 
of E-cadherin and claudin, known negative regulators 
of invasion. This result suggests that down regulation 
of BMP4 expression contributes to the invasive 
phenotype of tumor cells, and therefore provides 
further evidence to support a role for BMP4 in the 
invasion of GBM.

BMPs belong to the TGF-β superfamily of 
extracellular ligands. Smad1, Smad5, and Smad8 are 
the major components of the intracellular signaling 
pathway activated downstream of BMP receptors, 
and are phosphorylated in response to BMP receptor 
activation. The BMP/Smad pathway regulates a 
wide array of cellular processes important for GBM 
development and progression, including proliferation, 
apoptosis, and invasion. In this study, we found that 
BMP4 inhibited GBM cell invasion through increased 
BMP/Smad signaling, as determined by elevated 
Smad1/5/8 phosphorylation, and a concomitant 
increase in E-cadherin and claudin expression, 
two classical inhibitors of invasion. Consistent with 
these observations, BMP4 knockdown suppressed 
the phosphorylation of Smad1/5/8 and BMP/Smad 
signaling, and downregulated E-cadherin and claudin 
expression, resulting in the promotion of GBM cell 
invasion. While this study is the first to identify a 
role for BMP4 in the regulation of E-cadherin and 
claudin expression in glioma, BMP4 expression has 
previously been reported to modulate leukocyte 
recruitment by controlling endothelial junction stability 
through the regulation of VE-cadherin expression, 
both in vitro and in vivo (21). Furthermore, BMP4 
knockdown has been reported to inhibited claudin 
expression in human Sertoli cells (22). Although 
we cannot conclude that BMP4 also regulates 
E-cadherin and claudin expression in gliomas based 
on these studies alone, our results do lend further 
support to this view.

In conclusion, we have found that BMP4 can 
inhibit the invasion of GBM cells through the activation 
of the BMP/Smad signaling pathway. BMP4 expression 
in tumor cells can increase the phosphorylation of 
Smad1/5/8 to active BMP/Smad signaling, which 
further promotes the expression of E-cadherin and 
claudin, thereby inhibiting cell invasion and migration. 
These findings provide additional insights into the 
regulatory role of BMP4 in GBM cell invasion, and 
identify this protein as a new putative therapeutic 
target in the treatment of GBM.
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