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catalyzes a reduction of mispaired thiol residues of a particular 
substrate, and act as an isomerase8). Recently, several studies 
have shown that PDI is secreted by the cells and exists on the 
cell surface6,19,27,29), PDI mediates the conformation of integrin 
involved in binding with ECM5,19,21). We set up a hypothesis that 
inhibition of PDI to reduce the affinity of integrin binding with 
ECM would finally inhibit glioma tumor cell motility. 

Bacitracin, which is an inhibitor of PDI, is a mixture of relat-
ed cyclic polypeptides produced by organisms of the lichenifor-
mis group of Bacillus subtilis var Tracy. Bacitracin has low cell 
membrane permeability, therefore it acts as an inhibitor via bind-
ing with reduced PDI on the cell surface4,24,33). The inhibitory ef-
fect of bacitracin is higher than that of other anti-PDI and integ-
rin antibodies7). It has been demonstrated that after using bacitracin 

INTRODUCTION

Glioblastoma is the most aggressive malignant primary brain 
tumor. Although conventional medical treatments for glioma 
are reasonably effective in controlling the disease, all of them 
have limitations10,34). Exceptional invasiveness is a characteristic 
feature of glioma and it is one of the major reasons for these treat-
ments failure.

There are many molecules involved in the motility of glioma 
cells, one of them is integrin. It has been demonstrated that in-
tegrin is related with resistance of glioma cells to temozolo-
mide10) and play a role in glioma cell invasion and migration23,31). 
Moreover, the molecule termed protein disulfide isomerase 
(PDI), which is an enzyme in the endoplasmic reticulum (ER), 
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as an inhibitor of PDI, chemotherapy agents-induced apoptosis 
increased in melanoma cells22), and resistant glioma cells became 
sensitive to temozolomide28).

In the present study, we investigated four human glioma cell 
lines using Western bolts, migration, and invasion assay to iden-
tify the association between PDI and cell motility. Then we choose 
the high motile cell line (U87-MG) to investigate the inhibit ef-
fect of bacitracin. We detected the expression of caspase 3 to iden-
tify the safety concentration and time of the bacitracin treatment. 
And we using the adhesion and morphology assay to evaluate 
the effect of bacitracin to the integrin. Using the migration assay 
and organotypic brain-slice culture to evaluate the anti-migra-
tion and -invasion effect of bacitracin to the human glioma cell 
line. Additionally, we detected the phosphorylated focal adhe-
sion kinase (p-FAK) and matrix metalloproteinase-2 (MMP2) 
expression by using Western bolts, RT-PCR, and gelatin zymog-
raphy to indicate the possible mechanism in the bacitracin treat-
ment. Immunohistochemical study and Western blots were em-
ployed to evaluate the expression of PDI in human glioma 
samples. 

MATERIALS AND METHODS 

Tumor specimens and cell culture
Thirty specimens, including WHO grade II, III, and IV glioma, 

were obtained from patients who underwent surgery at our hos-
pital between 2006 and 2013. All of these tissues were obtained 
after informed consent of the patients, and the study was ap-
proved by our hospital Institutional Review Board (CNUHH- 
2015-002). Human malignant glioma cell lines U87-MG, U118, 
U251, and U343MG-A (obtained from the American Type 
Culture Collection, Rockville, MD, USA) were routinely main-
tained in high-glucose Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% fetal bovine serum (FBS), 
100 U/mL penicillin, 100 mg/mL streptomycin.

Immunofluorescence
U87-MG cells (1×104) were seeded in an 8-well chamber slide 

(LAB-TEK, Brendale, Australia). After 24 hours, the cells were 
fixed using 4% Paraformaldehyde (PFA, Sigma, St. Louis, MO, 
USA), and then the cells were blocked with 1% bovine albumin 
(Sigma, St. Louis, MO, USA) in PBS-T (involving 1% tween-20 
in PBS) for 30 minutes at room temperature. Then, 1 : 50 diluted 
Anti-PDI antibody (Cell Signaling Technology, Danvers, MA, 
USA) was added, and the sample was incubated overnight at 
4°C. The secondary antibody used was the Alexa Fluor 568 (Mo-
lecular Probes, Sunnyvale, CA, USA) at a concentration of 1 : 200. 
Finally, we mounted the slide with DAPI (Molecular Probes, 
Sunnyvale, CA, USA).

Migration assay
Cells (3–4×104 of U87-MG, U251, U118, and U343MG-A) 

were suspended in 0.7 mL medium without serum and seeded 

in μ-dish (35 mm high culture-insert ibiTreat; Ibidi) per well in 
monolayer culturere and were incubated overnight. The culture-
insert and the medium were removed. Then, 3 mL of medium 
without serum and medium with different concentrations of bac-
itracin and without serum were added. Cell migration distance 
was measured by microscopy every 2 hours.

Western blots
Proteins (30 mg) from human glioma samples and U87-MG 

cells treated and untreated with bacitracin were size separated 
by electrophoresis in a discontinuous system consisting of 8%, 
10%, and 12% polyacrylamide resolving gels and 5% polyacryl-
amide stacking gels and transferred to a PVDF membrane. Af-
ter blocking for 1 hour in PBS supplemented with 5% skim milk 
and 0.1% Tween-20, the membranes were incubated with 1 : 
1000 dilution of rabbit polyclonal anti-pFAK (Cell Signaling 
Technology, Danvers, MA, USA), 1 : 1000 dilution of rabbit poly-
clonal anti-MMP2 (Abcam, Cambridge, MA, USA), and 1 : 
10000 dilution of mouse monoclonal anti-actin Ab-5 (BD Trans-
duction Laboratories, San Diego, CA, USA) overnight, and imag-
es were obtained with the LAS-4000 image analyzer (Fuji, Tokyo, 
Japan). A 1 : 1000 dilution of rabbit polyclonal anti-caspase-3 
(Santa Cruz Biotechnology, Dallas, TX, USA) was used as a cell 
apoptosis marker.

Cell-surface PDI was estimated by labeling with either sulfos-
uccinimidobiotin (SSB, Pierce Technology, Rockford, IL, USA)11), 
or 3-(N-maleimidylpropionyl) biocytin (MPB, Molecular Probes, 
Sunnyvale, CA, USA)11). Both SSB and MPB are membrane im-
permeable. SSB labels the primary amines in PDI, and MPB la-
bels the reactive site sulfhydryls. After 4 days, both untreated and 
treated U87-MG cells (4×106) were washed twice, resuspended 
in 1 mL PBS containing 100 mM of SSB or MPB, and incubated 
for 30 min at room temperature. The remaining SSB was quenched 
with 200 mM glycine (Sigma, St. Louis, MO, USA) for 10 min at 
room temperature. The remaining MPB was quenched with 200 
mM glutathione (GSH; Sigma, St. Louis, MO, USA) for 10 min 
at room temperature, and excess GSH was quenched with 400 
mM iodoacetamide (Sigma, St. Louis, MO, USA) for 10 min at 
room temperature. The cells were washed three times with 1 mL 
PBS, counted, and 3×106 labeled cells were sonicated in RIPA 
buffer. The cells were then incubated with 100 mL 50% strepta-
vidin-agarose slurry (Sigma, St. Louis, MO, USA) for 60 min at 
4°C on a rotary mixer. Bound proteins were washed five times 
with washing buffer (50 mM Tris/HCl, pH 8, buffer containing 
0.15 M NaCl and 0.05% TritonX-100), and SSB- or MPB-labeled 
PDI was detected by Western blot with a 1 : 1000 dilution of rab-
bit polyclonal anti-PDI (Cell Signaling Technology, Danvers, 
MA, USA).

RT-PCR
Total RNA was isolated from U87-MG cells, using TRIzol re-

agent (Invitrogen, Life Technologies, Gaithersbury, MD, USA). 
A total of 1 μg of RNA was reverse transcribed to synthesize the 
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cDNA. For the first strand synthesis, 1 μg of the purified total RNA 
was incubated with oligo (dT) (0.5 μg/μL, Promega, Madison, 
WI, USA) for 5 minutes at 70°C, followed by the addition of 
buffer containing 4 μL of 5 × Reaction buffer (Promega, Madi-
son, WI, USA), 1 μL of dNTP (10 mM each), 3.5 μL of 25 mM 
MgCl2, 2 μL of RNase Inhibitor (40 U/μL, Promega, Madison, 
WI, USA), and 1 μL of reverse transcriptase (200 U/μL, Promega, 
Madison, WI, USA). The reaction volume was 20 μL, and the 
reaction was carried out for 90 minutes at 42°C, and then for 2 
minutes at 90°C. Reactions with varying numbers of polymerase 
chain reaction (PCR) cycles were run for each transcript. The 
primers used were 5’-CTGATGGCACCCATTTACACCT-3’ 
and 5’-GATCTGAGCGATGCCATCAAA-3’ for MMP-2, and 
5’-GTGAAGGTCGGAGTCAAC-3’ and 5’-GTTGAGGTCAAT-
GAAGGG-3’ for GAPDH, which was used as an internal control.

Gelatin zymography
The U87-MG cells were treated with different concentrations 

of bacitracin for 1 and 2 days, then media were changed to se-
rum-free DMEM for 1 day. Cultured media were centrifuged, 
the pellet was discarded, and 10 μg of total protein from the me-
dia was electrophoresed on 10% polyacrylamide gels containing 
10 mg/mL of gelatin (type A, Sigma, St. Louis, MO, USA). The gel 
was washed three times, and it was then incubated for 18 hours 
at 37°C in incubation buffer [50 mM Tris-HCl (pH 7.5), 10 mM 
CaCl2, 200 mM NaCl]. The gel was stained with Coomassie Bril-
liant Blue R-250 (0.2% Coomassie Brilliant Blue R-250, 20% 
Methanol, 10% Acetic acid in H2O) for 2 days, and then it was 
destained with buffer (20% Methanol, 10% Acetic acid in H2O). 

Adhesion assay
The U87-MG cells were centrifuged and the pellets were sus-

pend in 3 mL media without serum. The cells were then count-
ed and incubated for 1 hour on ice with different concentration 
of bacitracin media without serum. The control group was in-
cubated in media without serum. After 1 hour, the cells were 
counted and equal number of control and treated cells (5×103) 
were seeded in 96-well cell culture plate. To measure the num-
ber of adherent cells after 2 and 24 hours, 0.5 mg/mL MTT so-
lution was added per well, and were incubated for an additional 
4 hours. Then, the supernatants from each wells were removed 
and 0.1 mL dimethyl sulfoxide (DMSO, Sigma, St. Louis, MO, 
USA) was added per well. The absorbance of samples was read 
at 562 nm and 620 nm wave lengths. 

Morphology assay
5×103 U87-MG cells were seeded in 96-well cell culture plate. 

After 24 hours, the media were changed with the media con-
taining different concentrations of bacitracin, and the control 
group was always exposed to the normal media. On the fifth day, 
all of the media were changed to normal media. The experiment 
was stopped on the seventh day. The cell morphology was as-
sessed every day. 

Immunohistochemistry
The human glioma tissues were pretreated with heat-induced 

epitope retrieval and were carried out for 10 minutes in a pres-
sure cooker at 120°C in target retrieval solution, PH 9 (Dako, Car-
pentaria, CA, USA). Endogenous peroxidase activity was blocked 
by incubating samples in PBS containing 3% H2O2, and the 
non-specific binding sites were blocked by treatment with 3% 
bovine albumin (Sigma, St. Louis, MO, USA) in PBS for 20 min-
utes at room temperature. Anti-PDI (Cell Signaling Technology, 
Danvers, MA, USA) was added and incubated for overnight at 
4°C, after that the secondary antibody (Dako, Carpentaria, CA, 
USA) was added, and the samples were incubated at room tem-
perature for 20 minutes. The tissue sections were ready for the 
chromogen reaction with DAB (Dako, Carpentaria, CA, USA) 
for 45 second at room temperature. Counterstaining was per-
formed using Harris hematoxylin (ScyTek, Logan, UT, USA).

Organotypic brain-slice culture
The brain tissue was obtained from 5 weeks old Sprague-

Dawley rat, and was cut into 1 mm thick with a brain-slice appa-
ratus. The brain-slices were placed onto the upper chamber with 
a pore size 0.4 μm transwell culture dish (Coring Costar, Corn-
ing, NY, USA), then U87-MG cells, which were stained with DiI 
(Sigma, St. Louis, MO, USA) for overnight, implanted in the cen-
tral hole of the brain-slice incubated for 10 days. After that, the 
brain-slices were fixed with 4% PFA (Sigma, St. Louis, MO, USA) 
at 4°C overnight and placed on a microscopic slide designed for 
1 mm thick brain slice and filled with mounting medium (Dako, 
Carpentaria, CA, USA)14,15).

Statistical analysis
Quantitative data which were obtained from the expression 

of cleaved caspase-3 in cells, the invasion assay and the migra-
tion assay were compared with one-way ANOVA. The absor-
bance from the adhesion assay using five groups of cells was 
compared with repeated measures ANOVA. The level of signif-
icance was set at p<0.05.

RESULTS

PDI has relationship with tumor cells motility
It was found that U87-MG cell line has the highest motility 

among the four glioma cell lines (Fig. 1A, B). We also deter-
mined the protein level of PDI on the cell surface in four glioma 
cell lines. U87-MG cells had the highest expression of PDI com-
pared with the others cell lines (Fig. 1C). Meanwhile, to deter-
mine the existence of PDI on the cell surface, we performed the 
immunofluorescence. It was found that PDI is expressed in the 
cytosol and on the cell surface (Fig. 1D). 

The high dose of bacitracin induces apoptosis of 
U87-MG cells

No difference in the density of cleaved caspase 3 was detected 
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between cells treated with bacitracin and control cells after 1 or 
2 days (Fig. 2A, B). However, a significant cell death (p<0.05) 
(Fig. 2C) was detected after 3 days between 5.0 mM bacitracin-

treated cells and the control. A similar result was found after 4 
days (p<0.001) (Fig. 2D). Therefore, the 5 mM bacitracin con-
centration was not used in any other experiments, which using 

Fig. 1. PDI is related to tumor cell motility and it is localized in the cell cytosol and on the cell surface. A : The cell migration distance is measured with 
microscopy every 2 hours. The chart (right) shows the mobility of each cell lines (100×magnification). The distance between two sides is measured at 
five sites for the indicated periods of time. U87-MG, U118, and U251 have high motility, compare with U343MG-A. B : The same cell lines are used in 
the invasion assay, the invaded cells are counted after 24 hours (200×magnification). The experiment is performed 3 times, each data point represents 
the mean+SD of 4 cell lines, at the right. C : The expression of total PDI on the cell surface is shown by Western blots, and the fold difference between 
these four cell lines is displayed in the lower portion of the chart. D : PDI expression is observed in monolayer culture of U87-MG cells by immunofluo-
rescence. Images are obtained by confocal laser scanning microscopy (400×magnification). *p<0.05, ***p<0.001. PDI : protein disulfide isomerase. 
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bacitracin over 2 days.

Bacitracin suppresses integrin functions 
In the adhesion assay, the cells untreated or treated with baci-

tracin in different concentration showed significant difference 
between each groups either at 2 hours, or at 24 hours, and in treat-
ed groups the adhesion ability decreased in a dose-dependent 
manner (p<0.001) (Fig. 3A). 

In the morphology assay, it was found that the cell morpholo-
gy and growth pattern were altered in the 2.5 and 3.75 mM baci-
tracin groups, the cells became a round shape and they aggregat-
ed with each other, compared to the control group. After changing 
the media 2 days later, the cell morphology and growth pattern 
were restored (Fig. 3B). 

Bacitracin inhibits tumor cell migration
After 14 hours, in the control group and 1.25 mM bacitracin 

group, there is no significant difference between each other, 
however, the 2.5 and 3.75 mM bacitracin groups have signifi-

cant difference, compare with control group, cell migration de-
creased in a dose-dependent manner (p<0.001) (Fig. 4A). 

Bacitracin promotes the reduced PDI on the cell surface 
Total and reduced PDI were labeled on cell membranes after 

treating the cells with bacitracin and subjecting them to West-
em blot. Total PDI expressed on the cell membrane remained 
unchanged, whereas expression of reduced PDI increased with 
the increase in bacitracin dose (Fig. 4B). 

Bacitracin suppresses the downstreams of integrin 
It was found that the expression of total PDI in cells did not 

change after using bacitracin, nevertheless, p-FAK and MMP-2 
expressions were decreased in the bacitracin-treated groups 
(Fig. 4C). In RT-PCR, the expression of MMP-2 was decreased 
in the high dose of bacitracin (Fig. 4D). A similar result was also 
obtained in the gelatin zymography; the expression of MMP-2 
in the supernatant was decreased with an increase in the con-
centration of bacitracin (Fig. 4E).

Fig. 2. A high Bacitracin concentration induces tumor cell apoptosis. A and B : No difference in caspase-3 expression was observed on days 1 and 2 
after bacitracin treatment. C : A significant cell death was observed between the 5.0 mM bacitracin and controls group after 3 days. however, 1.25, 
2.5, and 3.75 mM bacitracin did not induced significant more cell death. D : A similar result was detected on day 4. *p<0.05, ***p<0.001. 
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Bacitracin inhibits the U87-MG cells invasion in brain-slice
In the control group, the U87-MG cells exhibited much high 

invasiveness, and the distance from central to the margin was 
longer than that in the treatment group. Cells treated with baci-

tracin migrated a short distance, aggregated, and exhibited less 
invasiveness compared with those of the control (Fig. 5A, 5B).

Fig. 3. Bacitracin interferences the integrin function in respect to cell adhesion and morphology. A : Adhesion assay shows that the bacitracin treated 
and non-treated U87-MG cells exhibit different adhesion ability at the treatment doses and times, and each data point represents the mean+SD of 5 
groups. B : Morphology assay shows that the cell morphology is altered after treatment with bacitracin at the concentrations of 2.5 and 3.75 mM 
(100×magnification). The image with red border in the 3.75 mM group, indicate the effect of bacitracin in cell morphology is reversible. ***p<0.001.
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Fig. 4. Bacitracin inhibits U87-MG cell migration through affects the expression of certain molecules. A : The images show the initial and final stages 
of 4 groups (400 ×magnification). The chart show the moving tendency of U87-MG cells under different conditions. B : Western blot with labeled PDI 
on the cell surface shows that there is no remarkable distinction in total PDI on the cell surface; conversely, reduced PDI is increased along with an in-
crease of the concentration of bacitracin. At the top figure the two bands indicate the members of PDI family. C : The p-FAK and MMP-2 expression 
decrease in the treated U87-MG cells, compare with the control group; however, the expression of PDI shows no significant difference under the 
same condition. In the MMP-2 image, the upper bands and the lower bands indicate latent form and activate form, respectively. D : The expression of 
MMP-2 is decreased with increasing of bacitracin concentration as shown by RT-PCR. E : The gelatin zymography shows that the expression of se-
creted MMP-2 decreases in a dose-dependent manner. The upper and lower bands also indicate the latent form and activate form, respectively. PDI : 
protein disulfide isomerase, p-FAK : phosphorylated focal adhesion kinase, MMP-2 : matrix metalloproteinase-2.
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Fig. 5. Bacitracin inhibits U87-MG cell invasion in brain-slice. A : The cells radiate out in all direction and exhibit a high invasiveness. B : The cells cul-
tured in the media contained 2.5 mM bacitracin, aggregate in the hole of the brain-slice. Although the cells show a high density, they always exhibit a 
low invasiveness, compare with control group. All the images are obtained by confocal laser scanning microscopy (100×magnification).
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Fig. 6. The expression of PDI in human tissue samples. A : Immunohistochemistry of a glioblastoma sample obtained from a patient show the PDI loca-
tion in comparison between the tumor core and the tumor margin. Left : Low magnification human glioblastoma immunohistochemistry. Right : High 
magnification immunohistochemistry; black asterisk indicate the tumor core and low PDI expression; black arrows indicate tumor margin and high 
PDI expression. B : The expression of PDI shows by the Western blot, in WHO grade II, grade III and grade IV gliomas. The PDI expression in grade IV 
glioma showed a significant difference compare with that in gliomas of the other two grades *p<0.05, ***p<0.001. PDI : protein disulfide isomerase.
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PDI is expressed in human glioma 
The immunohistochemistry of glioblastoma specimens showed 

that PDI expression in the tumor margin was higher than that 
in the tumor core (Fig. 6A). 

WHO glioma grading is classified according to the degree of 
tumor cell differentiation, and the invasiveness of high grade gli-
omas (WHO III and IV) is higher than that of low grade gliomas 
(WHO I and II). It is showed that grade IV had the highest PDI 
expression compared with that of the other two grades (Fig. 6B).

DISCUSSION

To dates, several molecules have been demonstrated to be in-
volved in glioma cell motility. First of all, we focused on integrin, 
which mediates the outside-in signaling through binding with 
the ECM and play a key role in cellular shape, motility, adhesion, 
and cell cycle18,20). Several subtypes of integrin have been report-
ed to be involved in glioma cell motility and treatment10,23). In ad-
dition, integrin α2β1, α5β1, α6β1, α9β1, and αvβ3 are strongly 
expressed in glioblastoma samples compare with normal brain 
tissue, and the expression of integrin αvβ3 and αvβ5 positively 
correlates with histological tumor grade31). At the same time, a 
conformational change occurs when integrin bind with the ECM, 
which exposes integrin to ECM binding sites with high affinity 

for ligands. This conformational change in integrin, which is 
the thiol-disulfide exchange reaction in the integrin β subunit, 
plays a key role in integrin activation. The main protein that reg-
ulates thiol-disulfide exchange reaction in integrin is PDI5,19,21). 
In recent years, it has been postulated that PDI on the cell sur-
face, acts as a reductase, that cleaves the disulfide bonds of pro-
teins attached to the cell surface, and inside the cell, it forms di-
sulfide bonds1). Investigators have reported that PDI interacts 
with the integrin which have β1 and β3 subunits7). As mentioned 
above, the main integrin expressed in glioma have subunits that 
interact with PDI. Moreover, PDI is related to tumorigenesis, 
and its result is associated with the endoplasmic reticular stress 
response (ERSR) and the unfolded protein response (UPR)3,22,28). 
We also found that the expression of PDI in the glioma is higher 
than in normal brain tissues (data not shown). Additionally, PDI 
is highly expressed in U87-MG cell line, which has high mobili-
ty, compared with other glioma cell lines. It is reported previous-
ly that PDI has a relationship with tumor angiogenesis30,36). We 
became more convinced that PDI associated with tumor cell mi-
gration and invasion. It is also reported that inhibition of PDI 
decreased the resistance of glioma cells to temozolomide28). Be-
sides, PDI has been indicated as a new target in cancer thera-
py35). We set up a hypothesis that inhibiting the function of PDI 
in mediating integrin might decrease the cell motility.

Bacitracin

MMP2

Oxidized PDI

Reduced PDI

Integrin

Integrin FAK

FAK

ECM

ECM

Fig. 7. Schematic model showing the potential role of bacitracin in inhibiting glioma cell invasion. Oxidized protein disulfide isomerase (PDI) and re-
duced PDI interconvert under the bacitracin-free condition. During the transformation process, PDI alters the conformation of integrin to a high affinity 
state and integrin binds tightly with the extracellular matrix (ECM) (integrin activation). Then, focal adhesion kinase (FAK), one of the downstream mol-
ecules of integrin, is phosphorylated, which increases matrix metalloproteinase-2 (MMP-2) production. Finally, the cell secretes MMP-2, resulting in 
increased cell invasion. The PDI cycle was disturbed after the cells were treated with bacitracin. Bacitracin binding with reduced PDI led to lack of oxi-
dation of reduced PDI. Only reduced PDI was present on the cell membrane after extending the bacitracin treatment time. Then, integrin was not acti-
vated, resulting in decreased FAK phosphorylation and MMP-2 production. Finally, MMP-2 secretion decreased, which disturbed cell invasion.
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We chose bacitracin, which is well known inhibitor of PDI, as 
the candidate of malignant glioma treatment. It is reported that 
bacitracin induced glioma xenograft cells death at 10 mM con-
centration7). We suspected the reasons of bacitracin induced 
apoptosis like these : bacitracin interferes the function of integ-
rin, resulting integrin-induced cell apoptosis; and small amount 
of bacitracin through the cell membrane inhibits PDI in the cell, 
resulting ERSR-induced cell apoptosis. The caspase-3 associate 
with cell apoptosis and is participate in all of these pathways2,12,13,37). 
Therefore, we used caspase-3 as a cell apoptosis marker to in-
vestigate the cytotoxicity of bacitracin. We found that the high 
dose of bacitracin (5.0 mM) induced U87-MG cells apoptosis, 
over 2 days treatment. It has low cell membrane permeability 
and it mostly affects the superficial PDI via binding with cyste-
ines in reduced PDI4,24). Our study demonstrated that reduced PDI 
increased in a bacitracin dose-dependent manner, while there 
was no change in total PDI on the cell surface. Moreover, bacitra-
cin increased the chemotherapeutic agent-induced apoptosis in 
tumors22,28). Bacitracin also inhibited the invasion and migration 
of glioma xenograft cells in vitro7). Our data also demonstrate the 
inhibitory effect of bacitracin in U87-MG cell line in a dose-de-
pendent manner. Meanwhile, the adhesion and morphology as-
says showed that bacitracin interferences the integrin function. 
Additionally, we investigated two molecules, which are down-
stream of integrin and are involved in tumor invasion and mi-
gration. FAK, which is linked to the outside-in signaling pathway 
of integrin, and afterwards it is phosphorylated by itself or other 
molecule21). It is known that FAK phosphorylation is related to 
glioma growth9,26). Six phosphorylation sites in FAK have been 
identified, and the one that we are interested in is Y925, which 
is involved in the production of MMP-2, the second molecule 
that we investigated. MMP-2 is a well known collagen protein-
ase and it plays a critical role in tumor invasion and migration, 
as well as in glioma17,25). To investigate the effect of bacitracin on 
p-FAK and MMP-2 expression, we performed Western blot, RT-
ePCR and gelatin zymography. Our data showed that the p-
FAK (Y925) and MMP-2 expression were decreased in the cells, 
as well as the MMP-2 secreted in media, with an increase in 
bacitracin doses and treatment times. In organotypic brain-slice 
culture, an ex vivo study, the U87-MG cells treated with 2.5 
mM bacitracin the most safe and effective concentration, be-
came less invasiveness compare with untreated. On the basis of 
our knowledge and our findings, we conjecture that these mol-
ecules were altered under different conditions, irrespective of 
the presence of bacitracin (Fig. 7).

There is still controversy about whether bacitracin is a specif-
ic inhibitor of PDI16). However, the inhibitory effect of bacitra-
cin is higher than that of PDI and integrin antibodies in the func-
tional assay7). It needs to be acknowledged that the potential role 
of bacitracin in glioma therapy has certain limitations, results of 
bacitracin caused nephrotoxicity in rats32) and maybe caused 
apoptosis of normal cells. In this study, however, we used the 
highest motile cell line among in the four human glioma cell lines, 

the effect of bacitracin in other cell lines need to investigate. And 
we just studied the effect of bacitracin in vitro and ex vivo, we 
are going to research the effect in animal study.

CONCLUSION

Our study shows the role of bacitracin in glioma cells; it not 
only inhibits PDI, but it also indirectly interferences the integrin 
outside-in signaling pathway. Bacitracin has the potential to be 
used as an anti-invasive agent combine with conventional med-
ical treatments for glioma therapy; but before that, bacitracin 
need to be improved, and the most important point is selection 
of an appropriate concentration of bacitracin. Further studies are 
required to assess the anti-invasive effect of bacitracin in animal 
tumor model system.
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