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Abstract. Meningiomas are the most commonly occurring 
intracranial tumors and account for approximately 15-20% of 
central nervous system tumors. Patients whose tumors recur 
after surgery and radiation therapy have limited therapeutic 
options. It has also been reported recently that radiation triggers 
DNA repair, cell survival and cell proliferation, and reduces 
apoptosis via the induction of cellular protective mechanisms. 
Earlier studies have reported that proteases such as uPA, uPAR 
and cathepsin B play important roles in tumor progression. In 
the present study, we attempted to determine the effectiveness 
of two bicistronic siRNA constructs pUC (uPAR/cathepsin B) 
and pU2 (uPA/uPAR) either alone or in combination with 
radiation, both in in vitro and in vivo models. Transfection of 
a plasmid vector expressing double-stranded RNA for uPA, 
uPAR and cathepsin B significantly induced the sub-G0-G1 
cell population by the mitochondrial intrinsic apoptotic pathway. 
Results showed that pUC efficiently enhanced sub-G0-G1 
phases compared to pU2 and was more effective. Interestingly, 
we observed that in IOMM-Lee cell lines, combined treatment 
of radiation with pUC and pU2 is more effective in comparison 
to SF-3061 and MN cell lines. We showed that apoptosis 
caused by these bicistronic constructs involves Bcl-2, Bcl-xL, 
p53 inactivation, cytochrome c release from mitochondria and 
caspase-9 activation, followed by the activation of caspase-3. 
We also determined that apoptosis caused by pUC and pU2 
involves a mechanism which includes inactivation of p53 by 
its translocation from nucleus to cytoplasm as confirmed by 
immunofluorescence, which shows the oncogenic potential of 
p53 in meningiomas. However, the simultaneous RNAi-mediated 
targeting of uPAR and cathepsin B (pUC), in combination 
with irradiation, has greater potential application for the treat-

ment of human meningioma in comparison to pU2 by decreasing 
p53 expression both in vitro and in vivo.

Introduction

Meningiomas are the second most common primary tumor of 
the central nervous system, arising from the arachnoidal ‘cap’ 
cells in the meninges. They constitute ~20% of all intracranial 
primary brain tumors and are more frequent in females (1). 
These tumors are usually benign in nature; however, they can 
be malignant because of their continued growth impacts 
surrounding brain tissue. Most meningiomas are effectively 
addressed by surgical resection. Unresectable, residual tumors 
after partial resection and recurrent meningiomas are treated 
with radiation therapy, which is a common treatment for brain 
tumors where surgery can not be utilized. However, patients 
who are not candidates for surgery or radiotherapy or whose 
tumors recur after such treatments have limited therapeutic 
options (2-4). 

Ionizing radiation can elicit an activated phenotype that 
promotes rapid and persistent remodeling of the extracellular 
matrix (ECM) through the induction of proteases such as 
uPA, uPAR, and cathepsin B, which suggests that inhibition of 
these molecules could be a potential therapeutic approach to 
improve the efficacy of radiotherapy (5,6). The overexpression 
of these proteases by irradiation has been detected in various 
malignancies, including those in the lung (7), rectal (8) and 
breast (9). Studies performed with in vitro and in vivo experi-
mental models have demonstrated the elevated levels of uPA 
and its association with the degree of tumor cell invasion 
(10-12) and apoptosis (13). Prevention of cancer is profoundly 
dependent on the p53 tumor suppressor protein. The ability of 
p53 to eliminate excess, damaged or infected cells by apoptosis 
(14) is vital for proper regulation of cell proliferation in multi-
cellular organisms (15). It has been shown that p53 prevents 
proliferation of cells with damaged DNA or with a potential 
for neoplastic transformation (14). 

The p53 gene is the most frequently mutated gene in many 
common human malignancies including tumors of the 
colon, breast, lung, gastro-intestinal tract, and brain (16-21). 
In meningiomas, a few recent studies have investigated the 
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association of p53 immunoreactivity with the grade of 
malignancy (22) and recurrence (23) with promising conclusions. 
These studies suggest a relationship between p53 overexpression 
and proliferative potential in malignant meningioma. Our 
objective was to further elucidate this linkage in meningiomas. 
Overexpression of uPA, uPAR, or cathepsin B by tumor 
cells (14,24,25) prompted us to test the possibility that these 
proteases might regulate p53 in meningiomas, a possibility 
that to our knowledge has not been explored previously.

In this study, we demonstrated that simultaneous down-
regulation of uPA, uPAR and cathepsin B by two bicistronic 
siRNA constructs, pUC (uPAR/cathepsin B) and pU2 (uPA/
uPAR) either alone or in combination with irradiation induced 
apoptosis by Bcl-2, Bcl-xL inactivation, cytochrome c release 
from mitochondria, and caspase-9 activation, followed by the 
activation of caspase-3. We also showed that downregulation 
of uPA, uPAR and cathepsin B by pUC and pU2 reduced p53 
expression in meningioma, which clearly demonstrates the 
oncogenic role of p53. On the contrary, we found that p38 
played a role of tumor suppressor protein in meningiomas. We 
concluded that apoptosis may be induced in meningiomas by 
a mechanism that involves inactivation of p53 by its translocation 
to cytoplasm from nucleus by both bicistronic constructs; 
however pUC was found to be more effective either alone or in 
combination with irradiation.

Materials and methods

Ethics statement. The Institutional Animal Care and Use 
Committee of the University of Illinois College of Medicine 
at Peoria, Peoria, IL, USA, approved all surgical interventions 
and post-operative animal care. The consent was written and 
approved. The approved protocol numbers are 851 dated 
April 23, 2009 and renewed on May 12, 2010. 

Construction of siRNA-expressing plasmids. Two bicistronic 
constructs expressing siRNA for uPAR/cathepsin B (pUC) 
and uPA/uPAR (pU2) were constructed using a pcDNA3 
vector as described previously by our group, and all vectors 
were expressed under the control of a CMV promoter (26). A 
pcDNA3-scrambled vector with an imperfect sequence, which 
does not form a perfect hairpin structure, was used to develop 
the scrambled vector used as a control (pSV).

Cell cultures and transfection conditions. IOMM-Lee, MN 
and SF-3061 meningioma cells were purchased from American 
Type Culture Collection. All cells were cultured in high glucose 
containing Dulbecco's modified Eagle's medium. Cultures 
were supplemented with 100 µg/ml streptomycin, 100 U/ml 
penicillin and 10% fetal calf serum (FCS) and maintained in 
a humidified atmosphere containing 5% CO2 at 37˚C. Cells 
were transfected, either alone or in combination of radiation 
with pSV, pUC, and pU2 using Fugene reagent (Invitrogen, 
Carlsbad, CA) following the manufacturer's instructions. 
Transfected cells were maintained in serum containing media 
for 48 h and for irradiated experiments, transfected cells were 
further irradiated for 24 h before use in various procedures. The 
primary antibodies used for this study were anti-uPAR (R&D 
Systems, Minneapolis, MN), p53, Bcl-2, Bcl-xL, cytochrome c, 
p38, caspase-3, caspase-9 (Santa Cruz Biotechnology, Santa 

Cruz, CA), anti-GAPDH (Cell Signaling, Boston, MA) and 
HRP conjugated secondary antibodies (Biomeda, Foster City, 
CA).

Fluorescence-activated cell sorter analysis. FACS analysis 
was performed as described earlier (27). Briefly, all cells 
were transfected with pSV, pUC, and pU2 either alone or in 
combination with radiation and collected. Cells were washed 
three times with ice-cold phosphate-buffered saline (PBS), 
stained with propidium iodide (2 mg/ml) for half an hour in 
4 mM/l sodium citrate containing 3% (w/v) Triton X-100 and 
Rnase-A (0.1 mg/ml) (Sigma, St. Louis, MO) and were 
analyzed with the FACSCalibur System (Becton-Dickinson 
Bioscience, Rockville, MD). The percentages of cells undergoing 
sub-G0-G1  phases were assessed using CellQuest software 
(Becton-Dickinson Bioscience).

In situ terminal-deoxytransferase mediated dUTP nick-end 
labeling assay. After the above-described treatments terminal-
deoxytransferase mediated dUTP nick-end labeling (TUNEL) 
assay was carried out to detect apoptotic cells. Cells were 
cultured on eight-well chamber slides at a density of 2x103 per 
well. After 48 h of transfection with two bicistronic constructs 
and scrambled vector, one set of cells were collected and 
another set was exposed to irradiation for 24 h. The cells were 
fixed after termination in 4% paraformaldehyde for 1 h. TUNEL 
staining for the detection of apoptotic cells was carried out 
using the in situ cell death detection kit, fluorescein (Roche 
Molecular Biochemicals, Indianapolis, IN) following the 
manufacturer's instructions. Slides were allowed to dry in 
the dark, observed under a fluorescent microscope (model 
Olympus IX71; Olympus Optical Co.), and photographed. 
Results were compared with pSV-transfected cells to analyze 
apoptosis.

Western blot analysis. All meningioma cells were cultured in 
100-mm dishes. The cells were transfected with bicistronic 
constructs (pSV, pUC and pU2) for 48 h and further irradiated 
for 24 h for irradiated experiments. Cell extracts were 
prepared in ice-cold RIPA buffer (50 mmol/l Tris-HCl (pH 
7.4), 150 mmol/l NaCl, 1% IGEPAL, 1 mmol/l EDTA, 0.25% 
sodium deoxy-cholate, 1 mmol/l sodium fluoride, 1 mmol/l 
sodium orthovanadate, 0.5 mmol/l PMSF, 10 µg/ml aprotinin, 
10 µg/ml leupeptin). The protein concentration in each 
extract was determined by BSA assay (Sigma-Aldrich, St. 
Louis, MO). Cell extracts were subjected to SDS-PAGE and 
proteins were transferred to nitrocellulose membranes and 
probed with primary antibodies that detect cleaved caspase-3, 
-9, cytochrome-c, Bcl-xL, Bcl-2, p53 uPAR, and p38. The 
same membranes also were probed to detect GAPDH as a 
loading control.

Caspase activity assay. The activity assay for caspase-3 and -9 
(colorimetric) was performed using a kit (Chemicon International 
Inc., Temecula, CA) following the manufacturer's instructions. 
The cells were cultured and transfected with or without radiation 
as described above. The harvested cells were transferred to 
96-well plates and processed according to the manufacturer's 
instructions. Fold increase in caspase activity can be determined 
by comparing the OD reading from the induced apoptotic 
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sample with the level of the uninduced control. Data was 
quantitatively represented as fold increase activity of each 
caspase.

Establishment and treatment of orthotopic intracranial tumors 
in athymic nude mice. Orthotopic tumors were established 
through intracranial injection of tumor cells into brains of 
athymic nude mice. Six animals were used for each group. 
IOMM-Lee cells were grown in serum-supplemented DMEM 
media for 2 days and trypsinized. 0.1 million cells were 
injected into anesthetized nude mice (50 mg/kg ketamine, 
10 mg/kg xylazine) using a stereotactic frame.

The animals were maintained for 1 week to allow the 
tumors to develop and then divided into 6 treatment groups 
with 6 animals in each group. Alzet mini-osmotic pumps 
(Durect Corp., Cupertino, CA) containing 150 µg of plasmid 
at a concentration of 1.5 µg/µl were set up for each animal. 
The animals were treated with pSV, pUC, pU2 either alone or in 
combination with irradiation and allowed to grow for 3-4 weeks. 
Once the control group showed chronic symptoms, the 
animals were euthanized by cardiac perfusion - first using 
PBS and followed by 10% phosphate-buffered formalin. The 
brains were removed and stored in 10% phosphate-buffered 
formalin and embedded in paraffin as per standard protocol 
(28).

Immunofluorescence analysis of protein expression in tumor 
sections. Paraffin-embedded tumor sections were subjected to 
rehydration by passing through a series of xylene, 100% and 
90% ethanol. The slides were washed in cold PBS and blocked 
for 30 min in 1% BSA prepared in PBS followed by overnight 
incubation in primary antibody (p53) at a concentration of 
1:100 at 4˚C. The slides were then washed three times with 
1% BSA in PBS for 2 min per wash, and incubated for 
1 h in appropriate fluorescence-labeled secondary antibody. 
The slides were kept in the dark to avoid exposure to light. 
Preparations were mounted on slides using DAPI (Sigma) 
and fields with intense fluorescence were scored for protein 
expression. All microscopy studies were performed using 
fluorescent microscope attached to Olympus camera and set 
to auto.

p53 gene mutation analysis in nude mice treated with control 
and irradiated meningioma cells in vivo. DNA was isolated 
from the phenol chloroform method. PCR was done for exons 
5, 7 and 8 of the p53 gene. Two µl DNA (200 ng), 0.2 Mm 
dNTPs, H2O, 10X buffer, 0.25 U Taq polymerase were added, 
then repeated 40 times using a PCR thermal cycler at 94˚C for 
30 sec, 60˚C for 1 min and at 72˚C for 1 min. Using 2% 
agarose gel electrophoresis amplified products were confirmed. 
The DNA sequences from each primer were as follows: p53: 
exon 5, sense: 5'-TACTCCCCTGCCCTCAACAA-3'; antisense: 
5'-CATCGCTATCTGAGCAGCGC-3'. Exon 7, sense: 5'-TCT 
GACTGTACCACCATCCA-3';  antisense: 5'-CTGGAGTCTTC 
CAGTGTGAT-3'. Exon 8, sense: 5'-TGGTAATCTACTGGG 
ACGGA-3'; antisense: 5'-CGGAGATTCTCTTCCTCTGT-3'. 
Ten µl PCR product was boiled, cooled with ice, and then 
observed in electrophoresis using 12.5% polyacrylamide gel 
at 200 V for 5 h. Single band pattern was observed by staining 
the gel for 5 min in ethidium bromide.

Results

Effect of ionizing radiation on apoptosis in meningiomas. To 
assess the effect of ionizing radiation on apoptosis, all three 
meningioma cell lines were irradiated with γ-rays at a dose of 
5 and 10 Gy, and FACS analysis was performed to assess 
sub-G0-G1 phases after irradiation. We observed that 5 Gy of 
γ-ray irradiation significantly reduced sub-G0-G1 phases in 
IOMM-Lee (50%) when compared with control treatment and 
10 Gy of irradiation (27.27%) made them resistant to apoptosis, 
conversely we detected induced sub-G0-G1 phases in the 
MN and SF-3061 cell line at both 5 and 10 Gy of irradiation 
(Fig. 1A). We further examined whether ionizing radiation 
affects the activation of caspase cleavage in these cells. We 
found that 5 and 10 Gy of irradiation, induced caspase-9 and -3 
activation in MN and SF-3061 cell lines; however caspase-9/-3 
activation was reduced in the IOMM-Lee cell line (Fig. 1B). 

Simultaneous down regulation of uPA, uPAR or cathepsin B 
induces apoptosis in meningiomas. To observe the effect of 
treatment on radioresistant and radiosensitive cells we elected 
to conduct further experiments with a radiation dose of 5 Gy 
for IOMM-Lee and 10 Gy for the MN and SF-3061 cell lines. 
To further test the role of uPA, uPAR and cathepsin B, we 
silenced these genes by si-RNA-mediated pUC and pU2 
bicistronic constructs. We found a significant decrease of 
uPAR in IOMM-Lee, MN and SF-3061 cells when transfected 
with pUC and pU2 either alone or in combination with irradiation 
(Fig. 2A). To determine the effect pUC and pU2 on apoptosis 
of meningioma cells, we measured the apoptotic cells by 
FACS analysis. Results showed that si-RNA mediated 
bi-cistronic constructs of uPAR and cathepsin B (pUC) 
efficiently increased sub-G0-G1 phases compared pU2 in all 
three cell lines. Further, we studied the combined effect of 
these bicistronic constructs and irradiation on sub-G0-G1 cell 
population. We found that the combined treatment of radiation 
with pUC led to more sub-G0-G1 phase in IOMM-Lee cells in 
comparison to the MN and SF-3061 cell lines and found to 
be more effective in all three meningioma cell lines, when 
compared with either pSV control (IOMM-Lee, 431%; MN, 
326%; SF-3061, 229%), pSV+IR (IOMM-Lee, 830%; MN, 
110%; SF-3061, 54%), pUC (IOMM-Lee, 135%; MN, 46%; 
SF-3061, 86%), pU2 alone (IOMM-Lee, 218%; MN, 67.9%; 
SF-3061, 140%), pU2+IR (IOMM-Lee, 50%; MN, 12%; 
SF-3061, 20%) (Fig. 2B). As a confirmatory test, a TUNEL 
assay was used to detect apoptosis either alone or in combination 
with radiation in IOMM-Lee, MN and SF-3061 meningioma 
cell lines. We observed greater number of apoptotic cells 
with pUC compared to pU2 in all three cell lines; however 
combined treatment of irradiation with pUC showed greater 
increase of apoptotic cells in IOMM-Lee cells in comparison 
to MN and SF-3061 cell lines (Fig. 2C).

si-uPA/uPAR and cathepsin B downregulates the expression 
of pro-apoptotic proteins and upregulates anti-apoptotic 
proteins in vitro. Meningioma cells transfected with pUC/pU2 
either alone or in combination with irradiation led to increased 
pro-apoptotic protein expressions such as cytochrome c. 
However, the anti-apoptotic protein, Bcl-xL and Bcl-2 
expression was found to be decreased by treatment. This 
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change in the pro- and anti-apoptotic proteins was found to 
be more significant in the case of pUC, when compared with 
control treatment (pSV) in all three cell lines (IOMM-Lee: 
Bcl-2, 28%, Bcl-xL, 39%, increase in cyt-c, 75%; MN: Bcl-2, 
84%; Bcl-xL, 56%, increase in cyt-c, 144%; SF-3061: Bcl-2, 
87% Bcl-xL, 84%, increase in cyt-c, 81%). However, combined 
treatment of pUC with irradiation was found to be relatively 
more effective in case of IOMM-Lee when compared with 
pSV+IR (Bcl-2, 75%, Bcl-xL, 84%, increase in cyt-c, 1958% 
and pU2+IR (Bcl-2, 16%, Bcl-xL, 48%, increase in cyt-c, 25%) 
(Fig. 3). We also found that combined treatment was less 
effective in MN and SF-3061 cells when compared with IR 
control treatment and pU2+IR (Fig. 3). These findings suggest 
that transfection alone or in combination with radiation facilitates 
apoptosis in meningioma cells by increasing the expression of 
pro-apoptotic proteins (cyt-c) and decreasing the expression of 
anti-apoptotic proteins (Bcl-2 and Bcl-xL). Moreover, pUC 
was found to be more effective when compared to pU2 either 
alone or in combination with irradiation.

RNAi-mediated simultaneous down regulation of uPAR and 
cathepsin B significantly induces the activation of caspases 
compared to other bicistronic constructs. Because the alteration 
in Bcl-2 is known to initiate caspase signaling, we evaluated 
the involvement of various caspases in apoptosis of transfected 
cells. Fig. 4A indicates that pUC/pU2-transfected IOMM-Lee, 
MN and SF-3061 cells induced the cleavage of initiator 
pro-caspases-3 and -9 in comparisons with pSV. Of the two 
constructs, pUC was found to be more effective either alone or 
in combination with irradiation in all three meningioma cell 
lines. Further, we measured the activity of mature caspase-3 
and -9 using a specific and sensitive colorimetric assay after 
transfection in all meningioma cells. Fig. 4B shows caspase-3 
and -9 activities in cells transfected with scrambled vector or 
pUC/pU2. Among all cells, combinatorial treatment of pUC 
and irradiation showed significant increases in the activity of 
mature caspase-3 and -9 in IOMM-Lee cells when compared 
with either control treatment (caspase-3, 2.4-fold; caspase-9, 
2.6-fold), pSV+IR (caspase-3, 2.8-fold; caspase-9, 3.3-fold), 

Figure 1. Radiation regulates apoptosis in human meningioma cell lines. (A) Three meningioma cell lines IOMM-Lee, MN and SF-3061 were collected after 
giving 5- and 10-Gy doses of γ-rays irradiation and washed three times with ice-cold phosphate-buffered saline (PBS), stained with propidium iodide (2 mg/ml) 
in 4 mM/l sodium citrate containing 3% (w/v) Triton X-100 and Rnase-A (0.1 mg/ml) and were analyzed with the FACSCalibur System. The percentages of 
cells undergoing sub-G0-G1 phases were assessed using CellQuest Software. Numbers on figures represent: mean value (sub-G0-G1) of triplicate experiments. 
(B) Western blotting was done on total cell lysates of IOMM-Lee, MN and SF-3061 by using antibodies for caspase-3 and -9 proteins.
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pUC (caspase-3, 1.9-fold; caspase-9, 1.8-fold), pU2 (caspase-3, 
1.9-fold; caspase-9, 1.8-fold) and pU2+IR (caspase-3, 1.13-fold; 
caspase-9, 1.18-fold). The combinatorial treatment of pUC+IR 
was found to be less significant in MN and SF-3061 cell lines 
when compared with control treatment (MN: caspase-3, 
1.6-fold; caspase-9, 1.86-fold; SF-3061: caspase-3, 1.8-fold; 
caspase-9, 2.3-fold), pSV+IR (MN: caspase-3, 1.25-fold; 
caspase-9, 1.5-fold; SF-3061: caspase-3, 1.4-fold; caspase-9, 
1.5-fold), pUC (MN: caspase-3, 1.3-fold; caspase-9, 1.2-fold; 
SF-3061: caspase-3, 1.2-fold; caspase-9; 1.1-fold), pU2 (MN: 
caspase-3, 1.4-fold; caspase-9; 1.6-fold; SF-3061: caspase-3, 
1.5-fold; caspase-9; 1.6-fold) and pU2+IR (MN: caspase-3, 

1.3-fold; caspase-9, 1.25-fold; SF-3061: caspase-3, 1.15-fold; 
caspase-9; 1.3-fold) (Fig. 4B).

In vivo effect of uPA, uPAR and cathepsin-B bi-constructs on 
the apoptotic molecules. To further test the role of uPA, uPAR 
and cathepsin B, we silenced these genes by pUC and pU2 in 
our in vivo assay. We found a significant decrease of uPAR in 
tissue lysates transfected with pUC and pU2 either alone or 
in combination with irradiation (Fig. 5). Our in vivo findings 
suggest that transfection either alone or in combination of 
radiation facilitates apoptosis in nude mice by increasing 
the expression of pro-apoptotic proteins (cytochrome c), by 

Figure 2. Bicistronic si-RNA construct of uPA, uPAR or cathepsin B induces apoptosis in meningiomas. (A) IOMM-Lee, MN and SF-3061 cells were 
transfected with pSV, pUC and pU2. After 48 h of incubation, cells were irradiated with 5 (IOMM-Lee) or 10 Gy (MN, SF-3061) and incubated for a further 24 h. 
Cell lysates were subjected to SDS-PAGE, and immunoblot analysis was carried out to detect uPAR level. (B) Apoptosis was assessed by staining of cells with 
propidium iodide (2 mg/ml) in 4 mM/l sodium citrate containing 3% (w/v) Triton X-100 and Rnase-A (0.1 mg/ml) and analyzing with the FACSCalibur 
System. The percentages of cells under sub-G0-G1 phases were assessed using CellQuest Software. Numbers on figures represent: mean value (sub-G0-G1) of 
triplicate experiments. (C) Cells were evaluated with the TUNEL assay following manufacturer's instructions and photographed under fluorescent 
microscopy.
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decreasing the expression of anti-apoptotic proteins (Bcl-2 and 
Bcl-xL) and by cleavage of caspase-3 and -9. pUC in combination 
with irradiation was more significant when compared with 
pSV+IR (Bcl-2, 75%; Bcl-xL, 84%; cytochrome c, 50%) and 
pU2+IR (Bcl-2, 23%; Bcl-xL, 9%; cytochrome c, 14%) (Fig. 5).

Effect of constructs on p53 expression in vitro and in vivo. To 
directly evaluate the effect of uPA, uPAR and cathepsin B 
inhibition alone and in combination on tumor formation in vivo, 
we stereotactically implanted meningioma cells intracranially 
in nude mice. The tumors that arose were challenged with 
intratumoral injections of si-RNA mediated pUC and pU2 
bicistronic constructs by implanting ALZET osmatic mini 
pumps. Histologic analysis of H&E-stained tumor sections 
showed reduction of tumor volume in the brains of mice treated 
with either both constructs when compared with pSV-treated 
tumors (Fig. 6). Many apoptosis-related genes are transcrip-

tionally regulated by p53 and are candidates for implementing 
p53 effector functions. In response to oncogene activation, 
p53 mediates apoptosis through a linear pathway involving 
cytochrome c release from mitochondria, and caspase-9 
activation, followed by activation of caspase-3, -6, and -7. 
Because p53 is a major modulator of apoptosis, we examined 
the status of p53 in transfected meningioma cells along with 
irradiation. Western blot analysis revealed 47% increases in 
p53 expression in irradiated IOMM-Lee cells compared to 
non-irradiated cells (Fig. 7A and B). We also found that 
treatment of cells with constructs led to reduction in the p53 
expression level. This reduction was more significant in both 
pUC alone (76%) or in combination with irradiation (86%) in 
IOMM-Lee cells (Fig. 7B). However in MN cells, irradiation 
led to a decrease in p53 expression (27%) when compared with 
control, making these cells radiosensitive. Further treatment 
with pUC+IR reduced the expression of p53 when compared 

Figure 3. Simultaneous downregulation of uPA, uPAR or cathepsin B either alone or in combination with irradiation induces apoptosis by upregulation of 
pro-apoptotic molecules and downregulation of anti-apoptotic proteins in meningioma cells. (A) IOMM-Lee, MN and SF-3061 cells transfected with pSV, 
pUC and pU2 and irradiated as described earlier. Western blotting was done on total cell lysates of control and treated cells by using antibodies for pro-
apoptotic (Cyt-c) and anti-apoptotic proteins (Bcl-2, Bcl-xL). (B) Columns represent means ± SD of three independent experiments. * and # denote p<0.05, 
significant difference from control and IR control treatment, respectively.RETRACTED
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with control treatment (80%), pSV+IR (72%), pUC alone (23%), 
pU2 (62%) and pU2+IR (23%). We did not study p53 in 
SF-3061 cell line as these cell lines are p53 negative (29,30). 
Our in vivo studies revealed the same results showing pUC 
to be more effective. The expression of p53 was significantly 
downregulated by pUC in combination with irradiation in 
comparison to control treatment (81%), pSV+IR (90%), pUC 
alone (58%), pU2 (61%) and pU2+IR (38%) in tissue lysates 
collected from nude mice (Fig. 7B).

p53 gene mutation. PCR-SSCP in vivo analysis for exons 5, 7 
and 8 of p53 showed no mutation between control and irradiated 
control nude mice, which clearly demonstrated that more 

expression of p53 in irradiated control had no association with 
mutations in exons 5, 7 and 8 (Fig. 7C).

In vivo effect of constructs on sub-cellular localization of p53 
in nude mice. Immunofluorescence revealed that constructs 
led to p53 inactivation due to its sequestration in cytoplasm 
from the nucleus (Fig. 7D). This clearly showed p53, in its 
activated condition plays an oncogenic role that was suppressed 
by pUC and pU2 either alone or in combination with irradiation 
by its reshuffling from nucleus to cytoplasm. 

In vivo effect of constructs on p38 in nude mice. Because p38 
is also a major modulator of apoptosis, we examined the status 

Figure 4. Simultaneous downregulation of uPA, uPAR or cathepsin B activates caspases in meningiomas (A) IOMM-Lee, MN and SF-3061 cells were 
transfected with pSV, pUC and pU2 and irradiated as described earlier. Equal amounts of protein from whole cell lysates of control and treated cells were 
analyzed by Western blotting using caspase-3 and -9 specific primary antibodies. (B) Activity assay for caspase-3 and -9 was performed in meningioma cells 
using a colorimetric kit as per manufacturer's instructions. The cells were cultured and transfected with or without radiation. Fold increase in caspase activity 
was determined by comparing the OD reading from the induced apoptotic sample with the level of the uninduced control. Data are quantitatively represented 
as fold increase activity of each caspase. Columns represent the means ± SD of three independent experiments. * and # denote p<0.05, significant difference 
from control and IR control treatment, respectively.
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of p38 in transfected meningioma nude mice along with 
irradiation. Western blot analysis revealed a increase in p38 
expression in irradiated mice compared to non-irradiated 
mice. The effect of pUC in combination with irradiation 
appears to be more significant on p38 levels when compared 
to control treatment (696%), pSV+IR (192%), pUC alone 
(308%), pU2 (304%) and pU2+IR (38%) (Fig. 7E). 

Discussion

Meningiomas are the most commonly occurring brain tumors, 
but very little is known about the underlying molecular mech-
anism. About 15-20% of meningiomas exhibit a more aggressive 
clinical course (31). Such tumors are more likely to recur 
after surgical removal and may require adjuvant therapy. At 
present, apart from surgical resection of the tumor, radiation 
therapy is generally used for treatment of meningiomas and 
other alternative treatments are under trial. Despite intensive 
treatment protocols, the resistance of meningioma to current 
regimens including radiotherapy represents an ongoing challenge 
(32). This highlights the need to develop novel approaches 
to overcome radioresistance of meningioma and improve 
the dismal prognosis of this cancer (33). In recent years, the 

RNAi-mediated approach has emerged as a promising scheme 
for the treatment of various in vivo disease models (34). 

Expression of proteolytic parameters of the urokinase-
type plasminogen activator system such as uPA, uPAR and 
cathepsin B has been proven to be an independent prognostic 
parameter in cancer. These proteolytic cascades, once modified, 
assist several aspects of tumorigenesis. It has been shown that 
the content of some tumor-associated proteolytic factors in 
tumor extracts have a strong prognostic value. An elevated 
level of cathepsin B expression has been reported at the 
mRNA level in prostate cancer (35), colorectal cancer (36), 
gliomas (37,38), melanomas (39) and renal cell carcinoma 
(40). Previous studies performed by our group have established 
uPA, uPAR and cathepsin B as potential targets for therapeutic 
treatment of glioblastoma (13,26). Our investigation uses this 
approach to examine the therapeutic significance of RNAi-
mediated simultaneous downregulation of these proteases in 
combination with irradiation in malignant meningiomas.

As a preliminary assessment of the potential of two RNAi-
mediated bicistronic constructs, uPAR/cathepsin B (pUC) and 
uPA/uPAR (pU2) as therapeutic agents in this setting, we 
assessed their in vitro apoptotic activity against primary 
meningioma cells. When transfected with bicistronic constructs, 

Figure 5. In vivo simultaneous downregulation of uPA, uPAR and cathepsin B without or with irradiation induces apoptosis by upregulation of pro-apoptotic 
and downregulation of anti-apoptotic proteins. (A). Orthotopic tumors were established through intracranial injection of IOMM-Lee cells into brains of 
athymic nude mice. Western blotting was performed on control/treated tissue lysates by using specific antibodies for pro-apoptotic and anti-apoptotic 
proteins. (B) Columns represent the means ± SD of three independent experiments. * and # denote p<0.05, significant difference from control and IR control 
treatment, respectively.
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meningioma cells became growth inhibited, rounded in 
morphology, and detached from the culture flask (data not 
shown), which are suggestive of apoptosis. Our further 
investigation confirmed that cell death in meningioma cells 
induced by transfection was mediated through induction of 
apoptosis, as seen by flow cytometric analysis. This apoptosis 
was mediated by cleavage of caspases, upregulation of 
pro-apoptotic protein, downregulation of anti-apoptotic 
proteins and to the subsequent recruitment of the intrinsic 
apoptotic pathway as observed by release of cytochrome c. 
Among the two bicistronic constructs, pUC was found to be the 
most effective mediator of apoptosis in all meningioma cells 
as confirmed by flow cytometry, TUNEL and caspase activity 
assay. Further we examined the combined effect of bicistronic 
constructs and irradiation in meningiomas. Interestingly, we 
observed that the combined treatment was relatively more 
effective in pUC-transfected cells when compared with irradiated 
control treatment (pSV+IR) or pU2+IR. Based on the reductions 
that we observed in various aspects of tumor progression in 
the present study, we analyzed the in vivo efficacy of uPA, 
uPAR, and cathepsin B downregulation either alone or in 
combination with irradiation in regressing pre-established 
orthotopic tumors in nude mice. Our in vivo studies also revealed 
significant reduction in tumor volume and downregulation 
of anti-apoptotic molecules, indicating that these proteinases 

might serve as potential candidates for therapeutic targets for 
the treatment of malignant meningioma.

Accordingly, apoptosis induced in irradiated tumor cells 
could proceed in a p53-dependent manner (41). The prevention 
of cancer is profoundly dependent on the p53 tumor suppressor 
protein. p53 stimulates a wide network of signals that act 
through two major apoptotic pathways. The extrinsic, death 
receptor pathway triggers the activation of a caspase cascade, 
and the intrinsic, mitochondrial pathway shifts the balance 
in the Bcl-2 family towards the pro-apoptotic members, 
promoting the formation of the apoptosome and consequently 
caspase-mediated apoptosis. The affects of adjuvant therapies, 
especially radiation, on meningiomas are presently controversial 
(42-44). To confirm the role of p53 in the intrinsic apoptotic 
pathway mediated apoptosis caused by si-RNA mediated 
simultaneous downregulation of uPA, uPAR and cathepsin B, 
we performed Western blotting. We found reduced expression 
of p53 in transfected cells both in vitro and in vivo, which 
clearly shows the oncogenic role of p53 in meningiomas. We 
observed that apoptosis caused by bicistronic constructs is 
dependent of its effect on sub-cellular localization of p53. Our 
in vivo analysis showed reshuffling of p53 from nucleus to 
cytoplasm. Alternatively, because SSCP analysis is not an 
absolute method to demonstrate a lack of p53 gene mutation, 
the possibility remains that p53 gene mutations may be detected 

Figure 6. Tumor volume reduction by simultaneous downregulation of uPA, uPAR and cathepsin B either alone or in combination with irradiation H&E 
staining was done as per standard protocol, and representative pictures of tranfected tumor sections from pSV, pUC and pU2 with or without irradiation 
treated mice were shown both at magnification x15 and x25.
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in malignant meningiomas by further detailed analysis such 
as gene sequencing since our SSCP analysis was limited to 
exons 5, 7 and 8 only. We conclude that apoptosis induced by 
pUC and pU2 involves inactivation of p53 by its translocation 
to the cytoplasm from nucleus; however, pUC appears to be 
more effective either alone or in combination with irradiation 
and could thus be a potential therapeutic approach as an anti-
tumor agent in meningioma.
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