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Abstract. ���������������������������������������������������Glioma cancer cells adapt to changing microenviron-
ment and shift from mitochondrial oxidative phosphorylation 
to aerobic glycolysis for their metabolic needs irrespective of 
oxygen availability. In the present study, we show that silencing 
MMP-9 in combination with uPAR/cathepsin B switch the 
glycolytic metabolism of glioma cells to oxidative phosphory-
lation (OXPHOS) and generate reactive oxygen species (ROS) 
to predispose glioma cells to mitochondrial outer membrane 
permeabilization. shRNA for MMP-9 and uPAR (pMU) as 
well as shRNA for MMP-9 and cathepsin B (pMC) activated 
complexes of mitochondria involved in OXPHOS and inhibited 
glycolytic hexokinase expression. The decreased interaction of 
hexokinase 2 with mitochondria in the treated cells indicated 
the inhibition of glycolysis activation. Overexpression of Akt 
reversed the pMU- and pMC-mediated OXPHOS to glycolysis 
switch. The OXPHOS un-coupler oligomycin A altered the 
expression levels of the Bcl-2 family of proteins; treatment with 
pMU or pMC reversed this effect and induced mitochondrial 
outer membrane permeabilization. In addition, our results show 
changes in mitochondrial pore transition to release cytochrome c 
due to changes in the VDAC-Bcl-XL and BAX-BAK interaction 
with pMU and pMC treatments. Taken together, our results 
suggest that pMU and pMC treatments switch glioma cells from 
the glycolytic to the OXPHOS pathway through an inhibitory 
effect on Akt, ROS induction and an increase of cytosolic cyto-
chrome c accumulation. These results demonstrate the potential 
of pMU and pMC as therapeutic candidates for the treatment of 
glioma.

Introduction

Glioblastoma multiforme (GBM) is a malignant tumor of the 
human brain. Primary treatment consists of surgical resection 
followed by radiotherapy and chemotherapy. Due to radio-
resistance and recurrence, patients with GBM typically have a 
median survival of 12-16 months. In well-established tumors, 
tumor cells exhibit chronic hypoxia with an increased rate of 
aerobic glycolysis and depleted functionality of mitochondrial 
oxidative phosphorylation (OXPHOS) (1-4). Hypoxia decreases 
the therapeutic potential of conventional radiotherapy and 
chemotherapy and results in poor outcome. Tumor cells modu-
late mitochondrial respiration under hypoxia to survive (5,6). 
Previous attempts to oxygenate the tumor environment during 
therapy did not yield clinically convincing results (7,8). This 
suggests that targeting the hypoxic tumor microenvironment 
along with tumor metabolism in glioma could improve the treat-
ment strategies.

Akt signaling in metabolic remodeling has been studied 
extensively. The Akt signaling pathway modulates metabolic 
remodeling with ensuing tumor microenvironment modification 
and hypoxia inducing factor 1 alpha (HIF-1α) stabilization (9,10). 
HIF-1α regulates the expression of hexokinase (HK) 2, which 
helps in stabilization of aerobic glycolysis in GBM. Previous 
reports have shown that HK2 is overexpressed in GBM (11,12). 
Mitochondrial localization of HK2 is controlled by growth 
factor-induced oncogenic signaling from EGFR and PI3K/Akt 
activation, which are known to be overexpressed in GBM (13). 
HK2 binding to mitochondria through voltage-dependent anion 
channel (VDAC), thereby activates glycolysis and regulates the 
cytochrome c mediated intrinsic apoptosis (14,15).

The mitochondrion plays a potential role in carcinogenesis 
because of its vital role in ATP generation for cellular processes, 
control of apoptosis, and generation of reactive oxygen species 
(ROS) through activation of metabolic pathways (16,17). The 
glycolytic phenotype of solid tumors is associated with enhanced 
mitochondrial membrane polarization (i.e., hyperpolarized) and 
resistance to mitochondrial membrane permeability (18,19). The 
Bcl-2 family of proteins localizes to outer mitochondria and 
forms protein-permeable pores for the release of cytochrome 
c into the cytosol to initiate death signals, which mediate 
pro-apoptotic Bcl-2-associated X protein (BAX) translocation 
to the mitochondrial membrane (20). Pro-apoptotic BAX and 
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anti-apoptotic Bcl-XL respectively, facilitate and inhibit mito-
chondrial permeability transition pore opening and dissipate 
mitochondrial membrane potential (21).

Both OXPHOS dysfunction and aerobic glycolytic meta-
bolism were shown to activate proteases such as cathepsins, 
metalloproteinases and urokinase plasminogen activator favored 
by micro-environmental acidosis, which promotes unim-
peded proliferative and invasive cancer phenotype (22-24). 
Furthermore, previous studies have shown that mitochondrial 
mediated-ROS generation affects integrin signaling (25) and the 
expression and activation of matrix metalloproteinases (26,27). 
In our earlier study, we have demonstrated that silencing of 
matrix metalloproteinase-9 (MMP-9) in combination with either 
urokinase plasminogen activator receptor (uPAR) or cathepsin B 
induced an anti-proliferative effect and inhibited pre-established 
tumor growth in vivo in nude mice (28,29). In the present study, 
we show the effect of bicistronic MMP-9-uPAR (pMU) and 
MMP-9-cathepsin B (pMC) shRNA on metabolic reprogram-
ming in glioma cells both in vitro and in vivo. Moreover, we 
demonstrate that our treatments induced metabolic remodeling 
and increased mitochondrial outer membrane permeabilization. 
The present study shows the potential use of our constructs to 
sensitize glioma cells by altering cell metabolism, increasing 
intracellular ROS levels, and initiating apoptotic cell death, and 
could improve overall patient outcome.

Materials and methods

Cell culture and transfection conditions. In the present study, 
we used 4910 and 5310 human glioma xenograft cells that were 
kindly provided by Dr David James at University of California, 
San Francisco. These xenografts were highly invasive in mouse 
brains (30). Glioma cells were maintained in RPMI-1640 
buffer supplemented with 10% fetal bovine serum, 50 µg/ml 
streptomycin and 50 U/ml penicillin in a humidified atmosphere 
containing 5% CO2 at 37˚C. Glioma cells were transfected with 
shRNAs against MMP-9-uPAR (pMU), MMP-9-cathepsin B 
(pMC), scrambled vector (pSV), dominant-negative Akt (dnAkt) 
or constitutively activated Akt (myr-Akt). Plasmids containing 
the above constructs were transfected using FuGENE® HD 
reagent (Roche Diagnostics, Indianapolis, IN) according to the 
manufacturer's instructions. pMU, pMC and pSV were used 
as described previously (29). Both dnAkt and myr-Akt were 
obtained from Addgene (Carlsbad, CA). After transfection, cells 
were incubated in serum containing medium for a minimum of 
60 h.

We used antibodies for the oxidative phosphorylation 
cocktail (MitoSciences, Eugene, OR), Akt, pAkt, HK1, HK2, 
VDAC1, Bcl-XL, BAX, BAK, cytochrome c, IgG and GAPDH 
(all from Santa Cruz Biotechnology, Santa Cruz, CA). α-tubulin 
and COX-IV were obtained from Cell Signaling (Danvers, 
MA).

Preparation of mitochondrial and cytoplasmic extracts. Cells 
were treated with pSV, pMU, pMC, myr-Akt or dnAkt for 72 h, 
collected and washed twice with ice-cold PBS. The mitochon-
drial and cytoplasmic extracts were prepared using the Thermo 
Fisher Scientific Mitochondria Isolation Kit (Hanover Park, IL) 
according to the manufacturer's instructions and used in further 
analyses.

Western blotting. Western blotting was performed by lysing the 
cells with radio-immunoprecipitation assay buffer (1% IGEPAL, 
20 mM Tris, 150 mM NaCl, 5 mM EDTA, 0.1 mg/ml apro-
tinin, and 1 mM phenylmethyl sulfonyl fluoride). Then, equal 
amounts of protein fraction were resolved over SDS-PAGE with 
a 4.5% stacking gel. Samples were electrophoresed and electro-
blotted onto a nitrocellulose membrane. Western blot analysis 
was performed with a 1:1000 dilution of primary antibody. 
Western blot analysis of the relative levels of the five OXPHOS 
complexes in mitochondrial preparations against Complex I 
subunit NDUFB8, Complex II subunit 30 kDa, Complex III 
subunit Core 2, Complex IV subunit II, and ATP synthase 
subunit α were performed with MitoProfile® Total OXPHOS 
Human WB Antibody Cocktail according to the manufacturer's 
instructions (MitoSciences, Eugene, OR). Immunoreactive 
bands were visualized after processing the blots with horseradish 
peroxidase (HRP)-conjugated secondary antibody. Signals 
were detected using the ECL Western blotting detection system 
(Pierce, Rockford, IL).

Immunofluorescence imaging of glioma cells. We used 
MitoTracker Red CMXRos (Molecular Probes, Carlsbad, CA) 
reagent to stain mitochondria of both transfected and control 
cells. The cells were incubated with 300 nM of stain for 40 min. 
After washing twice with PBS for 20 min each, cells were fixed 
in 10% buffered formalin for 10 min. After washing with PBS 
two more times, the fixed cells were permeabilized with 0.3% 
Triton-X100 for 10 min. Permeabilized cells were washed twice 
with PBS and blocked with goat serum for 30 min and then 
incubated with 1:100 ratio of anti-HK2 or anti-Bcl-XL antibody 
in goat serum for 1 h. After washing the cells twice with PBS, 
cells were incubated with 1:200 dilution of Alexa Fluor 488 
goat anti-mouse or goat anti-rabbit immunoglobulin (molecular 
probes) in goat serum for 1 h. Nuclei were stained with DAPI, 
which was mixed with immune-mount. Fluorescent images 
were taken with a confocal fluorescent microscope (Olympus 
BX61 Fluoview, Minneapolis, MN).

Determination of intracellular ROS. ROS levels were analyzed 
using Total ROS/Superoxide Detection kit from Enzo Life 
Sciences, Inc. (Plymouth Meeting, PA). The non-fluorescent, 
cell-permeable total ROS detection dye was added to both 
transfected and control cells followed by incubation for 45 min. 
The dye reacted directly with a wide range of reactive species, 
such as hydrogen peroxide, peroxynitrite and hydroxyl radi-
cals, yielding a green fluorescent product indicative of cellular 
production of different ROS/RNS types. The cells were washed 
twice with PBS in a volume sufficient to cover the cell mono-
layer and analyzed using a fluorescent microscope and/or flow 
cytometry equipped with standard green filter (490/525 nm or 
488 nm laser). Appropriate positive control samples induced with 
Pyocyanin exhibit bright green fluorescence in the cytoplasm. 
Cells pre-treated with the ROS inhibitor do not demonstrate any 
green fluorescence signal upon induction.

Cell viability assay. To determine the effect of oligomycin A 
on cell viability, we carried out the trypan blue exclusion assay. 
Cells were treated with oligomycin 48 h after transfection for 
24 h. Then, the cells were suspended in an equal volume of 
trypan blue stain (0.4% w/v) and incubated for 5 min. Finally, 
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cells were counted using the Countess Automated Cell Counter 
(Invitrogen, Carlsbad, CA).

Immunohistochemistry. Paraffin-embedded brain sections 
(5 µm thick) from control and treatment groups were depar-
affinized following standard protocols. Antigen retrieval was 
performed by treating the sections with citrate buffer at 95˚C 
for 15-20 min followed by hydrogen peroxide treatment for 
30 min. The sections were rinsed with PBS and blocked with 1% 
BSA in PBS to prevent non-specific staining and further incu-
bated overnight with primary antibodies (1:100 dilution) at 4˚C. 
The sections were then incubated with either HRP- or Alexa 
Fluor 488-conjugated secondary antibodies for 1 h at room 
temperature followed by incubation with either DAB/DAPI for 
15 min. The sections treated with HRP-conjugated secondary 
antibody were counterstained with hematoxylin to visualize the 
nucleus, mounted and observed under a light microscope. The 
sections treated with Alexa Fluor 488 secondary antibody were 
mounted and observed under a confocal microscope (Olympus 
BX61 Fluoview).

Densitometry. ImageJ software (National Institutes of Health) 
was used to quantify band intensity. Data represent intensities 
relative to the indicated loading control.

Statistical analysis. All data are presented as mean ± standard 
deviation (SD) of at least three independent experiments. 
Statistical comparisons were performed using Graph Pad 
Prism software (version 3.02). Bonferroni's post hoc test 
(multiple comparison tests) was used to compare any statistical 
significance between groups. Differences in the values were 
considered significant at p<0.05.

Results

pMU and pMC modulate mitochondrial membrane transition by 
activating OXPHOS. In our earlier studies, we have demonstrated 
the efficiency of our constructs and the role of pMU and pMC in 
downregulating the DNA damage repair mechanism in glioma 
cells both in vitro and in vivo. Both pMU and pMC induced cell 
death in glioma cells with accumulated DNA damage. Based 
on this observation, we hypothesized that pMU and pMC might 
contribute to DNA damage accumulation through mitochondrial 
ROS generation mediated by metabolic remodeling. Malignant 
glioma predominantly shifts to aerobic glycolysis, which shuts 
down OXPHOS even under a high oxygen level, thus preventing 
ROS generation. To investigate the switch from the glycolytic 
to oxidative phosphorylation mode of glioma metabolism, we 
analyzed the expression of relative levels of the five OXPHOS 
complexes in mitochondrial preparations against Complex I 
subunit NDUFB8, Complex II subunit 30 kDa, Complex III 
subunit Core 2, Complex IV subunit II, and ATP synthase 
subunit α. There was a significant increase in the expression of 
the five OXPHOS complexes with pMU and pMC treatments as 
compared to control and pSV (Fig. 1A). COX-IV indicated purity 
of mitochondrial fractions (Fig. 1A). These results indicated 
stimulation of the OXPHOS pathway in treated glioma cells. To 
determine whether mitochondrial OXPHOS pathway activation 
was associated with ROS generation, we examined intracellular 
ROS levels using the Invitrogen ROS detection kit. As shown 

in Fig. 1B and C, the levels of intracellular ROS in pMU- and 
pMC-transfected cells were significantly higher when compared 
with control and pSV-transfected glioma cells.

Silencing MMP-9 in combination with uPAR/cathepsin B regu-
lates key glycolytic enzymes. A classical metabolic adaptation of 
cancer cells to aerobic glycolysis in contrast to oxidative phos-
phorylation for its energy requirements is largely observed. This 
is supported by the frequent high levels of glycolysis-associated 
proteins, a key stimulus is hexokinase (HK) expression in cancer 
cells. We determined the effect of pMU and pMC treatments on 
HK1 and HK2 expression by Western blotting. pMU and pMC 
treatments increased HK1 expression as compared to control 
and pSV-transfected cells (Fig. 2A). Further, HK2 expression 
decreased markedly in pMU- and pMC-transfected glioma 
cells as compared to control and pSV (Fig. 2A). Interaction of 
HK with voltage-dependent anion-selective channel protein 1 
(VDAC1) on mitochondria is associated with activation of 
glycolysis. In view of this, we next determined the expression 
levels of VDAC1 in glioma cells using Western blotting. No 
change in expression of VDAC1 was observed in pMU- and 
pMC-treated cells as compared to control and pSV. The degree 
of mitochondria-bound HK2 was assessed by immunofluores-
cence using mitochondria organelle specific MitoTracker red 
stain. Decreased mitochondria-bound HK2 was observed 
(white spots) in pMU- and pMC-transfected cells as compared 
to control and pSV-treated glioma cells (Fig. 2B). These findings 
suggested that when treated with pMU and pMC, glioma cells 
switch from the glycolytic pathway to the OXPHOS pathway 
and generate high intracellular ROS.

pMU and pMC mediates glycolysis to OXPHOS switch via 
Akt signaling. Several studies have confirmed a link between 
Akt pathway activation and increased glycolysis activation and 
HIF-1α expression (31,32). In our earlier study, we observed 
significant reduction in the expression and stabilization 
of HIF-1α in glioma cells after pMU and pMC treatments. 
Therefore, we determined the effect of pMU and pMC tran-
scriptional suppression on Akt. As shown in Fig. 3A, pMU 
and pMC transfection markedly inhibited the expression and 
phosphorylation of Akt (Ser-473). To determine the contribution 
of the Akt pathway and its downstream effector on OXPHOS 
activation, 5310 and 4910 glioma cells were transiently 
transfected with either constitutively active-Akt (myr-Akt) 
or dominant-negative Akt (dnAkt) before pMU, pMC or pSV 
transfection. As shown in Fig. 3B, ectopic expression of consti-
tutive active-Akt restored Akt phosphorylation and expression 
of OXPHOS-related complexes. However, this was reversed 
by dnAkt in pMU- and pMC-transfected cells (Fig. 3B). These 
results confirm Akt-mediated activation of OXPHOS pathway 
in pMU- and pMC-treated glioma cells.

pMU and pMC regulate mitochondrial outer membrane permea-
bilization by altering the Bcl-2 family of proteins. We next 
sought to determine the sequential signaling events connecting 
mitochondrial membrane permeabilization-OXPHOS complex 
overexpression and mitochondrial membrane permeabilization-
apoptosis initiation. Inhibition of OXPHOS by metabolic 
remodeling of tumor cells to aerobic glycolysis induces resistance 
to apoptosis by suppressing the activation of the pro-apoptotic 
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Bcl-2 family members, BAX and BAK (33). Therefore, we 
examined the effects of pMU and pMC transfection on the expres-
sion of the Bcl-2 family of proteins. pMU- and pMC-transfected 
glioma cells inhibited anti-apoptotic Bcl-XL expression and 
increased pro-apoptotic BAX expression (Fig. 4A). To further 
validate the effect of mitochondrial metabolic remodeling on the 
expression of the Bcl-2 family of proteins, we incubated cells 
with oligomycin A (5-10 µM), a known ATP synthase inhibitor 
for 12 h. The inhibition of ATP synthase by oligomycin A restored 
Bcl-XL expression and depleted BAX expression in glioma 
cells (Fig. 4B). Further, transfection of glioma cells with pMU 
and pMC for 48 h followed by incubation with oligomycin A 
reversed pMU/pMC induced pro-apoptotic effects; decreased 

Figure 2. pMU and pMC treatments inhibit glycolysis in glioma. (A) Cell 
lysates were assessed for HK1, HK2 and VDAC levels by Western blotting. 
GAPDH served as a loading control. (B) Immunofluorescence analysis show 
HK2 binding to mitochondria (MitoTracker red stain). Interaction is shown as 
bright white spots. Results are representative of three independent experiments.

Figure 1. pMU and pMC stimulate OXPHOS and ROS production in human glioma xenograft cells. (A) Mitochondrial fractions were assessed for OXPHOS-associated 
protein complex levels by Western blotting. COX-IV showed purity of mitochondrial fractions. Densitometry analysis show relative protein expression. (B) After 72 h of 
control, pSV, pMU and pMC treatments the cells were washed with PBS and treated with ROS detection reagent for 45 min. The degree of ROS generated was observed 
in live cells after adding ROS detection reagent using fluorescence microscope. (C) Glioma cells were plated in 96-well plates, transfected with control, pSV, pMU and 
pMC for 72 h, and assessed for the changes in ROS levels using ROS detection reagent. The fluorometric reading was obtained using Flex station and a representative 
graph is shown. Results are  representative of three independent experiments (columns: mean of three experiments; bars, ± SD). *p<0.05, difference between control/
pSV and pMU/pMC.
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Bcl-XL expression and increased BAX expression (Fig. 4D). Cell 
viability assay showed pMU and pMC significantly reduced the 
cell population in oligomycin-treated glioma cells (Fig. 4C).

Mitochondrial cytochrome c release is regulated by pMU and 
pMC in glioma xenograft cells. The aerobic glycolytic phenotype 
has been shown to enhance mitochondrial membrane polariza-
tion (i.e., hyperpolarization) and to oppose mitochondrial 
membrane permeability (18,19). Further, OXPHOS metabolism 
is required for the activation of pro-apoptotic Bcl-2 families, 
BAX and BAK expression (33). The interactions between BAK, 
BAX, Bcl-XL and VDAC are known to regulate mitochondrial 
membrane permeabilization. So, we examined the effects of 
pMU and pMC transfection on the interaction of these proteins 
by immunocytochemistry and immunoprecipitation analyses. 
pMU- and pMC-treated glioma cells showed reduced inter-
action of Bcl-XL with mitochondria as compared to untreated 
cells (Fig. 5A). Immunoprecipitation studies showed reduced 
association between VDAC and Bcl-XL and increased associa-
tion of BAX with BAK (Fig. 5B). Our results show the possible 
role of increased BAX and BAK interaction to form transition 
pores that allow cytochrome c release from mitochondria, 
which precedes activation of caspases that initiate the apoptotic 
cascade. Transfection of glioma cells with pMU- and pMC-
showed increased levels of cytosolic cytochrome c (Fig. 5C). 
Taken together, these results suggest that the pre-mitochondrial 
membrane permeabilization effect of metabolic remodeling 
follows post-mitochondrial membrane permeabilization by 
mitochondrial transition pore opening, cytochrome c release 
and activation of death signaling.

In vivo expression of pAkt, OXPHOS complexes, Bcl-XL, BAX 
and cytochrome c. In our previous study, we evaluated the effect 
of pMU and pMC on tumor formation in vivo after intracranial 
implantation of glioma cells in nude mice. The tumors that 
arose were treated with intratumoral injection of either pMU 
or pMC. Tumor growth was monitored in mice using an in vivo 
imaging system (Xenogen, IVIS, Hopkinton, MA). There was 
a significant decrease in the tumor volume of mice treated with 
either pMU or pMC when compared with untreated control 
mice (28,29). Reduction of the tumor volume observed was 
>85% (28,29).

To determine whether either pMU or pMC caused Akt- 
mediated glycolysis to OXPHOS shift predisposed glioma 
cells to apoptosis as mediated by the Bcl-2 family of proteins 
in vivo, tumor sections were immunoassayed for pAkt, BAX, 
Bcl-XL OXPHOS complex of protein cocktail, and cyto-
chrome c. Fig. 6A and B show results consistent with our 
in vitro results; tumor sections from pMU- and pMC-treated 
mice had decreased staining for pAkt and Bcl-XL and increased 
cytochrome c, BAX and OXPHOS complex expression.

Discussion

In GBM patients upregulated aerobic glycolysis was shown 
using stereotactic microdialysis, wherein three times more 
lactate:pyruvate ratio was measured in the tumor area as 
compared to normal brain (34,35). Several studies show 
that glycolytic acidosis of tumor microenvironment elevates 
extracellular matrix, urokinase plasminogen expression, 
tumor proliferation and invasive property; however, no studies 

Figure 3. pMU and pMC mediate Akt-dependent OXPHOS activation in glioma. (A) Cell lysates were assessed for pAkt and Akt levels by Western blotting. 
(B) Glioma cells were transfected with pSV, pMU or pMC for 48 h followed by transfection with myr-Akt or dnAkt and cultured for another 24 h. Cells were 
harvested and lysed, and fractions of mitochondrial and total cell lysates were collected separately. These fractions were used for Western blot analysis of OXPHOS 
complexes and pAkt. COX-IV indicated purity of mitochondrial fractions. GAPDH served as a loading control for total cell lysates. Results are representative of 
three independent experiments.
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have shown the functional mechanism by which extracellular 
matrix plays a role in metabolic remodeling in tumor cells. 
In the present study, we show that MMP-9-uPAR (pMU) and 
MMP-9-cathepsin B (pMC) bicistronic shRNAs induced the 
switch from aerobic glycolytic metabolism to oxidative phos-
phorylation and generated ROS in glioma tumor cells. Also, 
we show the signaling mechanisms that direct pMU- and 
pMC-induced metabolic reprogramming and ROS-mediated 
mitochondrial cytochrome c release into cytosol in glioblastoma 
tumor cells.

MMP-9 in combination with uPAR or cathepsin B induced 
the overexpression of OXPHOS protein complexes in vitro as 
shown by immunoblot analysis. Furthermore, ROS generation 
proved switch to OXPHOS pathway in pMU- and pMC-trans-
fected glioblastoma cells. We also show that metabolic activation 
of the mitochondrial OXPHOS pathway of pMU- and pMC-
transfected glioblastoma cells depends on Akt regulation. Our 

immunoblot results shows pMU- and pMC-transfected glioma 
cells had decreased expression of Akt. Extracellular signaling 
and oncogenic activation of growth factor/PI3K/Akt stimulates 
glycolysis by glucose uptake and stabilizes HIF-1α activation 
(9,10,36,37). Our earlier study shows that pMU/pMC inhibits 
HIF-1α expression and activity in glioma cells. We further 
tested the effect of pMU and pMC silencing on Akt-mediated 
regulation of OXPHOS protein expression. Constitutive activa-
tion of Akt (myr-Akt) inhibited the pMU- and pMC-induced 
OXPHOS protein complexes. Conversely, dominant negative 
expression of Akt elevated pMU- and pMC-mediated mito-
chondrial oxidation. Our study clearly shows that Akt mediated 
mitochondrial OXPHOS regulation in MMP-9-, uPAR- and 
cathepsin B-silenced cells.

We next investigated how MMP-9 in combination with 
uPAR or cathepsin B silencing modulates glycolysis inhibi-
tion in glioma cells. Cancer cells take up high glucose, which 

Figure 4. pMU and pMC regulate pro- and anti-apoptotic Bcl-2-related proteins. (A) Cell lysates were assessed for BAX and Bcl-XL by Western blotting. GAPDH 
served as a loading control. (B) Cells were treated with OXPHOS uncoupler, oligomycin A for 12 h. The cell lysates were prepared for Western blot analysis 
of BAX and Bcl-XL levels. GAPDH served as a loading control. (C) Graph shows the percent of viable cells as assessed by trypan blue cell viability assay. 
*p<0.05, difference between control/pSV and pMU/pMC. (D) Glioma cells were transfected with pSV, pMU or pMC for 48 h and the cells were then treated with 
oligomycin A for 12 h. To assess BAX, Bcl-XL and pAkt levels, total cell lysates were prepared. GAPDH served as a loading control. Results are representative 
of three independent experiments.RETRACTED
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is phosphorylated to glucose-6-phosphate by key glycolytic 
enzymes, hexokinase 1 (HK1) and 2 (HK2). Compared to HK1, 
HK2 plays an important role in establishing the aerobic glyco-
lytic phenotype in GBM (12,38). HK2 expression is regulated 
by HIF-1α activation and plays an important role in glucose 
conversion in hypoxia. Stable silencing of HK2 switches GBM 
tumor cell metabolism from aerobic glycolysis to mitochondrial 
respiration by increasing OXPHOS protein expression and 
also shows anti-tumorigenicity in subcutaneous and intra-
cranial xenograft models (39). Evidence also suggests that Akt 

pathway activation can translocate glycolytic enzyme HK2 to 
the outer mitochondrial membrane through its interaction with 
the voltage dependent anion channel (VDAC) and regulate 
the intrinsic apoptotic pathway (14,40). Our study shows that 
pMU- and pMC-silenced cells decreased HK2 expression. 
Alternatively, HK1 is overexpressed in pMU- and pMC-treated 
cells compared to its low levels in GBM (41-43). Furthermore, 
we show that mitochondrial-bound HK2 decreased as assessed 
by immunoblotting and immunocytochemical analyses. These 
findings suggest that pMU and pMC regulate glycolytic enzymes 

Figure 5. pMU and pMC induce mitochondrial cytochrome c release. (A) Immunofluorescence analysis shows Bcl-XL binding to mitochondria (MitoTracker red 
stain). Interaction is shown as bright white spots. (B) Cell lysates were assessed for interaction between VDAC1 and Bcl-XL and BAX and BAK using immuno-
precipitation. Densitometric analysis show interaction of BAX-BAK and VDAC- Bcl-XL. IgG showed equal loading. Results are representative of three independent 
experiments (columns, mean of three experiments; bars, ± SD). *p<0.05, difference between control/pSV and pMU/pMC. (C) Cells were harvested and lysed, and 
fractions of mitochondrial and cytosolic were collected separately. These fractions were assessed by Western blot analysis using anti-cytochrome c antibody. COX-IV 
and α-tubulin showed purity of mitochondrial and cytosolic fractions, respectively.
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leading to the inhibition of mitochondrial-bound HK2 signaling 
in glycolysis and anti-apoptosis.

Our results also reveal that the pMU- and pMC-induced 
metabolic switch from aerobic glycolysis to OXPHOS precedes 
elevated cytoplasmic cytochrome c levels. Mitochondrial 
oxidative respiration byproduct ROS is not only implicated in 
damage of cellular components but also plays an important 
role in mitochondrial membrane permeabilization, which initi-
ates intracellular apoptotic or pro-survival signaling (44-46). 
Metabolic remodeling to glycolysis in tumor cells decreases ROS 
and lactate, thereby protecting tumor cells from oxidative stress 
and inhibiting cellular death (47-50). Mitochondrial membrane 
potential transition to release cytochrome c, a prerequisite to 
apoptosis initiation, depends on the ratio of the expression levels 
of pro- and anti-apoptotic Bcl-2 family of proteins (51). Our study 
shows that pMU- and pMC-silenced glioma cells had decreased 
anti-apoptotic Bcl-XL and increased pro-apoptotic BAX expres-
sion. Studies have shown that the OXPHOS pathway stimulated 
BAX and BAK expression and triggered apoptotic cell death 
by disparate death stimuli (33). In addition, specific inhibition 
of ATP-synthase in human carcinoma cells suppressed tumor 
necrosis factor-induced apoptosis (52). It has been shown that 
BAX-induced cell death in yeast depends on ATP synthase and 
is reversed by oligomycin treatment (53). Other mechanisms of 
anti-apoptotic action of oligomycin include blockage of dimer-
ization of BAX in calphostin C-induced apoptosis, inhibition 
of cytochrome c in some BAX-independent apoptosis, and 
inhibition of apoptosis induced by anti-cancer drugs etoposide 
and dexamethasone (53-57). Our study shows that ATP synthase 
inhibition by oligomycin A increased anti-apoptotic Bcl-XL 

expression and decreased pro-apoptotic BAX expression in 
glioma. Moreover, cell viability assay showed pMU and pMC 
retarded the oligomycin A effect and decreased glioma cell 
viability. Furthermore, we showed that pMU and pMC treat-
ments in glioma reversed the effect of oligomycin A and induced 
Akt inhibition. These findings suggest that pMU and pMC 
modulate the OXPHOS pathway in ROS generation and trigger 
mitochondrial membrane permeabilization by Bcl-2 expression.

The Bcl-2 family of proteins have been shown to interact 
with VDAC to facilitate their anti-apoptotic effect by regulating 
the mitochondrial permeability transition pore (MPTP) opening 
to release cytochrome c (58). Overexpresssed Bcl-2 has been 
associated with resistance to anti-cancer drugs (59,60). One of 
the major stimuli for mitochondria membrane permeabilization 
and efflux of cytochrome c release is BAX and BAK oligo-
merization (61-63). In our study immunoprecipitation analysis 
showed reduced interaction of VDAC with Bcl-XL and increased 
association of BAK and BAX in shRNA-transfected glioma 
cells. We observed a decrease in Bcl-XL localization with mito-
chondria in pMU- and pMC-transfected glioma cells. Our data 
indicate that increased BAX and BAK release pro-apoptotic 
mitochondrial cytochrome c into cytosol in pMU- and pMC-
silenced glioma cells. Once in the cytosol, cytochrome c protein 
activates caspase-dependent and -independent programmed cell 
death (19,28).

Our in vivo study showed that silencing MMP-9 in combi-
nation with either uPAR or cathepsin B resulted in decreased 
immunoreactivity of pAkt and increased immunoreactivity 
of OXPHOS complexes and cytosolic cytochrome c. Further, 
co-localization study of BAX and Bcl-XL showed that the 

Figure 6. Silencing MMP-9 in combination with uPAR/cathepsin B alters expression of pAkt, OXPHOS complex, cytochrome c, BAX and Bcl-XL in pre-established 
intracranial tumors. A total of six animals were studied in each group. (A) Immunohistochemical analysis of pAkt, OXPHOS complex and cytochrome c expression. 
(B) Expression of Bcl-XL and BAX in brain sections as described in Materials and methods. BAX (green) and Bcl-XL (red) are double-labeled for the same section.
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increased BAX and Bcl-XL interaction in tumor sections from 
mice that received pMU or pMC treatments compared to tumor 
sections from mice that received pSV treatments. Our findings 
add to the current therapeutic agents targeting cancer cell death 
by generating excess ROS (64) and also have advantages over 
current agents targeting HK2 (e.g., 3-bromopyruvate, 2-deoxy-
glucose) which show limited clinical potential in GBM due to 
non-specificity.

In conclusion, we show that increased intracellular ROS 
levels generated by OXPHOS activation by pMU/pMC 
signaling via the Akt pathway participate as a crucial factor 
for the initiation of apoptosis in glioma cells. ROS may lead 
to depletion of anti-oxidants in mitochondria and expose mito-
chondria to oxidative stress, further contributing to the rapid 
decrease in mitochondrial membrane potential by altering the 
expression levels of the Bcl-2 family proteins and the release 
of cytochrome c into the cytosol, which is followed by caspase 
activation (28,65). Thus, these results indicate a possible 
mitochondria-ROS mediated pMU/pMC-induced apoptosis of 
human glioma xenograft cells.
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