
Abstract. Meningioma is a well-known tumor of the central
nervous system, and is treated by surgical resection and/or
radiation. Recently, ionizing radiation has been shown to
enhance invasiveness of surviving tumor cells, and several
proteolytic enzyme molecules, including urokinase plasmi-
nogen activator (uPA), seem to be upregulated after radiation.
uPA and its receptor (uPAR) have been strongly implicated
in tumor invasion, angiogenesis and progression. Hence, the
tumor-associated uPA-uPAR system is considered a potential
target for cancer therapy. In the present study, we show that
radiation increases uPA levels in the IOMM-Lee meningioma
cells, and subsequently, increases tumor invasion, migration
and angiogenesis in vitro. Studies with signaling molecule
inhibitors AG1478, U0126 and SB203580 (specific inhibitors
of EGFR, MEK1/2 and p38 respectively) showed inhibition
of uPA levels in both basal and irradiated-IOMM-Lee cells.
The PI3K inhibitor (LY294002) and the AKT inhibitor (AKT
inhibitor IV) also partially decreased uPA expression, whereas
SP600125, a JNK inhibitor, did not affect uPA levels in either
radiated or non-radiated cells. Further, a bicistronic plasmid
construct with small interfering RNA (siRNA) against uPA
and its receptor inhibited tumor invasion, migration and angio-
genesis in radiation-treated IOMM-Lee cells. In addition,
siRNA against uPA and its receptor inhibited subcutaneous

tumor growth in athymic nude mice in combination with
radiation in a synergistic manner. Thus, the specific targeting
of proteases via RNA interference could augment the thera-
peutic effect of radiation and prevent the adverse effects
resulting from tumor cells that receive sublethal doses of
radiation within the tumor mass.

Introduction

Meningiomas, which arise from the arachnoid membrane of
meninges, are the second most common tumors of the central
nervous system with an incidence of 20% of all intracranial
tumors and an overall incidence of 2.3/100,000 (1). Menin-
giomas may be found as intracranial or spinal tumors, but
90% of meningiomas develop in the brain. The majority of
these tumors are benign, and rarely present with histological
or clinical features that suggest aggressive potential (2). Both
benign and malignant meningiomas are treated with surgical
excision, with the goal of gross total resection. Subtotal
resection is typically followed by radiation, either fractionated
radiotherapy or single-fraction radio-surgery, to extend the
progression-free survival of the patient. Fractionated radio-
therapy can be applied after recurrence or as the primary
treatment when the diagnosis is initially made. Single-fraction
radiosurgery could also be the primary treatment for dural-
based tumors without rapid growth. Atypical and anaplastic
tumors are usually radiated post-operatively, irrespective of
the extent of the excision, because of a higher incidence of
recurrence (2,3).

Although treated with combined therapy, malignant
meningiomas often recur after initial resection and sub-
sequent radiation (4). Moreover, although ionizing radiation
causes cell death, it has also the potential to increase cell
proliferation and promote long-term resistance of cancer cells
to different cytotoxic effects. Sublethal doses cause DNA
damage and the production of reactive oxygen species, which
in turn, trigger the activation of wild-type p53, ataxia telang-
iectasia mutated and other regulatory proteins including
growth factor receptors like the ERBB family of receptors.
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Subsequently, several signaling pathways, such as MEK1/2/
ERK1/2 and PI3K/AKT, enhance their activity and regulate
cell survival, growth and other properties of tumor cells
(5). In addition, radiation has been shown to promote the
invasiveness of different types of tumor cells through the
upregulation of secreted proteases, such as matrix metallo-
proteinases and plasminogen activators (6-9). Some studies
also highlight the potential of radiated cells to induce a
more prominent angiogenic effect and implicate the same
proteolytic enzymes in this procedure (6,7).

Invasion and angiogenesis are both essential mechanisms
that promote and sustain tumor growth and metastasis.
Proteases are molecules that have been highly implicated in
these tumor biological activities, initially because of their
ability to break down components of the extracellular matrix,
allowing tumor and endothelial cells to spread. Urokinase
plasminogen activator (uPA) and its high affinity receptor
(uPAR) are key molecules in tumor invasion and progression.
uPA catalyzes the conversion of plasminogen to plasmin,
which in turn, exerts strong proteolytic effects including the
activation of metalloproteinases and growth factors (10,11).
The uPA-uPAR system has been implicated in several tumor
processes (e.g., adhesion, migration, proliferation and angio-
genesis) through interactions with molecules on the cell
surface (e.g., integrins and vitronectin) (12,13), and through
activation of intracellular signaling pathways (14,15). Recent
studies have shown that radiation increases uPA activity
as well as the invasive and angiogenic properties of neuro-
blastoma cells (6).

Previous studies have demonstrated that meningiomas
express high levels of uPA (16). We have shown previously
that the downregulation of uPA and uPAR inhibits invasion,
angiogenesis and tumor growth in vivo in a variety of tumor
types including meningiomas (17-19). Here, we studied
the effect of radiation on the malignant meningioma cell
line, IOMM-Lee. Our results indicate that radiation increases
uPA levels and activity through EGFR, ERK1/2 and p38
signaling molecules and, to a lesser extent, through pI3K/
AKT. Radiation treatment enhanced invasion, migration
and angiogenesis, whereas treatment with siRNA against
uPA and uPAR decreased the radiation-induced aggressive
properties of IOMM-Lee cells and inhibited tumor growth
in vivo.

Materials and methods

Cell culture, transfection conditions and reagents. The
established malignant meningioma cell line IOMM-Lee was
kindly provided by Dr Ian E. McCutcheon (University of
Texas M.D. Anderson Cancer Center, Houston, TX). Cells
were grown in DMEM supplemented with 10% fetal bovine
serum, 100 μg/ml streptomycin and 100 U/ml penicillin, and
maintained in a humidified atmosphere containing 5% CO2 at
37˚C. The primary antibodies used for this study were anti-
uPAR (R&D Systems, Minneapolis, MN), anti-JNK, anti-
phospho-JNK, anti-p38, anti-phospho-38, anti-ERK, anti-
phospho-ERK, anti-EGFR (Santa Cruz Biotechnology, Santa
Cruz, CA), anti-phospho-EGFR, anti-AKT, anti-phospho-
AKT and anti-GAPDH (Cell Signaling, Boston, MA), and
HRP-conjugated secondary antibodies (Biomeda, Foster

City, CA). Specific inhibitors of EGFR (AG1478), MEK1/2
(U0126), p38 (SB203580), c-Jun NH2-terminal kinase
(JNK) (SP600125), phosphatidylinositol 3-kinase (PI3K)
(LY294002), and AKT (AKT inhibitor IV) (Calbiochem,
San Diego, CA) were diluted and used as per the manu-
facturer's instructions.

Construction of siRNA-expressing plasmids. Plasmids were
constructed as described previously (17). Briefly, a pcDNA-3
plasmid with a human cytomegalovirus (CMV) promoter was
used to construct the siRNA-expressing vectors. The uPA
sequence 21 bases long with a 9 base loop region from +346
to +367 (5'-agctTGAGAGCCCTGCTGGCGCGCCatatataat
GGCGCGCCAGCAGGGCTCTCA-3'), and with HindIII
restriction sites incorporated at the ends, was ligated into the
HindIII restriction site of a pcDNA-3 vector plasmid (puPA).
Similarly, for the bicistronic construct, the uPAR sequence
(5'-gatcCTACAGCAGTGGAGAGCGATTatatataatAATC
GCTCTCCACTGCTGTAG-3') with BamHI restriction sites
incorporated at the ends was ligated into BamHI restriction
site of the puPA vector (pu2). A pcDNA3-scrambled vector
with an imperfect sequence, which does not form a perfect
hairpin structure, was used to develop the scrambled vector
for use as a control (pSV).

Radiation. The RS 2000 Biological Irradiator (Rad Source
Technologies, Inc., Boca Raton, FL) X-ray unit, operated at
150 kV/50 mA, was used for radiation treatments. Cells were
transfected with mock, pSV, puPA or pu2 plasmids using
Lipofectamine reagent (Invitrogen, Carlsbad, CA) as per
manufacturer's instructions. A single dose of radiation (5 or
10 Gy) was given to transfected or control IOMM-Lee cells
(in 6-well plates) and tumor spheroids (in 96-well plates).

MTT proliferation assay. Cells were grown in 6-well plates
and transfected with pSV, puPA, pu2 or mock (PBS control).
Twelve hours after transfection, cells were serum-starved
for 6 h, radiated with 10 Gy. Six hours later, cells were tryp-
sinized, counted and seeded at 2x104 cells per well in 96-
well plates (8-wells per treatment group). After the indicated
hours of incubation in conditioned medium, 20 μl of MTT
reagent were added to the cells, followed by another 4 h
of incubation at 37˚C. Acid-isopropanol (0.04 M HCl/iso-
propanol) was added to all wells and mixed vigorously so
that the formazan crystals dissolved effectively. Absorbance
was measured on microtiter plate reader (Bio-Rad, Model
680, Hercules, CA) with a test wavelength of 550 nm and a
reference wavelength of 655 nm.

Reverse transcription-PCR analysis. RT-PCR was performed
as described previously (19). Cellular RNA was isolated
using the Qiagen RNeasy kit, 1 μg of RNA was DNase-
treated (10 units/μg of RNA for 1 h) and used as a template
for the reverse transcription reaction. For first strand cDNA
synthesis, 2 μg of RNA was used. The following primers
were used: uPA sense, 5'-TGCGTCCTGGTCGTGAGCGA-3';
and uPA antisense, 5'-CTACAGCGCTGACACGCTTG-3';
GAPDH sense, 5'-CGGAGTCAACGGATTTGGTCGTAT-3';
and GAPDH antisense, 5'-AGCCTTCTCCATGGTGGTG
AAGAC-3'. The PCR conditions were as follows: 95˚C for
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5 min, followed by 35 cycles of 95˚C for 1 min, 55˚C for
1 min and 72˚C for 1 min. The final extension was at 72˚C
for 5 min. PCR products were resolved on a 1% agarose
gel, visualized, and photographed under UV light.

Fibrinogen zymography. IOMM-Lee cells were transfected
with mock, pSV, puPA or pu2 and radiated with 10 Gy as
described above. Thirty minutes before radiation, cells were
treated with specific inhibitors as per the manufacturer's
instructions. Conditioned media were collected at the indicated
time points, and zymography was performed to determine
uPA activity. Equal amounts of protein samples (0.5 μg)
were resolved on 10% SDS-polyacrylamide gel containing
plasminogen and fibrinogen, and stained as described
previously (17).

Western blot analysis. IOMM-Lee cells were transfected
with mock, pSV, puPA or pu2 and radiated with 10 Gy
as described above. Cells were collected and lysed in
RIPA buffer [50 mmol/ml Tris-HCl (pH 8.0), 150 mmol/ml
NaCl, 1% IGPAL, 0.5% sodium deoxycholate, 0.1% SDS]
containing 1 mM sodium orthovanadate, 0.5 mM PMSF,
10 μg/ml aprotinin, 10 μg/ml leupeptin and resolved on
SDS-PAGE. After overnight transfer onto a PVDF mem-
brane, the blot was blocked with 6% non-fat dry milk in
PBS and 0.1% Tween-20. The blot was incubated with
primary antibody, followed by HRP-conjugated anti-mouse
or anti-rabbit secondary antibody. Signals were detected
using the ECL system (Amersham Bioscience). Comparable
loading of proteins on the gel was verified by re-probing
the blots with an antibody specific for the housekeeping
gene product, GAPDH.

Spheroid migration. Multicellular IOMM-Lee spheroids
were cultured in 96-well ultra low attachment plates.
Briefly, 5x104 cells per well were seeded and cultured on a
shaker at 100 rpm for 48 h at 37˚C. After single spheroids
formed, cells were transfected with mock, pSV, puPA or pu2.
Twelve hours after transfection, the spheroids were radiated
with 10 Gy, transferred to 8-well chamber slides, and allowed
to grow for another 24 h. The results were observed under a
light microscope and the migration distance was measured
using Image Pro Discovery software.

Matrigel invasion assay. IOMM-Lee cells were transfected
with mock, pSV, puPA or pu2 and radiated as described
above. After 6 h, cells were trypsinized and 2.5x105 cells
were placed into matrigel-coated transwell inserts with a
8-μm pore size. Cells were allowed to migrate through the
matrigel for 24 h. Then, cells in the upper chamber were
removed with a cotton swab. The cells that adhered on
the outer surface of the transwell insert and had invaded
through the matrigel were fixed, stained with Hema-3
(Fisher Scientific), and counted under a light microscope
as described previously (17).

In vitro angiogenesis assay. Tumor conditioned medium-
induced microtubule network formation was determined as
described previously (17). Meningioma cells were trans-
fected and radiated as described above. Conditioned medium

was collected and added to human microvascular endo-
thelial cells (HMEC-1), derived from dermis and provided
by Dr Francisco J. Candal (Centers for Disease Control and
Prevention, Atlanta, GA, USA), that were seeded the previous
day in 96-well plates coated with matrigel. HMEC-1 were
incubated overnight and the formation of the microtubule
networks was examined using a phase-contrast microscope
equipped with a CC camera and evaluated by Discovery
Image Pro software. All experiments were repeated at least
three times. Results are presented as the means ± SE of
eight fields.

Animal studies. IOMM-Lee cells (5x106) were injected
subcutaneously into the flank position of 6-8-week old female
nude mice. After two weeks, when the tumors reached 4-5 mm
in diameter, animals were separated into 4 treatment groups
of 10 animals each. Animals were treated on alternate days
with intratumoral injections of pSV, puPA or pu2 for a total
of four doses (60 μg/dose). Control animals were injected
with PBS only (Mock). Between the first and the second
injections, and the second and the third injections, 5 animals
from each group were radiated with a dose of 5 Gy, each
time. During radiation treatment, the entire mouse body
except the tumor area was covered with lead sheets so only
the tumor would be exposed to the radiation. Subcutaneous
tumor growth was measured every 3 days with vernier
calipers. Tumor volume was calculated using the formula:
π/6 X (Rmax x Rmin

2), where R = tumor diameter. Regression
in subcutaneous tumor growth was followed for up to 3 weeks.
Mice were euthanized when the tumor diameter in control
mice measured between 11 and 12 mm. Subcutaneous tumors
were removed and fixed in buffered formaldehyde. Paraffin-
embedded subcutaneous tumor sections were stained with
H&E using standard histological techniques.

For immunohistochemical analyses for uPA and uPAR
or vessel staining, the sections were deparaffinized in
xylene and rehydrated through graded ethanol. Antigen
retrieval was carried out by treating sections with 0.1%
Triton X-100 and 0.1% sodium citrate buffer (pH 6.0) for
20 min. Following quenching of endogenous peroxidase
activity and blocking of non-specific binding, sections were
incubated overnight at 4˚C with an anti-uPA, anti-uPAR or
CD31 antibody (endothelial surface marker) (1:100 dilution).
Next, sections were treated with HRP-conjugated secondary
antibody (1:200 dilution) for 30 min at RT. Immunoloca-
lization was accomplished by exposing sections to 0.05%
3,3'-diaminobenzidine tetrahydrochloride (DAB) as the
chromogen. Non-specific IgG (Mouse IgG) was used in the
place of primary antibody as a negative control. The slides
were counterstained with Mayer's hematoxylin and mounted.
All microscopy studies were performed using a microscope
attached to a CC camera and set to auto.

Statistical analysis. All data are presented as means ± standard
errors (SE) of at least three independent experiments, each
performed at least in triplicate. One-way analysis of variance
(ANOVA) combined with the Tukey post-hoc test of means
were used for multiple comparisons in cell culture expe-
riments. Statistical differences are presented at probability
levels of p<0.05, p<0.01 and p<0.001.
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Results

Radiation increases activity and quantity of uPA. Radiation
is shown to enhance invasiveness of several types of
tumor cells via stimulating the expression of proteolytic
molecules, including uPA (7-9,20). To determine whether
radiation increased uPA expression in IOMM-Lee cells, we
studied the dose- and time-dependency of uPA expression

and activity in the initial experiments. Irradiated IOMM-Lee
cells that received different doses of x-rays were incubated
for different time-points. Conditioned medium was analyzed
for uPA activity using fibrinogen zymography. As shown in
Fig. 1A, uPA activity increased with dose (5 vs. 10 Gy of
radiation) and with time (6 vs. 12 h); uPA decreased there-
after. Densitometric analysis of the fibrin zymogram demon-
strated that after 6 h, uPA activity was significantly increased
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Figure 1. Radiation increases the expression uPA and other signaling pathway molecules in IOMM-Lee cells. (A) Fibrinogen zymography using the
conditioned medium from IOMM-Lee cell cultures radiated with 5 or 10 Gy and controls for the indicated time-points. Equal amounts of total protein (0.5 μg)
were resolved for each sample. Mean densitometric values ± SEM were calculated and plotted as a histogram. *Statistically different compared to respective
control and radiated groups (p<0.05). (B) RT-PCR analysis for uPA expression. Total RNA was extracted from IOMM-Lee cells incubated in serum-free
medium for 6 h after cells were radiated (with 10 Gy) or not irradiated (mock). GAPDH was used as a loading control. Mean densitometric values ± SEM were
calculated and plotted as a histogram. *Statistically different compared to control and radiated groups (p<0.05). (C) EGFR, through ERK1/2 and p38 and to a
lesser extent, pI3K/AKT, mediates radiation-induced uPA in IOMM-Lee cells. Fibrinogen zymography of conditioned medium, and Western blot
analysis of cell lysates from IOMM-Lee cells. Cells were treated with specific inhibitors of JNK (SP600125) (15 μM), ERK1/2 (U0126) (10 μM), p38
(SB203580) (10 μM), AKT (AKT inhibitor IV) (10 μM), pI3K (LY294002) (20 μM) and EGFR (AG1478) (10 μM) for 30 min before they were radiated
with 10 Gy and subsequently incubated for 6 h in serum-free medium. Conditioned medium was collected and 0.5 μg of total protein was used for fibrinogen
zymography to detect uPA activity. Equal amounts of total proteins from cell extracts were resolved by SDS-PAGE and probed with antibodies against
phosphorylated JNK, ERK1/2, p38, AKT, EGFR and total JNK1/2, ERK1/2, p38, AKT and EGFR. GAPDH was used as a loading control. Experiments were
repeated at least three times.
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as compared to the control (mock). After 12 h, uPA activity
was further increased and uPA activity reached saturation
point at 24 h. Based on these results, we chose a dose of
10 Gy and a 6-h time-point for the remaining experiments.
To quantify mRNA transcripts levels, we performed RT-
PCR analysis, which revealed that radiation induced uPA
expression at the transcriptional level (Fig. 1B). The quanti-
fication of mRNA levels using densitometric analysis showed
a 65% increase of uPA levels in irradiated IOMM-Lee cells
(Fig. 1B).

Radiation-induced uPA secretion via ERK1/2 and p38 path-
ways. uPA expression is mediated through growth factor
receptors like EGFR, and signaling pathways like ERK1/2,
p38 MAP kinase and pI3K-AKT (21-24). To determine
which signaling pathways were affected by radiation-induced
uPA expression, we performed Western blot analysis using
cell lysates from irradiated IOMM-Lee cells. As shown in
Fig. 1C, radiation at 10 Gy increased phosphorylation of
ERK1/2, p38 and JNK significantly, but not phosphorylation
of AKT. At a concentration of 10 μM, the specific inhibitor
of ERK1/2, U0126, inhibited both basal and radiation-induced

uPA secretion. A similar effect was observed with a p38
inhibitor, SB203580. The PI3K inhibitor (LY294002) and
AKT inhibitor (AKT inhibitor IV) only partially reduced
radiation-induced uPA induction. In contrast, SP600125, a
JNK inhibitor, did not have any effect on uPA expression
levels (Fig. 1C). Inhibition of the PI3K/AKT signaling path-
way increased the phosphorylation status of ERK1/2,
which is consistent with previous studies (25). However, uPA
expression was not significantly inhibited after pI3K/AKT
blockade (Fig. 1C). Taken together, these results indicate
that radiation-induced uPA expression is mediated by the
ERK1/2 and p38 signaling pathways, and partially through
the PI3K/AKT signaling pathway.

Radiation induces uPA expression via epidermal growth
factor receptors (EGFR). Because meningioma tumor cells
express distinct levels of EGFRs (26,27), we next examined
whether EGFR is implicated in radiation-induced uPA
secretion in IOMM-Lee cells. Indeed, inhibition of EGFR
phosphorylation by a specific inhibitor, AG1478, decreased
both basal and radiation-induced uPA levels in a dose-
dependent manner (data not shown for the dose-dependent
effect), and also reduced phosphorylation of downstream
molecules ERK1/2, p38 and AKT (Fig. 1C). Collectively,
the results indicate that radiation-induced uPA expression
is mediated via the EGFR/MEK/ERK and EGFR/MEK/p38
pathways in the IOMM-Lee meningioma cell line.

puPA and pu2 downregulate radiation-induced uPA activity
and uPAR levels. To determine the effect of the down-
regulation of uPA and uPAR levels in irradiated cells
using siRNA constructs for uPA (puPA) and for both uPA
and uPAR (pu2), we transfected IOMM-Lee cells with mock
(PBS), pSV, puPA or pu2 for 48 h and then cells were
radiated with 10 Gy. Six hours later, conditioned medium was
collected and fibrin zymography performed to assess uPA
activity and Western blotting performed from cell lysates for
uPAR levels. As shown in Fig. 2A, we observed significant
inhibition of uPA activity in both irradiated and non-irradiated
samples, transfected with either puPA or pu2. In addition,
cell lysates of pu2-transfected IOMM-Lee cells showed
significant reduction of uPAR expression levels (Fig. 2A)
in both irradiated and non-irradiated conditions.

puPA and pu2 decrease cell proliferation. To determine
the effect of radiation-induced uPA on cell proliferation of
puPA- or pu2-treated IOMM-Lee cells, we performed the
MTT proliferation assay. puPA- and pu2-treated cells
showed significant reductions in cell proliferation after
radiation as compared to the controls and non-radiated cells
(Fig. 2B). The reduction in cell proliferation in irradiated
cells vs. non-irradiated cells may be due to DNA damage
caused by x-ray radiation, which might enhance delay in
progression of the cell cycle.

puPA and pu2 decrease radiation-induced migration and
invasion. Recent studies have highlighted the ability of
radiation to enhance tumor cell migration and invasion in
cells that received a sublethal dose through the upregulation
of proteolytic molecules (28). With the significant increase
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Figure 2. puPA and pu2 siRNA inhibit radiation-induced uPA and uPAR.
(A) Cells were transfected with mock, pSV, puPA or pu2 and 18 h later,
cells were radiated with 10 Gy and incubated in serum-free medium for
6 h. Conditioned medium (0.5 μg) was used for fibrinogen zymography
and equal amounts of total protein from cell extracts were resolved on
SDS-PAGE and probed with anti-uPAR primary antibody. GAPDH was
used as a loading control. (B) MTT proliferation assay. Cells were trans-
fected with the plasmids and irradiated as described above. Six hours later,
cells were trypsinized and 2x104 cells were seeded on 96-well plates (eight
wells per treatment). Cell proliferation was measured at 24, 48 and 72 h
as described in Materials and methods. The bars represent the means ± SE
of three different experiments. *Statistically different compared to control
and puPA or pu2 treated groups or IR+control and IR + puPA or IR + pu2
groups (p<0.05).
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of uPA levels in the conditioned medium of irradiated IOMM-
Lee cells, we examined the effect of radiation on cell
migration and invasion. We noticed that radiation at a dose of
10 Gy significantly enhanced spheroid migration by ~65%
compared to the non-irradiated controls (Fig. 3A and C).
However, transfection with puPA and pu2 significantly
inhibited migration by 79.66 and 80.47%, respectively as
compared with the mock and pSV controls (Fig. 3C), but
in irradiated cells the migration was inhibited with puPA

and pu2 ~94 and ~95% respectively compared with mock
and pSV controls.

We also observed a significant inhibition of the number
of cells that invaded through transwell inserts coated with
matrigel in both puPA- and pu2-treated IOMM-Lee cells
(Fig. 3B). To facilitate the comparison of the relative
invasiveness between irradiated and non-irradiated cells,
all values were normalized to the percentage invasion of
mock control cells, which was taken as 100% (Fig. 3D).
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Figure 3. Inhibition of radiation-induced migration from tumor spheroids and invasion through matrigel. (A) After IOMM-Lee cells formed single spheroids,
they were transfected with mock, pSV, puPA or pu2 and transferred to 8-well chamber slides and irradiated with 10 Gy. Spheroids were allowed to grow in
serum-free medium for 24 h and were photographed under a light microscope. (B) Matrigel invasion assay of IOMM-Lee cells transfected for 24 h and then
radiated with 10 Gy. After 6 h, 2.5x105 cells were plated on matrigel-coated transwell inserts. Invasion was allowed for 24 h, and then inserts were stained
with HEMA stain. Cells that had migrated through the matrigel were counted and photographed under a light microscope. (C) Migration from the spheroids
was measured using Image-Pro Discovery software. Average values of three separate experiments are shown and bars represent the means ± SE. *Statistically
different compared to control and puPA or pu2 treated groups or IR+control and IR + puPA or IR + pu2 groups (p<0.01). (D) Quantification of invading
cells. The bars represent the means ± SE of three different experiments. *Statistically different compared to control and puPA or pu2 treated groups
or IR+control and IR + puPA or IR + pu2 groups (p<0.01).
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Quantification of the cells that invaded through the trans-
well inserts showed that irradiated IOMM-Lee cells invaded
~75% more than non-irradiated cells (Fig. 3D). Treatments
with puPA and pu2 significantly decreased invasion as com-
pared with the irradiated mock and pSV controls (Fig. 3D).
Notably, irrespective of radiation, treatments with puPA
and pu2 decreased invasion of cells by ~50 and ~35%,
respectively.

puPA and pu2 inhibit radiation-induced capillary network
formation in HMEC-1. Proteolytic molecules that are induced
by radiation, such as uPA, have been implicated in tumor
angiogenesis (29). Because uPA and uPAR have been reported
to regulate angiogenesis, we next assessed the effect of
pu2 on radiation-induced angiogenesis. To evaluate tumor-
induced vessel formation in an in vitro co-culture system,
conditioned medium from irradiated IOMM-Lee cells was
added to HMEC-1 monolayers. Radiation treatment enhanced
capillary-like network formation by 30%, whereas pre-treat-
ment of tumor cells with puPA and pu2 significantly blocked
the angiogenic process as compared to the tumor conditioned
medium from irradiated and non-irradiated mock and pSV-
transfected IOMM-Lee cells (Fig. 4).

Quantification of the branch points per field was extremely
low in pu2-transfected co-cultures when compared with
mock and pSV-transfected cells. The effect was <20% and
<26% less in irradiated and non-irradiated pu2-transfected
co-cultures, respectively compared to control co-cultures
(Fig. 4).

puPA and pu2 treatments plus radiation suppress tumor
growth in vivo. To study the in vivo effect of RNA inter-
ference and radiation simultaneously, we injected the human
meningioma cell line IOMM-Lee to generate subcutaneous
tumors in athymic nude mice as described in Materials and
methods. Fig. 5A shows that drastic reduction in tumor
growth of the radiated xenografts in puPA- and pu2-treated
animals as compared to mock and pSV-treated controls. pu2
treatment along with radiation had a synergistic effect on
preventing tumor progression (Fig. 5A). Further, pu2 treat-
ment alone inhibited tumor growth compared to puPA non-
irradiated groups and controls. Tumor volume quantification
indicated a significant reduction of 75 and 95% in tumor size
in pu2-treated non-irradiated and irradiated animals (P<0.01)
respectively, as compared with mock and pSV-treated control
animals (Fig. 5B).

puPA and pu2 treatment inhibits expression of uPA, uPAR,
and CD31 in vivo. To correlate the in vitro results with
in vivo experiments, we analyzed expression of uPA, uPAR
and CD31 in tissue sections of IOMM-Lee meningioma
subcutaneous tumors raised in nude mice. Immunohisto-
chemical analysis revealed that both uPA and uPAR were
expressed more in the radiated as well as mock and pSV-
treated mice xenografts. In contrast, siRNA treatment speci-
fically inhibited the expression of uPA and uPAR in vivo
(Fig. 6). Sections from mice treated with mock and pSV
exhibited high expression levels of uPA and uPAR and, as
expected, radiation treatment increased uPA and uPAR
expression further. In contrast, the decreased immuno-
reactivity of uPA and uPAR in tumors from the puPA- and
pu2-treated mice serves as evidence that the downregulation
of uPA and its receptor reduce tumor growth (Fig. 6, middle
panel). To determine whether the inhibition of uPA and
uPAR affected angiogenesis, the sections were stained with
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Figure 4. Downregulation of uPA and uPAR decreases radiation-induced
tumor angiogenesis. (A) Conditioned medium from IOMM-Lee cells, which
were transfected with mock, pSV, puPA or pu2 and subsequently radiated
with 10 Gy, was added to human microvascular endothelial cells (HMEC-1)
pre-seeded on matrigel-coated 96-well plates. After overnight incubation,
HMEC-1 were observed for capillary-like network formation and photo-
graphed under a light microscope. (B) Angiogenic effect was measured by
counting the relative branch-points. Bars represent the means ± SE of three
different experiments. *Statistically different compared to control and puPA
or pu2 treated groups or IR+control and IR + puPA or IR + pu2 groups
(p<0.01).
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CD31 antibody (Fig. 6, bottom panel), which allows for
the visualization of blood vessels. A significant reduction of
stained vessels was observed in tumor sections from puPA-
and pu2-treated animals (both irradiated and non-irradiated
groups) when compared with tumor sections from mock
and pSV treated groups. Thus, targeting uPA and uPAR
expression along with radiation effectively prevented the
growth of meningioma xenograft tumors.

Discussion

Radiation is widely used for the treatment of meningiomas
even after gross total resection and especially after subtotal
excision (2,3). Although radiation is an established treatment
for several types of tumors, recent studies indicate that radiation
may also increase the invasive potential of cells that received
sublethal doses (7-9). Here, we studied the effect of radiation
in combination with uPA and uPAR downregulation on
the malignant meningioma cell line IOMM-Lee. During
the preliminary experiments, we noticed that uPA activity
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Figure 5. puPA and pu2 along with radiation suppress subcutaneous tumor
growth in athymic nude mice. (A) IOMM-Lee cells (5x106) were injected
subcutaneously into athymic nude mice. After tumors reached 4-5 mm
in diameter, mice were treated intratumorally with mock or with 4 doses
(60 μg/dose) of pSV, puPA or pu2. Between the injections, animals were
irradiated twice with 5 Gy as described in Materials and methods. Three
weeks after treatments were completed, animals were sacrificed and tumors
removed, measured and photographed. (B) Tumor volume was measured
as described in Materials and methods. Tumor volumes are shown as
symbols and the average values of all tumor volume is shown as horizontal
solid line (5 animals per treatment group) (p<0.01).

Figure 6. puPA or pu2 downregulate radiation-induced uPA, uPAR and CD31 in tumor xenografts. Hematoxylin and eosin staining of sections from IOMM-
Lee xenograft tumors (top) and immunohistochemical analyses for uPA (second from top), uPAR (second from bottom) and CD31 (bottom) using specific
antibodies for uPA, uPAR and CD31.
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increases as a cellular response to sublethal doses of radiation.
Next, we elucidated the possible role of signaling pathways,
which are commonly activated in irradiated cells, in uPA
regulation. Subsequently, we used RNA interference to down-
regulate uPA alone or in combination with its receptor uPAR,
in irradiated and non-irradiated cells. Our results show that
siRNA against uPA and uPAR inhibited invasion and tumor-
induced angiogenesis of irradiated IOMM-Lee cells, and
also suppressed tumor growth in vivo. In essence, radiation
sensitization enhanced siRNA against uPA and uPAR in a
synergistic manner.

Because sublethal doses of radiation are capable of
activating growth factor receptors and pro-survival signaling
pathways, they have the potential to augment cell proliferation
and resistance (5,8). Radiation activates auto-phosphorylation
of EGFR and enhances the activity of protein tyrosine kinase
without ligand interaction. In turn, the auto-phosphorylation
of EGFR triggers downstream pathways. Radiation causes a
rapid reactive oxygen species-dependent activation of ERBB
family and other tyrosine kinases, leading to the activation of
RAS proteins and multiple protective downstream signaling
pathways like AKT, ERK1/2 and JNK, which alter tran-
scription factor function and the apoptotic threshold of cells
(5). Further, cell growth regulating pathways, such as RAF-1,
MEK1/2-ERK1/2, p38 and pI3K-AKT, are shown to be down-
stream responses of radiation-induced activation of EGFR
family receptors (8,29). There are reports showing that the
level of EGFR is associated with degree of radio-resistance
(8,30). In the current study, Western blots using phospho-
specific antibody confirmed that radiation enhances phos-
phorylated signals of ERK, JNK, p38, and AKT, as well as
auto-phosphorylation of EGFR. This protein phosphorylation
was inhibited by pre-treatment with each specific inhibitor
in IOMM-Lee cells (Fig. 1C).

uPAR is associated with integrins and is known to mediate
cellular motility via extracellular matrix components such as
vitronectin (31). In addition to integrin-mediated signaling
pathways, uPAR is associated with other signaling pathways
in variety of tumor cells (21-24). In this study, radiation
augmented phosphorylation of p38, ERK1/2 and JNK MAP
kinases. However, both a p38 MAP kinase inhibitor and an
ERK1/2 inhibitor, but not a SAPK/JNK inhibitor, inhibited
radiation-induced uPA expression. These results confirm that
radiation-induced uPA expression is mediated through the
EGFR/p38 and EGFR/ERK-dependent MAP kinase path-
ways.

Cell migration, defined as locomotion of a cell over an
extracellular matrix (ECM) substratum, involves extension
and binding of integrins and other adhesion receptors to
their ECM ligands. The interaction of uPA with uPAR at the
invading front of the cells initiates cellular events that are
mediated by integrins. Binding of uPA to uPAR activates
plasmin, which in turn, degrades the ECM and enables cell
migration. The uPA-uPAR system is known to interact with
several molecules on the cell surface (e.g., integrins, vitro-
nectin, caveolin and G protein-coupled receptor) and also
to be involved in other cell signaling processes (32,33). As
a result of this cascade, various growth factors are induced
(e.g., bFGF, VEGF, HGF), which in turn, can upregulate uPA
and uPAR and act as positive feedback (34,35). Furthermore,

the expression of both uPA and uPAR correlates with invasive
cancer cell phenotype and poor prognosis (36). Several reports
have correlated the invasive and metastatic potential of tumor
cells with activity and expression of uPA in different cancer
cell lines (11,36,37). In addition, studies have shown that sub-
lethal doses of radiation promote migration and invasiveness
in glioma cell line (28). In the present study, as shown by
Western blotting and zymography, transient transfection with
pu2 decreased endogenous levels of uPAR expression and
uPA activity in IOMM-Lee cells, with or without radiation.
Moreover, the migration and invasion studies showed slight
migration or invasion of cells from spheroids transfected
with pu2, with or without radiation.

Angiogenesis, the process by which new branches grow
from existing vessels, requires the degradation of the vascular
basement membrane and remodeling of the ECM to allow
endothelial cells to migrate and invade into the surrounding
tissue. As such, the uPA-uPAR system plays a central role
in cell migration, adhesion and angiogenesis (27). Because
migration and invasion are the initial steps for angiogenesis,
we examined whether radiation inducing angiogenesis. In
our in vitro experiments on HMEC-1 capillary network
formation, the conditioned medium from irradiated cells
increased angiogenesis in comparison to non-irradiated cells
and angiogenesis was inhibited in tumor conditioned medium
either from puPA/pu2 treated alone or in combination with
radiation treated IOMM-Lee cells, compared to mock and
pSV treated controls.

Our result suggested that the downregulation of both
uPA and uPAR is more effective in inhibiting migration,
invasion and angiogenesis than the downregulation of
either of the molecules alone. These results confirm our
previous studies in which uPA and uPAR downregulation
inhibited invasion, migration, angiogenesis and survival in
different cancer cells (17-19,38-41).

Because uPA and uPAR are frequently overexpressed in
many cancers, uPA is believed as an important target molecule
for cancer therapy. Furthermore, many studies of clinical
tumor samples have correlated tumor progression with high
levels of uPA expression and, in some cases, poor patient
post-operative survival (42,43). In vivo therapies that target
uPA or uPAR in various cancers have been shown to suppress
tumor growth (44,45). Resnati et al (33) observed increased
metastatic dissemination along with uPAR overexpression in
human melanoma xenografts after subcurative radiation treat-
ment. Here, we show that siRNA can effectively suppress
uPA-uPAR expression in IOMM-Lee subcutaneous tumors
(Fig. 5). Furthermore, the in vivo treatment of pre-established
subcutaneous tumors with siRNA demonstrated an almost
complete inhibition of tumor growth, whereas only a partial
reduction was observed with siRNA against uPA. However,
immunohistological analysis for uPA and uPAR in puPA- or
pu2-treated xenograft tumor sections of radiated and non-
radiated mice showed a relationship with reduction in tumor
size. Immunoreactivity of CD31, an endothelial cell marker,
was reduced in tumor xenografts treated with either puPA
or pu2, indicating a reduction of tumor angiogenesis. Notably,
the combination of radiation and siRNA for uPA and uPAR
demonstrated the most prominent suppression of angio-
genesis, indicating a possible synergistic effect.
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Once again, these results show that the simultaneous
downregulation of uPA and uPAR is more effective in inhi-
biting migration, invasion and angiogenesis than the down-
regulation of either molecule alone. The present study goes
further and shows that the simultaneous downregulation of
uPA and uPAR decreases even radiation-induced migration,
invasion and angiogenesis in IOMM-Lee cells in vitro and
suppresses tumor growth in subcutaneous xenograft tumors
in vivo. In conclusion, the combined use of RNAi-based gene
therapy and radiation has great potential for the treatment
of meningiomas and possibly other brain tumors.
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