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Glioblastomas present as diffuse tumors with invasion
into normal brain tissue and frequently recur or progress
after radiation as focal masses because of glioma-initiat-
ing cells. The role of the urokinase-type plasminogen ac-
tivator receptor (uPAR) and cathepsin B in stem-like
phenotype has been extensively studied in several solid
tumors. In the present study, we demonstrated that selec-
tion of glioma-initiating cells using CD133 expression
leads to a specific enrichment of CD1331 cells in both
U87 and 4910 cells. In addition, CD1331 cells exhibited
a considerable amount of other stem cell markers, such
as Nestin and Sox-2. Radiation treatment significantly
enhanced uPAR and cathepsin B levels in glioma-initiat-
ing cells. To downregulate radiation-induced uPAR and
cathepsin B expression, we used a bicistronic shRNA
construct that simultaneously targets both uPAR and ca-
thepsin B (pCU). Downregulation of uPAR and cathep-
sin B using pCU decreased radiation-enhanced uPAR
and cathepsin B levels and caused DNA damage-
induced apoptosis in glioma cell lines and glioma-initiat-
ing cells. The most striking finding of this study is that
knockdown of uPAR and cathepsin B inhibited
ongoing transcription by suppressing BrUTP incorpora-
tion at gH2AX foci. In addition, uPAR and cathepsin B
gene silencing inversely regulated survivin and H2AX
expression in both glioma cells and glioma-initiating
cells. Pretreatment with pCU reduced radiation-en-
hanced expression of uPAR, cathepsin B, and survivin
and enhanced DNA damage in pre-established glioma
in nude mice. Taken together, our in vitro and in vivo
findings suggest that uPAR and cathepsin B inhibition
might serve as an adjunct to radiation therapy to target

glioma-initiating cells and, therefore, for the treatment
of glioma.
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G
lioblastoma (GBM) is one of the most frequently
occurring primary brain tumors and is character-
ized by aggressive clinical behavior and biologic

heterogeneity. GBMs are the most lethal brain tumor,
with a median survival of less than 12 months because
of resistance to radiation and other treatments.1 GBMs
present as diffuse tumors with invasion into normal
brain tissue but frequently recur or progress after radia-
tion as focal masses, which suggests that only a fraction
of tumor cells is responsible for regrowth; these cells are
known as glioma-initiating cells (GICs) or cancer stem
cells (CSC).2 Despite controversial results CD133 is the
most accredited stem cell marker that confers radioresis-
tance to glioma.3–5 The human CD133 protein has re-
cently gained attention as a cell-surface marker that
can be used to isolate GICs.6

The histone variant H2AX is a major guardian of the
genome and has been previously associated with cell
death after cytotoxic therapy.7 In addition, depletion
of H2AX has been demonstrated to cause genome insta-
bility and, consequently, carcinogenesis.8,9 Furthermore,
H2AX knockout mice are prone to develop tumors.10

H2AX is involved in various molecular events, such as
DNA damage response, chromatin remodeling, gene si-
lencing, and apoptosis.11,12 In addition, phosphoryla-
tion of H2AX is reported to inhibit transcription by
inhibiting assembly of the transcription complex
without heterochromatin formation.13,14

Apoptosis is an evolutionarily conserved multistep
cascade regulated by proteins that promote or counter-
act apoptotic cell death. Survivin, a unique member of
inhibitors of apoptosis proteins (IAPs), has recently at-
tracted many researchers because of its broad
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distribution, evolutionary conservation, and anti-
apoptotic activity.15 Moreover, survivin has greater po-
tential for inhibition of apoptosis than any other apopto-
tic inhibitor, including Bcl2.16 Recently, the
anti-apoptotic function of survivin in relation to
H2AX was reported in urothelial carcinoma.17

uPAR anchors uPA to the cell membrane, interacts
with many potential ligands, and associates with
several members of integrin family, which indicate its
strong involvement in cell adhesion and migration.18

uPAR is also involved in the initiation of several intracel-
lular signal-transduction pathways, including MEK–
ERK and JAK–STAT pathways that involve cytoskeletal
components and cytosolic and transmembrane
kinases.19 Both uPAR and cathepsin B are known to be
associated in close proximity to aVß3 integrins and
have been implicated in their ability to initiate signaling
events.20 uPAR and cathepsin B have been implicated in
the maintenance of the malignant phenotype in
glioma.21,22 Recent reports demonstrated that uPAR
and cathepsin B are also involved in the maintenance
of the stem-like phenotype in solid tumors.23,24

However, the role of uPAR and cathepsin B has not
been reported in glioma stem cells. In the present
study, uPAR and cathepsin B were targeted using small
interfering RNA (siRNA) to understand the molecular
mechanisms involved in the glioma stem-like phenotype.
Our previous study has demonstrated that gene silencing
using siRNA against uPAR and cathepsin B induced ap-
optosis in glioma.25

In the present study, we demonstrate that downregu-
lation of uPAR and cathepsin B enhanced
radiation-induced apoptosis in glioma cell lines
(non-GICs) and GICs. Moreover, knockdown of uPAR
and cathepsin B decreased survivin expression by inhib-
iting run-on transcription in both non-GICs and GICs.
Our gene silencing experiments further demonstrate
that uPAR and cathepsin B downregulation enhanced
expression of gH2AX and H2AX by inhibiting c-Met
signaling. Therefore, the activation of programmed cell
death or apoptosis using siRNA against uPAR and ca-
thepsin B in CSCs could be a promising strategy for
the treatment of glioma.

Materials and Methods

Ethics Statement

The Institutional Animal Care and Use Committee of the
University of Illinois College of Medicine at Peoria ap-
proved all surgical interventions and post-operative
animal care. The consent was written and approved.

Cell Lines

The U87 glioma cell line was obtained from the
American Type Culture Collection; 4910 glioma xeno-
graft cells were kindly provided by Dr. David James
(University of California-San Francisco, San Francisco,
CA). U87 and 4910 cells were grown in DMEM

medium and RPMI 1640 medium, respectively, and sup-
plemented with 10% FBS and 1% penicillin/streptomy-
cin. GICs were isolated from the U87 glioma cells and
4910 glioma xenograft cells (non-GICs) and cultured
in DMEM/F-12 medium containing LIF (10 ng/mL),
hEGF (20 ng/mL), bFGF (20 ng/mL), and N2
supplements.

CD133 Staining and FACS Sorting

For FACS analysis and purification, glioma cells en-
riched in DMEM/F-12 medium plus growth factors
were dissociated, washed, and incubated with
PE-conjugated CD133 antibody (Milteny Biotech) at a
dilution of 1:10 in phosphate-buffered saline (PBS)–
bovine serum albumin (BSA) for 30 min at 48C. For
the control, cells were incubated with an isotype IgG an-
tibody. Dead cells were analyzed and excluded using
trypan blue at 1:1000 (FL3 channel). Expression level
analysis and sorting were done on FACScan and
FACSAria, respectively (BD Bioscience). Purified cells
were collected and cultured in DMEM/F-12 medium
plus growth factors.

Secondary Neurosphere Formation Assay

After primary spheres formed and reached 100–200
cells, they were dissociated into single cells and plated
onto a 96-well plate for the secondary neurosphere for-
mation assay by limiting dilution as described previous-
ly.26 In brief, the cells in single cell suspension were
diluted and plated at 1–2 cells/well. Cells were fed by
changing half the medium every 2 days. The wells
were scored for sphere formation after 14 days.

Culture and Transfection Conditions

Unless otherwise mentioned, all cultures were performed
in 100-mm culture plates. All transfections were per-
formed using FuGene HD transfection reagent accord-
ing to the manufacturer’s protocol (Roche Applied
Science). U87 and 4910 cells (non-GICs or GICs) were
transfected with scrambled vector (pSV), a bicistronic
shRNA construct targeting uPAR and cathepsin B
(pCU) or siRNA against H2AX (pH2AX) (SC: 62464;
Santa Cruz Biotechnology) as described elsewhere.27

At 48 h (non-GICs) or 24 h (GICs) after transfection,
they were treated with 10 Gy radiation and incubated
for another 24 or 48 h in CO2 incubator. for overexpres-
sion of H2AX, non-GICs or GICs were transfected with
a plasmid expressing full-length human cDNA clone of
H2AX (FLH; SC 125294; OriGene Technologies) for
24 h and treated with 10 Gy radiation for another
24 h. Met Inhibitor-PHA-665752 hydrate (10mM)
(PHA) was used in the present study.

Immunofluorescent Assay

For immunofluorescent staining of undifferentiated neu-
rospheres, spheres were plated onto 4-well chamber
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slides in DMEM/F-12 medium containing 10% FBS for
2 h. Cells were then fixed with 4% paraformaldehyde
and stained with anti-CD133, anti-Nestin, anti-Sox-2,
and anti-Tuj-1 antibodies and analyzed with a confocal
microscope (Olympus BX61 Fluoview). Overlay of
images was done using SPOT Advanced software (for
Windows, version 4.0.8).

FACS analysis

For identification of stem cell markers, U87 and 4910
GICs were dissociated, washed with PBS, pelleted at
1000 rpm for 5 min, and resuspended at a concentration
of 1 × 106 cells/mL in PBS. Cells were then incubated
with HRP-conjugated or fluorescein-conjugated
CD133, Nestin, Sox-2, and Tuj-1 antibodies for 1 h on
ice; pelleted; and washed 3 times with PBS to remove
excess primary antibody. Isotype IgG was used as a
control. Cells that were incubated with
HRP-conjugated primary antibodies were then resus-
pended in 1 mL of PBS containing Alexa Fluor-labeled
secondary antibody and incubated for 1 h on ice. After
3 washes with PBS, cells were analyzed on a Counter
EPICS XL AB6064 flow cytometer (Beckman
Counter). For cell cycle analysis, U87 and 4910
non-GICs and GICs were washed with PBS, pelleted at
1000 rpm for 5 min, and resuspended in 50 mg/mL of
propidium iodide at a concentration of 1 × 106 cells/
mL. After 30 min of incubation at 48C, the DNA
content was analyzed using a flow cytometer.

TUNEL Assay and Run-On Transcription Assay

TUNEL assay was performed as described previously25

using an In Situ Cell Death Detection Kit (Roche
Diagnostics). In run-on transcription experiments,
BrUTP incorporation into cell nuclei for the detection
of RNA synthesis was performed using a scratch labeling
method.13 Here, GICs and non-GICs were plated onto
4-well chamber slides and treated with pCU and radia-
tion as described previously, and 150 mL of medium
containing BrUTP (SC: 70443, Santa Cruz
Biotechnology) at a final concentration of 5 mM were
added to each well. With the tip of a hypodermic
needle, a series of parallel scratches were made about

0.5 mm apart in 2 directions: from top to bottom and
from left to right. After 30 min, cells were washed with
PBS, fixed with ice-cold 4% paraformaldehyde solution
in PBS for 10 min, and placed in 70% ethanol at 48C
overnight. After fixing, cells were incubated with a
mixture of anti-BrdU antibody plus anti-phospho
H2AX antibodies for 1 h, subsequently counterstained
with Alexa Fluor-conjugated secondary antibodies, and
analyzed under a confocal microscope (Olympus BX61
Fluoview). Overlay of images was done using SPOT
Advanced software (for Windows, version 4.0.8).

Western Blotting and Immunoprecipitation

For Western blot analysis, equal amounts of protein
fractionated on SDS-PAGE were immunoblotted with
primary antibodies and subsequently incubated with
species-specific, HRP-conjugated secondary antibodies
(Santa Cruz Biotechnology). Signals were detected
using the ECL Western blotting detection system
(Pierce). Unless otherwise mentioned, all primary anti-
bodies and species-specific secondary antibodies conju-
gated to HRP and Alexa Fluor used in this study were
obtained from Santa Cruz Biotechnology.

uPAR was immunoprecipitated from 500 mg of total
protein using anti-uPAR antibody and protein A coupled
with G agarose beads (20 mg). The precipitates were
washed 5 times with lysis buffer and once with PBS.
The pellet was then resuspended in 1X sample buffer
(50 mM Tris [pH, 6.8], 100 mM bromophenol blue,
and 10% glycerol), incubated at 908C for 10 min
before electrophoresis to release the proteins from the
beads, and immunoblotted for p-Met.

Reverse-Transcription Polymerase Chain Reaction
(RT-PCR)

Total RNA was extracted from the transfected cells
using TRIzol reagent (Invitrogen) according to standard
protocol. DNase-treated RNA was used as a template
for reverse transcription followed by PCR analysis
using specific primers as listed below. The PCR condi-
tions were as follows: 948C for 5 min, followed by 25
cycles of 948C for 30 s, 588C for 45 s, and 728C for
45 s. GAPDH was used as an internal control.

Gene Forward Primer Reverse Primer

uPAR 5′GCCTTACCGAGGTTGTGTGT3′ 5′CATCCAGGCACTGTTCTTCA3′

Cathepsin B 5′GCTACAGCCCGACCTACAAA3′ 5′CCAGTAGGGTGTGCCATTCT3′

CD133 5′CCAAGTTCTACCTCATGTTTGG3′ ACCAACAGGGAGATTGCAAAGC3′

Sox-2 5′CACCTACAGCATGTCCTACTC3′ 5′CATGCTGTTTCTTACTCTCCTC3′

Nestin 5′CGTTGGAACAGAGGTTGGAG3′ 5′TCCTGAAAGCTGAGGGAAG3′

TUJ-1 5′CTGCTGGCAGCTGGAGTGAG3′ 5′CATAAATACTGCAGGAGGGC3′

Survivin 5′ACCACCGCATCTCTAC3′ 5′TCCTCTATGGGGTCGT3′

H2AX 5′GGCCTCCAGTTCCCAGTG3′ 5′TCAGCGGTGAGGTACTCCAG3′

GAPDH 5′CGGAGTCAACGGATTTGGTCGTAT3′ 5′AGCCTTCTCCATGGTGGTGAAGAC3′
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Immunohistochemical Analysis

Stereotactic implantation of U87 and 4910 non-GICs
and GICs (1 × 105) was performed as described previ-
ously.28 Mice were divided into the following groups:
control, radiation alone, pCU treatment alone, and radi-
ation plus pCU. Radiation was given in 2 doses (5 Gy on
days 8 and 10), and pCU treatment was given using Alzet
mini-pumps at a flow rate of 0.25 mL/h. Mice were ob-
served for 30 days. Once control animals showed
chronic symptoms (about 30 days), the animals were eu-
thanized by cardiac perfusion using 10% buffered forma-
lin. The brains were removed, stored in 10% formalin,
and embedded in paraffin according to standard proto-
cols. Paraffin-embedded tumor sections were subjected
to rehydration by passing through a series of xylene and
100% and 90% ethanol. Sections were stained with he-
matoxylin and eosin (H&E) to characterize tumor
growth as described previously.25,29 In addition, tumor
sections were stained for cathepsin B, uPAR, survivin,
and H2AX and analyzed as described previously.

Results

Isolation and Identification of GICs

GBMs are heterogeneous, aggressive neoplasms contain-
ing GBM stem cells or GICs that exhibit the capacity for
unlimited growth as multicellular spheres in medium
and efficient tumor initiation in immunodeficient
animals. Therefore, isolation and characterization of
GICs have been considered to be extremely important
for better understanding the biochemical/molecular
pathways that support the stem-like tumor-initiating
phenotype.

To determine whether there is a population of cells
with the unique characteristics of stem cells and distinct
from normal glioma cells, we studied U87 glioma cells
and 4910 glioma xenograft cells. Primary cultures
were grown as monolayers attached to the bottom of
flasks in a medium containing FBS. We switched the
glioma cells into culture conditions known to be permis-
sive for stem cell proliferation,26 and neurosphere-like
colonies with 100–200 cells appeared in 1 week
(Supplementary Fig. S1A). The percentage of CD133+

cells were evaluated in primary glioma cells and freshly
dissociated glioma sphere cultures using flow cytometry
(Supplementary Fig. S1B). The results show that U87
and 4910 glioma cells enriched in DMEM/F-12
medium plus growth factors contained 12% and 18%
CD133+ cells, respectively, whereas glioma cells cul-
tured in their respective growth medium exhibited less
than 4% CD133+ cells. Furthermore, isolated GICs of
U87 and 4910 cells showed 98.4% and 98.8% expres-
sion of CD133, respectively, when subjected to FACS
analysis (Fig. 1A). CD133+ cells also exhibited a consid-
erable amount of other stem cell markers, including
Nestin (67.8% in U87 and 41.8% in 4910 GICs) and
Sox-2 (46% in U87 and 52.8% in 4910 GICs), at the
cell-surface level. However, expression of Tuj-1, a

lineage marker, was significantly less in both U87
(18.5%) and 4910 (5%) GICs. At the protein and
mRNA levels, significant enrichment of CD133,
Nestin, and Sox-2 was found in U87 and 4910
CD133+ fractions, compared with non-GICs; however,
there was no significant change in the expression of
Tuj-1 (Fig. 1B–C). Immunofluorescence assay further
confirmed the expression of CD133, Nestin, Sox-2,
and Tuj-1 in both U87 and 4910 glioma spheres
(Fig. 1D). Of importance, the expression of CD133
was stable for 5 in vitro passages (data not shown).

Effect of Radiation on Cell Cycle Distribution of U87
and 4910 Non-GICs and GICs

Stem cells contribute to glioma radioresistance by in-
creasing DNA repair capacity through preferential acti-
vation of the DNA damage response.30 To compare
the intrinsic radioresistance of GICs with that of
non-GICs, it is necessary to perform cell-cycle analysis
under normal conditions for each cell type.
Distribution through the cell cycle could account for dif-
ferences in radioresistance with cells in the G2-M phase
over time.31 After radiation treatment, both U87 and
4910 non-GICs and GICs were arrested in the G2-M
phase of the cell cycle. The results depicted in Fig. 2A
and B show that 10 Gy radiation-induced G2-M arrest
in U87 and 4910 non-GICs 24 h after treatment.
However, G2-M arrest was significantly higher after
48 h in both U87 and 4910 GICs (Fig. 2C–D). These
results indicate that GICs are more radioresistant than
are normal glioma cells.

Effect of Radiation on Expression of uPAR and
Cathepsin B

Our previous findings suggest that radiation promotes
the invasive potential of cancer cells, which is associated
with increased expression of cathepsin B and uPAR.32

Therefore, we investigated the expression pattern of
uPAR and cathepsin B in irradiated U87 and 4910
non-GICs and GICs using Western blot analysis. The ex-
pression levels of uPAR and cathepsin B exhibited a
dose-dependent increase in both U87 and 4910
non-GICs (Fig. 2E). The expression levels of uPAR and
cathepsin B were not altered in 24 h but increased in a
dose-dependent manner within 48 h of treatment in
both U87 and 4910 GICs (Fig. 2E). Additional experi-
ments were performed at 24 and 48 h after radiation
treatment in non-GICs and GICs, respectively.

Effect of pCU on Radiation-Induced DNA Damage

Radiation induces arrest at cellular interphase check-
points to allow the cells to repair DNA strand breaks
before continuing the cell cycle, or it induces apoptosis
if DNA repair is not possible.33 Because uPAR and
cathepsin B play key roles in stem-like phenotypes
and initiation of signaling cascades related to DNA
damage, we determined the potential of siRNA-mediated

Malla et al.: Radiation-induced apoptosis in glioma

748 NEURO-ONCOLOGY † J U N E 2 0 1 2

http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/nos088/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/nos088/-/DC1


Fig. 1. Characterization of CD133-positive cells from the U87 glioma primary cell line and 4910 glioma xenograft cells. (A) Cell-surface

expression of CD133, Nestin, Sox-2, and Tuj-1 in CD133-positive glioma cells. U87 and 4910 GICs (CD133+) were grown in DMEM/

F-12 serum-free medium with growth factors as described in Materials and Methods. Glioma spheres were dissociated into single cells,

stained with specific monoclonal antibodies (mAbs) to CD133, Nestin, Sox-2, and Tuj-1, isotype control matched mAbs and used for

flow cytometric analysis. The results are given as the percentage of positive cells in the total population. In the histogram, the purple line

represents staining with positive mAB, and the green line represents the isotype control matched mAb. (B) Expression of stem cell

markers at the protein level in non-GICs and GICs. Cell lysates were prepared from non-GICs and dissociated GICs, and the expression

of stem cell markers was determined by Western blot analysis using specific antibodies. (C) Expression of stem cell markers at mRNA

level in non-GICs and GICs. Total RNA was extracted from both non-GICs and GICs, and mRNA expression of stem cell markers was

measured by RT-PCR. (D) Immunofluorescence staining on GBM spheres. GBM spheres were stained by stem cell markers CD133

(green), Nestin (red), Sox-2 (red), and Tuj-1 (green) and counterstained with species-specific Alexa Fluor secondary antibodies. Cells

were located by counterstaining with DAPI (blue).
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downregulation of uPAR and cathepsin B in sensitizing
radiation-induced DNA damage in U87 and 4910
non-GICs and GICs. As expected, pCU treatment alone
caused a significant downregulation of uPAR and cathep-
sin B both at the transcriptional and translational levels.
Moreover, siRNA-mediated targeting of uPAR and ca-
thepsin B using pCU further reduced the radiation-induced
expression of uPAR and cathepsin B at both transcription-
al and translational levels (Fig. 3A–D).

To test whether pCU treatment had an effect on
radiation-induced DNA damage, we determined cellular
DNA content using flow cytometry after treatment of
both non-GICs and GICs with pSV and pCU alone or

in combination with radiation. Analysis of the histo-
grams (Fig. 3E–F) indicates that pCU treatment alone
increased the apoptotic population by 15-, 6-, 22-, and
8-fold in U87 non-GICs, U87 GICs, 4910 non-GICs,
and 4910 GICs, respectively, compared with the
control. The combination treatment of radiation and
pCU increased the apoptotic population by 22-, 10-,
26-, and 12-fold in U87 non-GICs, U87 GICs, 4910
non-GICs, and 4910 GICs, respectively, compared
with the control.

To further confirm the effect of uPAR and cathepsin B
downregulation on radiation-induced DNA damage, we
performed the TUNEL assay. The results show that pCU

Fig. 2. Effect of radiation on cell-cycle progression and on uPAR and cathepsin B expression in GICs. (A–D) Radiation-induced changes in

the cell-cycle distribution of GICs. U87 and 4910 GIM cell lines and GICs were treated with different doses of radiation for 24 and 48 h,

stained with propidium iodide, and DNA content was measured by flow cytometry. Histograms represent the percent of cells in sub

G0-G1, G0-G1, S, and G2-M phases. The data represent 1 of 2 independent experiments (n ¼ 2). (E) Radiation increased expression of

uPAR and cathepsin B in GICs. Cell lysates from 0, 5, and 10 Gy radiation-treated non-GICs and GICs were collected and analyzed for

expression of uPAR and cathepsin B using specific antibodies. The experiments were repeated 3 times and representative blots are

shown. GAPDH was used as a loading control.
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Fig. 3. Simultaneous downregulation of uPAR and cathepsin B with radiation-enhanced accumulation of cells in the sub-G0/G1 phase. (A–

B) U87 and 4910 non-GICs and GICs were transfected with pSV and pCU with or without radiation as described in Materials and Methods.

uPAR and cathepsin B expression levels were determined by Western blotting. (C–D) Expression of uPAR and cathepsin B at the mRNA level.

Total RNA was extracted from both non-GICs and GICs, and mRNA expression levels of uPAR and cathepsin B were determined by RT-PCR.

(E–F) Distribution of cells in different phases of cell cycle. Non-GICs and GICs transfected with pSV and pCU with or without radiation were

trypsinized and stained with propidium iodide as per standard protocols. Changes in cell-cycle phases were determined by measuring cellular

DNA content using a flow cytometer. Histograms represent the percent of cells in sub G0-G1, G0-G1, S, and G2-M phases. (G–H) Cells

were stained for apoptosis using TdT-mediated dUTP nick end-labeling (TUNEL) assay. Data shown are representative of 3 experiments.

(I–J) Quantification of apoptotic cells expressed as percent of DAPI-stained cells. Bars represent the mean+SD of 3 experiments

(**P , 0.001).
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either alone or in combination with radiation signifi-
cantly increased the number of TUNEL-positive cells
in both U87 and 4910 non-GICs and GICs (Fig. 3G–
H). Quantification revealed that 58% of pCU-treated
U87 non-GICs and 42% of pCU-treated U87 GICs
cells were TUNEL positive. In addition, the combination
treatment with radiation further increased the number of
TUNEL-positive cells to 71% and 69% in U87
non-GICs and GICs, respectively, compared with
DAPI-stained cells (100%) (Fig. 3I). The percentage of
TUNEL-positive cells was approximately 50% with
pCU alone and 75% with pCU and radiation in 4910
non-GICs; the percentage of TUNEL-positive cells was
50% and 65% with pCU alone and with radiation, re-
spectively, in 4910 GICs (Fig. 3J).

gH2AX is one of the earliest DNA double-strand
break markers, and the quantity of gH2AX-bound
DNA usually reflects the extent of DNA damage.34 To
check the DNA damage response, we assessed the
gH2AX foci by immunofluorescence staining. The
results depicted in Fig. 4A and B show that pCU treat-
ment alone or in combination with radiation signifi-
cantly increased the gH2AX foci in both U87 and
4910 non-GICs and GICs.

To further evaluate the expression of gH2AX, FACS
analysis and Western blotting were performed. When
gH2AX expression and DNA content was gated and
divided into sub G0-G1, G0-G1, S, and G2-M phases
by FACS analysis, gH2AX expression increased in the
sub G0-G1 phase of pCU-treated cells and pCU +
radiation-treated cells, compared with the pSV control
(Fig. 4C–D). Western blot analysis confirmed that
pCU alone or pCU plus radiation overexpressed phos-
phorylated H2AX (Ser-139). Unexpectedly, overexpres-
sion of gH2AX was accompanied by an increase in total
H2AX protein levels (Fig. 4E–F). However, core
Histone H2A was not altered in any of the cell lines
used in this study (data not shown). To further confirm
our results, both U87 and 4910 non-GICs and GICs
were cotransfected with pCU and siRNA against
H2AX. The results show that basal expression and
pCU-induced expression levels of both total and phos-
phorylated H2AX were significantly decreased, com-
pared with controls (Fig. 4G–H). These results
indicate that uPAR and cathepsin B downregulation en-
hanced the expression of both total and phosphorylated
H2AX.

uPAR and Cathepsin B Downregulation Caused a
Transcriptional Block that Sensitized Glioma Cells to
Apoptosis

Chromatin aggregation induced by excess histone has
previously been shown to abrogate transcription.35 To
determine whether ongoing transcription is affected in
uPAR and cathepsin B-depleted cells, we performed a
run-on transcription assay by following in vivo incorpo-
ration of 5-bromouridine triphosphate (BrUTP). The
results of the present study show that incorporation of
BrUTP (nascent RNA) was observed throughout

chromosome territories in pSV-treated cells. However,
suppression of BrUTP incorporation at gH2AX foci
was noticed in pCU-treated non-GICs and GICs and
even more significantly in pCU + radiation-treated
cells (Fig. 5A–B). We also examined whether the distri-
bution of nascent RNA sites was affected by
pCU-induced DNA damage using antibodies against
gH2AX. We found a strong negative correlation
between gH2AX and BrUTP incorporation in pSV-,
pCU-, pSV + radiation-, and pCU + radiation-treated
U87 and 4910 non-GICs and GICs.

Studies focusing on radioresistance of glioma cells
have demonstrated the potential influence of specific
proteins, including survivin.36 To directly analyze
whether abrogation of gene transcription stimulates ap-
optosis, we determined the expression of survivin at both
the mRNA and protein levels by RT-PCR and Western
blot analyses. Analysis of RT-PCR data revealed that
survivin mRNA expression predominantly decreased
with pCU in both U87 and 4910 non-GICs and GICs,
compared with respective pSV controls (Fig. 5C–D). In
GICs, expression of survivin significantly increased
with radiation treatment as compared to non-GICs,
which indicates that GICs are more radioresistant than
are non-GICs. However, radiation plus pCU signifi-
cantly decreased the expression of survivin in both
non-GICs and GICs, compared with pCU alone.
Similarly, expression of survivin at protein levels also de-
creased with pCU treatment alone or in combination
with radiation (Fig. 4E–F). From the aforementioned
results, we can conclude that uPAR and cathepsin B
downregulation sensitized non-GICs and GICs by inhib-
iting expression of survivin. To test whether H2AX
directly regulates survivin expression, non-GICs and
GICs were transiently transfected with a H2AX-
overexpressing plasmid with or without radiation, and
expression levels of H2AX and survivin were determined
by RT-PCR and Western blot analyses. Increased expres-
sion of H2AX in U87 and 4910 non-GICs and GICs at
both transcriptional and translational levels indicates
the efficiency of the H2AX-overexpressing plasmid
(Fig. 5G–J). Further, expression of survivin was nega-
tively correlated with the overexpression of H2AX at
both the transcriptional and translational levels
(Fig. 5G–J). These results indicate that survivin might
be regulated by the histone variant H2AX.

c-Met Signaling Is Regulated by uPAR and Cathepsin B

Hepatocyte growth factor, c-Met, and its receptor are
associated with glioma invasion and a glioma stem-like
phenotype.37,38 To test whether the regulation of H2AX
by uPAR and cathepsin B is mediated by c-Met, we de-
termined the expression of phospho-Met (Y1234), an
active form of c-Met, in uPAR and cathepsin
B-depleted non-GICs and GICs by Western blotting.
The results showed that expression of phospho-Met sig-
nificantly decreased with pCU treatment alone and with
radiation, compared with pSV controls in both U87 and
4910 non-GICs and GICs (data not shown). uPAR is a
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glycosylphosphatidylinositol (GPI)-anchored plasma-
membrane protein and relies on transmembrane
co-receptors for intracellular signaling, including recep-
tor tyrosine kinases.37 Therefore, we determined the in-
teraction of uPAR with c-Met in uPAR and cathepsin

B-depleted cells by co-immunoprecipitation. The
results indicated that bulk of phospho-Met was
co-precipitated with uPAR in pSV- and pSV +
radiation-treated U87 and 4910 non-GICs and GICs
(controls). However, phospho-Met levels in uPAR

Fig. 4. Effect of pCU on radiation-induced DNA damage. (A–B) Induction and dispersal of gH2AX foci in U87 and 4910 non-GICs and GICs.

pSV- and pCU-transfected cells were treated with or without radiation, stained with gH2AX antibody, and counterstained with

species-specific Alexa Fluor secondary antibodies. Cells were located by counterstaining with DAPI (blue) and observed for fluorescence.

(C–D). FACS analysis of gated gH2AX expression. Cells were stained with propidium iodide and gH2AX antibody, counterstained with

species-specific Alexa Fluor antibody, and analyzed by flow cytometry. After gating, expression of gH2AX was divided into sub G0-G1,

G1, S, and G2-M phases, and percent expression is expressed in bar graphs. 10 000 cells were analyzed during each process. Error bars

indicate+SD (*P , 0.05 and **P , 0.001). (E–F) Expression of total and phospho-H2AX expression in U87 and 4910 non-GICs and

GICs. Cell lysates from pCU-treated and pCU + radiation-treated non-GICs and GICs were collected and analyzed for expression of

H2AX and gH2AX using specific antibodies. The experiments were repeated 3 times, and representative blots are shown. GAPDH was

used as a loading control. (G–H) Effect of H2AX siRNA on pCU-induced expression of H2AX and gH2AX. GICs and non-GICs were

co-transfected with pCU and H2AX siRNA for 72 h. Cell lysates were prepared and analyzed for expression of H2AX and gH2AX by

Western blotting. The experiments were repeated 3 times, and representative blots are shown.
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coprecipitates were reduced in pCU-treated cells and,
more significantly, in pCU + radiation-treated cells,
which indicates a strong interaction between uPAR
and c-Met (Fig. 6A–B). Because c-Met signaling is asso-
ciated with PI3K, AKT, and JNK in glioma stem cells,

we also determined their expression levels in uPAR
and cathepsin B-depleted cells. The results show that ex-
pression of total JNK was not altered among the treated
and untreated U87 and 4910 non-GICs and GICs
(Fig. 6C–F). However, phosphorylated PI3K and AKT

Fig. 5. Effect of pCU on run-on transcription. (A–B) Simultaneous visualization of transcription (green) and gH2AX (red) in pCU-treated

U87 and 4910 non-GICs and GICs with and without radiation. Cells were transfected with pCU alone or pCU plus radiation and

incubated with BrUTP at the final concentration of 5 mM. Cells were fixed and stained with anti-BrdU antibody and anti-phospho H2AX

antibodies for 1 h and counterstained with species-specific Alexa Fluor-conjugated secondary antibodies for 1 h. Before mounting, cells

were treated with DAPI and analyzed under a confocal microscope (Olympus BX61 Fluoview). Overlay of images was done using SPOT

Advanced software (Windows version 4.0.8). (C–D) Expression of survivin mRNA. Total RNA was extracted from both non-GICs and

GICs, and mRNA expression of survivin was determined by RT-PCR. GAPDH was used as a loading control. (E–F) Expression of survivin

protein. Cell lysates from pCU-treated U87 and 4910 non-GICs and GICs with and without radiation were analyzed for expression of

survivin by Western blotting. (G–H) Expression of survivin mRNA after transfection with full-length H2AX (FLH). Total RNA was

extracted from both non-GICs and GICs, and mRNA expression of H2AX and survivin was determined by RT-PCR. (I–J) Lysates from

FLH-treated cells with or without radiation were analyzed for gH2AX, H2AX and survivin proteins by Western blotting.
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were reduced, and p-JNK was enhanced in pCU-treated
and pCU + radiation-treated cells. Furthermore,
Western blot analysis of c-Met inhibitor-treated cells
showed increased expression of gH2AX and decreased
the expression of p-AKT (Supplementary Figs. S2A–
B). These results indicate that uPAR and cathepsin B
might regulate c-Met/PI3K/Akt/JNK signaling in
glioma cells.

Effect of uPAR and Cathepsin B Downregulation on
DNA Damage of U87 and 4910 Non-GICs and GICs in
an Orthotropic Model

To determine the effect of uPAR and cathepsin B down-
regulation on DNA damage in an intracranial model,
nude mice were intracranially implanted and treated as
described in the Materials and Methods section.

Fig. 6. Downregulation of uPAR and cathepsin B altered c-Met signaling in GICs. (A–B) Interaction of uPAR with c-Met in U87 and 4910

non-GICs and GICs. An immunoprecipitation assay was performed to determine the effect of uPAR, and cathepsin B knockdown on

interaction of uPAR with c-Met. Total cell lysates were subjected to immunoprecipitation with uPAR and co-immunoprecipitates of

uPARs were analyzed by Western blotting using specific antibodies to c-Met (phospho-Met). Blots are representative of 3 experiments.

(C–F) Effect of downregulation of uPAR and cathepsin B on PI3K, AKT, and JNK. Cell lysates were analyzed for expression of total and

phosphorylated PI3K, AKT, and JNK in both pCU-treated and pCU + radiation-treated U87 and 4910 non-GICs and GICs by Western

blotting. Blots are representative of 3 independent experiments.
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Tumor samples were taken, and paraffin-embeded sec-
tions were prepared for immunohistopathological exam-
ination. pSV- and pSV + radiation-treated brain sections
had a large spread of tumor cells whereas pCU-treated
and pCU + radiation-treated brain sections had a small
number of tumor cells as illustrated by H&E staining
(data not shown). Immunohistochemical analysis re-
vealed decreased expression levels of uPAR and cathep-
sin B in pCU-treated and pCU + radiation-treated brain
tissue sections of both U87 and 4910 non-GICs and
GICs, compared with controls (Fig. 7A–D). To check
DNA damage in vivo, we performed immunofluores-
cence staining of gH2AX on paraffin-embedded brain
tissue sections. The results demonstrated significant
gH2AX foci in pCU-treated and pCU + radiation-
treated brain tissue sections, compared with control sec-
tions (Fig. 7E–F). Furthermore, our immunohistochem-
ical analysis experiments also demonstrated that
expression levels of survivin were significantly decreased
in pCU-treated and pCU + radiation-treated tissue sec-
tions, compared with controls (Fig. 7G–H). These in
vivo experiments confirm our in vitro data showing
that uPAR and cathepsin B downregulation caused
DNA damage-induced apoptosis in non-GICs and GICs.

Discussion

GBMs are the most lethal primary brain tumor, with a
median survival of less than 12 months because of resis-
tance to radiation and other treatments.1 Gliomas
present as diffuse tumors with invasion into normal
brain tissue but frequently recur after radiation, which
suggests that only a fraction of tumor cells (GICs) is re-
sponsible for recurrence.2 This subpopulation often ex-
hibits CD133 positivity and increases with radiation.
Therefore, identification of CSCs (CD133+) provides a
powerful tool for the investigation of the tumorigenic
process and is crucial for developing targeted thera-
pies.39 In the present study, we characterized the abun-
dance of CD133+ cells, which often demonstrates
radioresistance.3 We found that CD133+ glioma cells
expressed higher levels of Nestin and Sox-2, suggesting
that CD133+GICs may play an important role in the
tumor’s ability to resist chemotherapy and radiation.40

In addition, we found a similar expression pattern of
Tuj-1 (b-Tubulin–III) in both non-GICs and GICs, indi-
cating neuronal origin.

Although radiation therapy is one of the mainstays of
glioma treatment, recent studies have demonstrated that
radiation promotes malignant behavior of cancer
cells.41,42 In the present study, we have observed that ra-
diation treatment increased the G2-M cell population in
a dose-dependent manner in non-GICs and in a time and
dose-dependent manner in GICs, indicating the radiore-
sistance of GICs. Radiation-sensitive tumor cells
undergo cell-cycle arrest in vitro more readily than do
radiation-resistant tumor cells.43

uPAR and cathepsin B are overexpressed in high-
grade gliomas.21,22 Our previous findings have suggested
that the expression levels of uPAR and cathepsin B

correlate with the invasiveness of gliomas.44,45 For the
most part, uPAR and cathepsin B have been studied as
a gene product that controls invasion and metastasis of
gliomas. However, the functions of uPAR and cathepsin
B as a gene product involved in generating radioresis-
tance of GICs refocuses attention on these molecules
toward earlier steps in glioma development. In the
present study, we noticed that uPAR and cathepsin B in-
creased with radiation in a dose-dependent manner in
non-GICs and in a dose and time-dependent manner in
GICs. Thus, the observed radiation-induced increase in
uPAR and cathepsin B activities in GICs is not only inte-
gral to radiation resistance but may also aid survival in a
relatively aggressive setting.

Our previous report demonstrated that downregula-
tion of uPAR and cathepsin B efficiently induced cell
death in glioma cells.25 A recent report demonstrated
that combined treatment with radiation and siRNA tar-
geting potential molecules in cancer cells could enhance
cell killing.46 In the current study, we have demonstrated
that pCU treatment alone caused significant apoptosis
and pCU combined with radiation further enhanced apo-
ptosis in both U87 non-GICs and GICs as shown by FACS
analysis. TUNEL assay further confirmed that pCU treat-
ment alone or in combination with radiation-induced
DNA fragmentation in both U87 and 4910 non-GICs
and GICs. Thus, targeting uPAR and cathepsin B might
sensitize radiation-induced DNA damage in glioma cells
by affecting the uPAR/cathepsin B signaling pathway.

We further examined the mechanism by which down-
regulation of uPAR and cathepsin B induces radiosensi-
tization in gliomas. Histone, the guardian of the genome,
is subject to a wide variety of side chain modification
that may be important in regulating DNA metabolism
and chromatin structure.47 The most important post-
translational modification linked to replication, tran-
scription, and DNA damage is phosphorylation of
H2AX.48 The most important clinical application of
gH2AX measurement is to follow double-strand break
levels induced by radiation and chemotherapy as a
marker of treatment efficiency. H2AX is rapidly phos-
phorylated at Ser 136 after the induction of DNA
double-strand breaks by ionization49 and genotoxic
agents.12 Besides its association with double-strand
breaks, gH2AX has been found to play a role in apopto-
sis.50 Therefore, assessment of H2AX phosphorylation
as a reporter of DNA damage-induced apoptosis by
pCU can be clinically useful.51 Massive accumulation
of gH2AX foci 72 h after treatment, with pCU alone
or with radiation, indicates irreparable DNA damage
in non-GICs and GICs in the current study. Its appear-
ance is concurrent with the initiation of DNA damage,
suggesting that gH2AX formation is an early chromatin
modification following initiation of DNA fragmentation
during apoptosis.52 In the present study, we also ob-
served that massive increase of gH2AX was accompa-
nied by an increase in total H2AX in pCU-treated and
pCU + radiation-treated GICs and non-GICs. This
may be attributable to reciprocal regulation of histone
synthesis and histone incorporation into chromatin, as
it has previously been suggested.53 Both basal and
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pCU-induced expression of total and phosphorylated
H2AX was reduced significantly by H2AX siRNA as
compared to cells transfected with pSV, indicating that
upregulation of H2AX is in part involved in
pCU-induced apoptosis in non-GICs and GICs.

In the present study, downregulation of uPAR and ca-
thepsin B sensitized glioma cells to DNA
damage-induced apoptosis in a process that is associated
with a disruption of ongoing gene transcription as evi-
denced by suppressed incorporation of BrUTP at

Fig. 7. pCU combined with radiation enhanced DNA damage-induced apoptosis in vivo. (A–D) U87 and 4910 non-GICs and GICs (1 × 105)

were injected intracranially into anesthetized nude mice. Tumors were allowed to grow for 1 week, and pCU and radiation treatments were

given as described in Materials and Methods. Once the control animals showed chronic symptoms (3–4 weeks), the brains were harvested

and sectioned. After deparaffinization, sections were immunoprobed for uPAR and cathepsin B using specific antibodies. After staining nuclei

with DAPI, the slides were mounted and visualized under a confocal microscope. Immunohistochemical analysis of brain sections used

anti-uPAR (A–B) and anti-cathepsin B antibodies (C–D). Sections were photographed (40X). (E–F) Sections were immunoprobed for

gH2AX using specific antibodies, followed by appropriate Alexa Fluor-conjugated secondary antibodies. After staining nuclei with DAPI,

the slides were mounted and visualized under a confocal microscope. (G–H) Immunohistochemical analysis of survivin in pCU-treated

and pCU + radiation-treated brain tissue sections.
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nuclear segments containing gH2AX foci. Other studies
previously found that massive formation of
gH2AX-induced chromatin changes that inhibited as-
sembly of transcription complexes without heterochro-
matin formation.13 As reported in previous studies,
transcriptional shut down cannot be sustained for a pro-
longed period without affecting cell viability.53

Although it is a nonspecific mechanism, we cannot rule
out possible direct pro-apoptotic mechanisms of
H2AX.54 Therefore, evaluating anti-apoptotic protein
survivin in relation to the gH2AX expression would
help further clarify our findings.

In our cohort, gH2AX overexpression by pCU or
pCU plus radiation also inhibited expression of survivin.
However, radiation alone increased the expression of
survivin in both non-GICs and GICs. In recent years,
survivin has been highlighted in glioma, which is
largely attributed to its radiation resistance.55,56 Of in-
terest, overexpression of H2AX significantly reduced
the expression of survivin at the protein and mRNA
levels. Our findings suggest that uPAR and cathepsin B
regulate the anti-apoptotic function of survivin at least
in part through H2AX in glioma cells.

DNA damage-induced phosphorylation of H2AX at
Ser 139 is mediated by members of the PI3K kinase
group. Lu et al. reviewed that in addition to the PI3K
group, JNK (a member of the stress-activated MAP
kinase group) phosphorylates H2AX.54 In the present
study, we were able to detect increased expression of
p-JNK (Y183/185) and decreased expression of
p-PI3K (p85) and p-AKT (S473) in pCU-treated and
pCU + radiation-treated non-GICs and GICs.
However, levels of total JNK were unchanged in pSV-,
pCU-, and pCU + radiation-treated cells. However, we
previously reported that downregulation of uPAR and
cathepsin B decreased expression of p-JNK in SNB19
glioma cells.57 Earlier reports suggested that JNK in-
volved in pro-survival and pro-apoptotic signaling
depends on cell type and stress.58,59 Our previous
reports also demonstrated that uPAR and cathepsin B
regulate PI3K/AKT as a survival pathway in glioma.25,29

uPAR is GPI-anchored plasma membrane protein and
relies on transmembrane co-receptors for transducing in-
tracellular signals, including receptor tyrosine kinase.37

Functionally significant c-Met signaling has been demon-
strated previously in glioma stem cells.37 For the first time,
our co-immunoprecipitation experiments demonstrate
that uPAR interacts with c-Met in normal glioma and
GIC. Cathepsin B may also be involved in c-Met signaling
indirectly through uPAR, at least in glioma cells, since
simultaneous downregulation of uPAR and cathepsin B
decreased the interaction of uPAR with c-Met.

Tumor tissue with a decreased tumor cell density and
fragmented DNA is indicative of apoptosis. Our in vivo
studies show that the simultaneous downregulation of
uPAR and cathepsin B caused DNA damage-induced ap-
optosis as shown by massive and large gH2AX foci. In
addition, decreased expression of survivin in
pCU-treated and in pCU + radiation-treated cells
further confirmed the DNA damage-induced apoptosis
in non-GICs and GICs. Therefore, our findings suggest
that uPAR and cathepsin B inhibition might serve as
an adjunct to radiation therapy to target GICs and for
the treatment of glioma.

Supplementary Material

Supplementary material is available online at Neuro-
Oncology (http://neuro-oncology.oxfordjournals.org/)
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