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ABSTRACT: Peripheral-type benzodiazepine receptors (PBR) are constituted by three protein components,
the isoquinoline binding protein (IBP), the voltage-dependent anion channel (VDAC), and the adenine
nucleotide transporter (ANT). Recently, we found that high levels of PBR ligand binding in glioma cell
lines correlate with in vitro tumorigenicity. To study whether enhanced PBR expression is causative or
in response to cancer, we genetically modified C6 glioma cells. Antisense knockdown of the IBP resulted
in more than 50% reductions in PBR ligand binding both in the mitochondrial and whole cell fractions,
accompanied by similar reductions in IBP levels in these respective fractions. The IBP knockdown was
accompanied by a 25% increase in cell number in confluent cultures. This correlated with an 8-fold increase
in in vitro tumorigenicity, as assessed by anchorage independent growth. Cell cycle analysis indicated
that knockdown of the IBP resulted in a 60% reduction in the number of cells in the pre-G1 apoptosis
phase. This paralleled the reduction seen in apoptosis and cell death shown by DNA fragmentation and
Trypan blue assays, respectively. Furthermore, knockdown of the IBP appeared to prevent induction of
apoptosis by the antineoplastic agent, erucylphosphocholine. In addition, IBP knockdown prevented
processing of the caspase 3 component of the apoptosis cascade by the erucylphosphocholine congener,
erucylphospho-N,N,N-trimethylammonium. In conclusion, our results suggest that enhanced IBP expression,
including enhanced PBR ligand binding, such as occurring in untreated C6 glioma cells, may provide a
mechanism to increase apoptotic rates of cancer cells.

Peripheral-type benzodiazepine receptors (PBR)1 are het-
erotrimers composed of three protein components, an iso-
quinoline carboxamide binding protein (IBP, 18-kDa), a
voltage-dependent anion channel (VDAC, 32-kDa), and an
adenine nucleotide transporter (ANT, 30-kDa) (1). PBR are
abundant in peripheral tissues (2, 3) as well as in glial cells
in the brain (4, 5) and are located primarily on mitochondrial
membranes (6-9). Topographic analysis of the receptor

distribution on the mitochondrial membrane has indicated
that a receptor complex is formed by several 18-kDa IBP
molecules associated with one VDAC molecule (10) and that
this complex is located at the contact sites between the outer
and inner mitochondrial membranes (11). In addition, it
appears that the ratio of IBP to VDAC is tissue- and
treatment-specific (12, 13). Structurally, VDAC forms the
core of a protein complex which, in addition to IBP and
ANT, may include proteins of the Bcl-2 family and creatine
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A broad spectrum of putative functions have been sug-
gested for the PBR, such as regulation of steroid production
(17-21), involvement in cell growth and differentiation (22-
25), regulation of the mitochondrial respiratory chain (26,
27), effects on the immune and phagocytic host defense
response (28, 29), modulation of voltage-dependent anion
channels (30), responses to stress (31, 32), microglial
activation related to brain damage (13, 33-35), and cancer
cell proliferation (21, 23, 25, 36), including glial tumor cells
(34, 37, 38). Yet, the relative importance of PBR for many
of these functions is still unclear (39).

Several studies have demonstrated increased binding of
PBR ligands in various brain tumors (34, 38, 40, 41). This
property can be used to accurately delineate glioma borders
using positron emission tomography (42). For example, in
rat, C6 glioma PBR densities are increased up to 30-fold
compared to the surrounding neocortex (38, 43). In human
post mortem tissue, intact glioma cells presented high levels
of PBR ligand binding, while necrotic areas of the tumor
and cells in surrounding normal tissue did not display
detectable levels of PBR ligand binding (44). In addition,
tritiated 1-(2-chlorophenyl)-N-methyl-N-(1-methylpropyl)-3-
isoquinolinecarboxamide, [3H]PK 11195, binding in speci-
mens from human gliomas suggested that PBR characteristics
may be used to differentiate between high- and low-grade
gliomas (45). Treatment with the specific PBR ligands, PK
11195 and Ro5 4864 (4′-chlorodiazepam), can induce
morphological changes, both in rat C6 and human T98G
glioma cells (46). Ikezaki and Black (47) showed that for
rat C6 glioma cells, growth rate and thymidine incorporation
increased by 20-30% after PK 11195 exposure in the
nanomolar range. Recently, we found that enhanced PBR
levels in untreated glioma cells correlate with enhanced
tumorigenicity (48). In particular, high levels of PBR in
untreated glioma cells were correlated with enhanced an-
chorage-independent growth, increased cell numbers, and
reduced levels of apoptosis. Nonetheless, these data could
not resolve the exact functional meaning of the relatively
high PBR binding levels for tumorigenicity (48). In another
study, it was shown that MA-10 Leydig cells displaying PBR
dysregulation due to IBP antisense knockdown also dem-
onstrated increased tumorigenicity, even though this effect
did not seem to be due to changes in the proliferation rate
of these cells (21, 49).

We undertook the present study to further clarify whether
PBR’s role is causative, contributory, or in response to
cancer. Therefore, we focused on the effect of IBP antisense
knockdown on in vitro tumorigenicity in C6 rat glioma cells
indicated by anchorage-independent growth as assessed by
their ability to form colonies in soft agar. In addition, we
studied the effects on cell number, cell cycle, and apoptosis
in regular culture medium to gain insights whether the effects
of IBP knockdown involve changes in cell multiplication
and/or cell death, including apoptosis. Moreover, we assayed
the effects of IBP knockdown on the apoptosis inducing
characteristics of the antineoplastic agent erucylphospho-
choline (ErPC) and its congener erucylphospho-N,N,N-
trimethylammonium (ErPC3). Previously, it was shown that
ErPC induces apoptosis in glioma cells by activating the
apoptosis cascade including reduction of the mitochondrial
membrane potential, cytochromec release, and caspase
activation (50-52). For these aims, we compared ErPC and

ErPC3 effects between stable IBP antisense knockdown C6
cells and control C6 cells containing vector without the IBP
antisense gene. We found that IBP antisense knockdown
reduced basal apoptotic levels, blocked the proapoptic
activity of the antineoplastic agent ErPC and caspase 3
processing following ErPC3 treatment of C6 glioma cells,
and enhanced tumorigenicity in this cell line.

MATERIALS AND METHODS

Cells and Materials.The C6 glial tumor cell line from rat
(glioma) was used as described by the American Type
Culture Collection. The cells had been subject to five
passages prior to the stable transfection performed in this
study. Culture medium for C6 consisted of Dulbecco
Modified Eagle Medium (with glucose 4500 mg/L, without
sodium pyruvate andL-glutamine) (DMEM), with addition
of a 200 mM L-glutamine saline solution (2% v/v). Ad-
ditionally, fetal calf serum (10% v/v), penicillin-strepto-
mycin solution (10 000 units/mL penicillin sodium salt and
10 mg/mL streptomycin sulfate) (1% v/v), and amphotericin
B solution (2.5 mg/mL) (0.1% v/v) were added to the culture
media. Culture medium ingredients were obtained from
Biological Industries (Beit HaEmek, Israel).

[3H]PK 11195 was obtained from New England Nuclear
(Boston, MA). Unlabeled PK 11195 was purchased from
Sigma-Aldrich Israel (Israel). The Cell Proliferation Kit (Cell
Proliferation Assay with XTT Reagent) was obtained from
Biological Industries (Beit HaEmek, Israel). The Cell Death
Kit (Cell Death Detection ELISAPLUS Kit) and protease
inhibitor was obtained from Roche Molecular Biochemicals
(Mannheim, Germany). Nylon mesh (30µm) for cell
separation for the FACS analysis was obtained from Sinun
(Petach Tikva, Israel). TriReagent was obtained from MRC
(Cambridge, U.K.). Superscript reverse transcriptase, the
pcDNA3.0 vector, and Lipofectamine 2000 reagent were
obtained from Invitrogen (Paisley, U.K.). The DNA clean
kit was obtained from Zymo Research (Orange, CA).
Nitrocellulose membrane (Hybond ECL), horseradish per-
oxidase-linked anti-rabbit IgG, ECL detection reagents, and
Hyperfilm were obtained from Amersham Biosciences (Re-
hovot, Israel). ErPC and its congener ErPC3 were kindly
provided by Prof. H. Eibl, Max-Planck-Institut fu¨r biophys-
ikalische Chemie, Go¨ttingen, Germany, and synthesized as
previously described (52).

Standard chemicals were obtained from commercial deal-
ers.

Chloramphenicol Acetyl Transferase (CAT) Assay.To
select the most effective promoter for our IBP antisense
knockdown study of C6 glioma cells, CAT assays were
performed according to the method of Gorman et al. (53).
In brief, 48 h after lipofection, C6 cells were washed three
times with PBS (without Ca2+ and Mg2+). Then, the cells
were incubated for 5 min with 1 mL of Tris (40 mM)/EDTA
(1 mM)/NaCl (150 mM) (pH 7.4) per well. The cells were
scraped from the wells, transferred to microtubes, and
centrifuged at 1000g for 2 min. The pellet was resuspended
in 50 µL of lysis buffer (0.25 M Tris-HCl, pH 7.8). The
cells were lysed by freeze/thawing: 5 min at-80 °C,
followed by 5 min in 37 °C water bath, followed by
resuspension with a vortex. The procedure was performed
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three times. The cell lysate was centrifuged for 5 min at
10 000g, and the supernatant, containing cell extract, was
transferred to new microtubes.

Subsequently, the CAT reaction was performed. The
reaction ingredients were combined in the following way:
70 µL Tris-Cl (pH 7.8)+ 20 µL cell extract+ 1 µL [14C]-
chloramphenicol (0.1µCi) + 39 µL DDW. The ingredients
were gently mixed and microcentrifuged. This reaction mix
was incubated for 5 min at 37°C prior to the addition of 20
µL of 4 mM Acetyl-CoA (Li salt; 10 mg/2.84 mL H2O).
The reaction was continued for 60 min at 37°C, terminated,
and extracted into 1 mL of ethyl acetate. The phases were
separated by a 30 s microcentrifugation (10 000g) at 4 °C.
The upper organic phase was collected carefully and dried
with a Speed-Vac (Savant Instruments, Inc., Farmingdale,
NY). The dried residue was dissolved in 25µL of fresh ethyl
acetate and then spotted on a 20 cm× 20 cm silica gel thin
layer chromotography (TLC) plate, 1.5 cm from the plate
bottom. The plate was then run ascending in a preequilibrated
(>30 min) closed glass TLC tank in 95% chloroform/5%
methanol (v/v) for 90 min. The air-dried plate was then
exposed to a Kodak XAR film at room temperature for 1-5
days, before film development.

RNA Isolation, ReVerse Transcription-PCR (RT-PCR), and
Cloning of IBP.Total RNA was extracted from rat kidney
tissue using TriReagent (MRC), and the quality and quantity
were measured with a spectrophotometer. For RT-PCR, about
5 µg DNase-digested total RNA was reverse-transcribed
using superscript reverse transcriptase (Invitrogen) following
the recommendations of the manufacturer. In brief, 5µg
RNA template and 0.2µM oligo (dT) primer mixture were
incubated at 65°C for 10 min and then cooled on ice for 2
min. cDNA synthesis was initiated by addition of 1× first
strand buffer (Invitrogen), 25µM dNTPs, 10 mM dithio-
theitol (DTT), and 2 U SuperScript II RT RNase H reverse
transcriptase (Invitrogen) in a 20µL reaction volume and
incubated at 42°C for 50 min. Full-length cDNA of IBP
was amplified using forward primer (CCTCTAGAAT-
GTCTCAATCCTGGGTACCCG) and reverse primers (GGT-
CTAGATCACTCTGTGAGCCGGGAGCC) with an XbaI
restriction site in both primers. The conditions for PCR were
as follows: 3 min at 95°C, 35 cycles of 1 min at 92°C, 1
min at 60 °C, and 1.5 min extension at 72°C. After the
cycles, a final extension was carried out at 72°C for 5 min.
The amplified fragment was then purified and cut with Xba
I and gel purified using DNA clean kit (Zymo Resarch). The
XbaI-digested fragment was cloned into pcDNA3.0 vector
(Invitrogen). Antisense IBP clones were selected by restric-
tion analysis and DNA sequencing.

Transfection.For transfection, 2µg of plasmid DNA
(pcDNA3.0), containing antisense IBP cDNA to prepare IBP
knockdown clones, or plasmid DNA, without the antisense
IBP gene to prepare control cells, was mixed individually
with 6 µL Lipofectamine 2000 reagent (Invitrogen) in 0.5
mL of serum-free DMEM medium. Approximately 60-70%
confluent C6 glioma cells were transfected with the mixture
and incubated for 10 h. Then, the transfection medium was
replaced with fresh DMEM containing 10% fetal calf serum
and 800 µg/mL G418 (a stable analogue of neomycin;
Calbiochem, Darmstadt, Germany), and the stable clones
were selected by the presence of G418 for 2-3 weeks.
Individual colonies transfected with antisense IBP cDNA

were picked up by using pipet tips, and the cells were
amplified. IBP knockdown clones were selected by binding
with [3H]PK 11195 and used for further detailed assays of
relative levels of [3H]PK 11195 binding, IBP levels, tum-
origenicity, cell viability, and apoptotic processes. Mixed
colonies of cells transfected with the plasmid DNA without
the antisense IBP gene (vector plasmid) were used as control
cells for all the assays applied in this study.

PBR Ligand Binding.[3H]PK 11195 binding values were
assessed in IBP knockdown clones and control cells that were
confluent for 5 days. To collect whole cells for the binding
assay, the stably transfected cells were scraped from the
flasks in their culture medium. The cells were centrifuged
(1000g, 10 min), resuspended in 1 mL of medium, and
centrifuged (1000g, 10 min). The pellets were snap-frozen
in liquid nitrogen and stored at-70 °C until further use.
For further processing, the pellet was thawed and homog-
enized in 3 mL of phosphate-buffered saline (PBS) using a
Kinematika Polytron (setting 6) for 10 s and centrifuged at
37 000g for 30 min. The pellet was then resuspended in 1
mL of PBS, homogenized, and centrifuged, as above. The
pellet again was resuspended in 1 mL of PBS. The mito-
chondrial fraction was prepared as described below for the
Western blot analysis, however, with omission of solubili-
zation with sodium dodecyl sulfate (SDS). Protein content
was determined by the method of Bradford (54) using bovine
serum albumin (BSA) as a standard. Binding of [3H]PK
11195 to the whole cell and mitochondrial membranes of
the clones stably transfected with the plasmid containing the
IBP antisense cDNA (IBP knockdown clones) and the cells
stably transfected with the vector plasmid (control cells) was
conducted, as previously described (21, 25, 48, 49, 55). The
reaction mixture contained 400µL of the homogenized
membranes in question (40µg protein) and 25µL of [ 3H]-
PK 11195 solution (final concentration, 6 nM) in the absence
(total binding) or presence (nonspecific binding) of 75µL
unlabeled PK 11195 (10µM final concentration) for one-
point binding analysis. After incubation for 60 min at 4°C,
the samples were vacuum-filtered through Whatman GF/C
filters, washed three times with 4 mL phosphate buffer, and
placed in vials containing 4 mL of Opti-Fluor. Radioactivity
was counted after 12 h with a 1600CA Tri-Carb liquid
scintillation analyzer (Packard, Meriden, CT).

Whole Cell Extract Preparation for Western Blot Analysis.
Whole cell extracts of IBP knockdown clones and control
cells were used for Western blot analysis as previously
described (48). Briefly, flasks with cultured, stably trans-
fected cells confluent for 5 days were washed three times
with PBS. Then, the cultured cells were scraped into 500
µL of PBS. The samples were centrifuged at 1000g for 6
min. The cell pellets were lysed with 200µL of lysis buffer
containing 1% Triton X-100, 1 tablet/10 mL of protease
inhibitor (Roche), and 0.1% SDS dissolved in PBS, pH 7.4,
for 30 min at 4 °C. Subsequently, the samples were
centrifuged at 10 000g for 10 min at 4 °C. Then, the
supernatants were transferred to microtubes. Protein levels
were measured by the method of Bradford (54). The samples
were aliquoted and frozen at-80 °C.

Mitochondrial Fraction Preparation for Western Blot
Analysis.Mitochondrial fractions of IBP knockdown and
control cells were used for Western blot analysis, according
to methods described previously (13). Briefly, the adherent,
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stably transfected cells were washed with PBS, scraped into
500µL of PBS, and centrifuged 1000g for 6 min. The pellet
was resuspended in lysis buffer B containing 1mM EDTA,
250 mM sucrose, 5 mM Tris-HCl (pH 7.5) and protease
inhibitor (Roche) and was incubated for 15 min on ice. The
lysate was homogenized with a glass homogenizer (20
strokes) and incubated for 5 min, and 20 strokes more were
performed. The cell lysate was centrifuged at 1000g for 10
min, and the supernatant containing the mitochondrial
fraction was transferred into a new microtube. Then, the
supernatant was centrifuged at 13 000g for 20 min, and the
pellet was resuspended with buffer B and again centrifuged
at 13 000g for 20 min. This procedure was performed one
more time. For Western blot analysis, SDS was added to a
final concentration of 1%, and the samples were centrifuged
at 10 000g for 10 min. The protein quantity of the supernatant
was measured according to the method of Bradford (54),
and the samples were frozen in-80 °C.

Western Blot Analysis.Western blot protein analysis was
performed according to methods described previously (12,
13, 52). Briefly, samples of whole cell extracts or mitochon-
drial fractions (solubilized with 1% of SDS and frozen at
-80 °C) were thawed and prepared in 2× sample buffer
(0.125 M Tris-HCl (pH 6.8), 20% glycerol, 4% (w/v) SDS,
0.14 Mâ-mercaptoethanol, and 0.0005% (w/v) bromophenol
blue). The samples were boiled for 10 min and subjected to
electrophoresis through 12% SDS-polyacrylamide gel (10-
20 µg protein/lane). The protein extracts were then electro-
phoretically transferred to nitrocellulose membrane (Hybond
ECL, Amersham) in 20 mM Tris-HCl, 150 mM Glycine,
and 20% methanol for 1 h at 100 W,followed by blocking
of the membrane in 5% dried milk (Carnation, Glendale, CA)
in PBS-T (PBS containing 0.1% Tween 20). After several
washes, the membranes were incubated with a primary
antibody (for example, polyclonal anti-18 kDa IBP antibody
prepared in the laboratory of M. Gavish) in 1% dried milk
in PBS-T for 2 h. The membranes were washed in PBS-T
followed by a 1 h incubation with the secondary antibody
(horseradish peroxidase-linked anti-rabbit IgG, from Amer-
sham). After washing the blot with PBS-T, the membrane
was incubated for 1 min with ECL detection reagents
(Amersham) and exposed to Hyperfilm (Amersham) for 30-
60 s. Relative intensities of the Western blot labeling of the
18-kDa IBP and the other proteins of interest, extracted from
the IBP knockdown clones and control cells, were determined
densitometrically utilizing Biocapt-[Biocap1] Version 97.05
s for Windows and Bio-Profile, Bio-1D, Windows, Applica-
tion V97.04 (Vilber Lourmat, France).

To assay caspase 3 processing, a monoclonal rabbit anti-
caspase 3 antibody (1:1000; Cell Signaling, Frankfurt,
Germany) was used as described previously (52). To verify
protein loading, the blots were stripped with 62.5 mM Tris
(pH 6.8), 2% SDS, and 100 mMâ-mercaptoethanol for 10
min at 60°C and reprobed with a polyclonal rabbit antibody
against p44/42 MAP kinase (ERK) (1:50 000; Sigma).

Cell Growth in Soft Agar.This assay was performed as
previously described (48, 49). Briefly, Bacto Agar was used
to prepare a solution of 0.6% agar in culture medium. To
each 25 cm2 plate, 6 mL of the 0.6% agar solution was added
and allowed to solidify for 24 h at room temperature. A 0.3%
agar solution was prepared by mixing half of one part of
2× concentrated medium, one-quarter part of sterile double

distilled water, 3× 104 cells per cell line (individual IBP
knockdown clones and control cells), and one-quarter part
of a 1.2% agar solution warmed to 48°C. Of this mixture,
1.5 mL was added on top of the agar in the prepared wells.
In these wells, the cells were allowed to proliferate for 21
days. For analysis of colony size, a Zeiss Axioscop 2 inverted
microscope and Image ProPlus software version 4.5.1.25 for
Windows was used. Briefly, the wells were subdivided in
16 approximately equally sized areas, and from the centers
of five such subdivisions, the square measures of the
observed colonies were determined. In addition, cell numbers
per colony were counted, and the colonies were categorized
into three groups, less than 100 cells per colony, 100-300
cells per colony, and greater than 300 cells per colony, using
a standard inverted microscope.

Cell Number and Cell Death Assays.Cell counts were
performed for IBP knockdown clones and control cells
growing in regular medium, as described previously (48, 49).
Briefly, cell number and the percentage of cell death for
stably transfected cells were calculated with the aid of a
hemocytometer 5 days after having reached 100% conflu-
ency, since at this stage PBR expression, as determined by
ligand binding, appeared to be stable (48). Then, the medium
covering the cells was collected, the cells were trypsinized
and added to the collected medium, and a sample was taken
for cell counting. The cells were counted visually using an
inverted microscope (Olympus CK2) with the aid of a
hemocytometer. To determine the percentage of dead cells,
cells were stained with Trypan blue at a final concentration
of 0.25%.

Apoptosis.To determine differences in apoptosis between
IBP knockdown clones and control cells, we used the Cell
Death Kit, as described previously (48). For this programmed
cell death assay, 4× 105 cells were seeded and counted as
described by the manufacturer. A fraction of the suspension
containing 106 cells was centrifuged (1000g, 5 min), the
pellet was resuspended in 1 mL medium, centrifuged (1000g,
5 min), and the pellets were snap-frozen in liquid nitrogen
and stored at-70 °C until use. Upon apoptosis analysis,
the cell pellets were allowed to thaw and then resuspended
with lysis buffer according to the manufacturer’s instructions.
The lysate was centrifuged at 200g for 10 min. A fraction
of the supernatant was transferred to streptavidin-coated
microtiter plate modules. Immunoreagent was added (anti-
histone-biotin and anti-DNA-peroxidase in incubation buffer),
and after incubation with gentle shaking for 2 h, the modules
were rinsed three times with incubation buffer. Then, the
signal for apoptosis was measured following incubation for
20 min with 2,2′-azino-bis-[3-ethylbenzothiazoline]-6-sul-
fonic acid (ABTS) solution, according to the manufacturer’s
instructions. The level of staining by the ABTS substrate
was determined with an ELISA reader, at the wavelength of
405 nm. Reference absorbance was measured using a 490
nm wavelength. The ABTS solution by itself was used as a
blank.

Flow Cytometric Analysis (FACS).Fluorescence-assisted
cell sorting (FACS) was used to monitor the cell cycle profile
of the IBP knockdown clones and the control cells, according
to methods described previously (25, 48, 56). Briefly, 4 ×
105 stably transfected cells were seeded in 25 cm2 flasks,
and the cells were allowed to grow for 5 more days after
having reached 100% confluency. Then, the medium cover-
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ing the cells was collected, and the cells were trypsinized
and added to the collected medium. The cell suspension was
centrifuged (300g, 5 min), and the pellet was resuspended
in 1 mL of PBS and centrifuged at 4°C. Then, each cell
pellet was resuspended in 400µL of a 70% ethanol solution
and incubated for 1 h at 20°C. Then, 600µL PBS was added
to each suspension and mixed, followed by centrifugation
(1000g, 6 min) at 4°C. The pellets were resuspended and
incubated in 500µL PBS containing 100µg/mL RNAase
and 0.5% Triton X-100 for 30 min at 37°C. Then, propidium
iodide was added to a final concentration of 100µg/mL for
an incubation of 10 min at 4°C to stain the cell nuclei. Then,
the cells were filtered through a (30µm) nylon mesh and
vortexed just before FACS analysis on a FACScan (Becton
Dickinson, Mountain View, CA). Routinely 20 000 cells
were collected per assay point. Data were analyzed by the
CellQuest software package (BD, Franklin Lakes, NJ).

Apoptosis Induction and Caspase 3 Processing with
Erucylphosphocholine.IBP knockdown clones and control
cells were seeded in 24 well plates. Treatment of cells with
ErPC commenced 2 days after the cells having attained
confluency. A stock solution of 10 mM ErPC was prepared
as described previously (50). The treatment of the C6 IBP
knockdown cells and control cells consisted of application
for 2 days of 100µM ErPC or equal amounts of vehicle per
2 mL medium per well. The medium of treatment was
refreshed once after 1 day of the initial application of ErPC
and vehicle. Apoptotic rates were determined with the Cell
Death Kit as described above. Apoptotic levels of the vehicle-
treated cells were taken as standards to which the apoptotic
levels of the equivalent ErPC-treated cells were compared.

For assays of caspase-3 processing, whole-cell detergent
extracts were prepared from the different C6 clones treated
with 100 µM ErPC3 for 72 h or left untreated as described
(52). Western blot analysis for caspase 3 processing was
performed as described above.

Statistical Analysis.For statistical analysis, experimental
and control groups were withn g 5. Results are presented
as means( SD. Student’st test analysis was used to
determine significant differences between experimental and
control groups. When appropriate, one-way analysis of
variance (ANOVA) was carried out with the Student-
Newman-Keuls post-hoc test. When standard deviations
differed significantly between groups, as indicated by Bar-
tlett’s test for homogeneity of variance, the nonparametric
Kruskal-Wallis test, followed by the Dunn’s Multiple
Comparison post-hoc test was used.P < 0.05 was considered
statistically significant (57).

RESULTS

IBP Antisense Knockdown in the C6 Glioma Cell Line.
To determine the most effective promoter/enhancer for C6
glioma cells for our use in plasmid design and construction,
CAT promoter/enhancer assays were performed. These
assays led us to use the pcDNA3.0 plasmid vector to clone
the full-length 18-kDA IBP downstream of the CMV
promoter/enhancer (Figure 1).

Stable IBP antisense cDNA transfections to prepare IBP
knockdown clones and stable vector plasmid transfections
to prepare control cells were carried out in C6 glioma cell
line, as described in Materials and Methods. In the first stage

of the analysis of antisense and control stable transfectant
cell clones, PBR ligand binding assays using [3H]PK 11195
as a measure of the efficiency of IBP knockdown were
performed on whole cell extracts prepared from the IBP

Table 1: Whole Cell Extract Binding (B) Values (fmol/mg Protein)
of [3H]PK 11195 of IBP Knockdown Clones Compared to That of
Plasmid Control Cells (Transfected with Vector Plasmid)a

cells

meanB value
( standard deviation

(fmol/mg protein)

control cells 2168( 626
IBP knockdown clones 842( 259 (p < 0.01)

a The mean [3H]PK 11195 binding value of the control cells stems
from seven different flasks. The mean [3H]PK 11195 binding value of
IBP knockdown clones stems from six flasks of the IBP knockdown
clones, i.e., one flask for each IBP knockdown clone.

Table 2: Whole Cell Extract Binding (B) Values (fmol/mg Protein)
of [3H]PK 11195 for the Individual IBP Knockdown Clones,
Referenced to the MeanB Value of the Control Cells (Transfected
with Vector Plasmid)a

cells
B value

(fmol/mg protein)

control cells 2168
3.1 AS 1133
3.2 AS 1205
3.3 AS 585
3.4 AS 687
3.6 AS 710
3.7 AS 734

aAverage [3H]PK 11195 binding value of the control cells (see Table
1) and one sample for each IBP knockdown clone (no. AS).

Table 3: Average Mitochondrial PBR Binding (B) Values (fmol/mg
Protein) of [3H]PK 11195 of IBP Knockdown Clones Compared to
That of Control Cells (Transfected with Vector Plasmid)a

cells

meanB value
( standard deviation

(fmol/mg protein)

control cells 4335( 1328
IBP knockdown clones 1912( 975 (p < 0.01)

a Six separate clones provided the meanB value( standard deviation
of the [3H]PK 11195 binding of the IBP knockdown clones, with each
individual number presenting the average of quadruple measurements
of one IBP knockdown clone. The meanB value( standard deviation
of [3H]PK 11195 binding of the control cells resulted from six averaged
quadruple measurements.

Table 4: Mitochondrial Binding (B) Values (fmol/mg Protein) of
[3H]PK 11195 of Individual Knockdown Clones (No. AS),
Referenced to the AverageB Value of the Control Cells
(Transfected with Vector Plasmid)a

cells

meanB value
( standard deviation

(fmol/mg protein)

control cells 4335( 1328
3.1 AS 3634( 1975
3.2 AS 1653( 264
3.3 AS 2079( 517
3.4 AS 1569( 389
3.6 AS 1876( 1436
3.7 AS 658( 628

a Average [3H]PK 11195 binding value of the control cells (see Table
3) and the average of the quadruple measurements of theB value of
each IBP knockdown clone.
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antisense transfected clones and vector plasmid transfected
cells. In this test, a more than 2-fold reduction (p < 0.01) of
PBR ligand binding in the antisense clones (IBP knockdown
clones) compared to the vector plasmid transfected cells
(control cells) was seen (Table 1). Each individual IBP
knockdown clone showed this range of reduction in PBR
ligand binding with [3H]PK 11195 (Table 2). In a previous
study, saturability of PBR ligand binding in C6 was
demonstrated (48).

We also measured PBR binding in mitochondrial extracts.
A more than 2-fold reduction (p < 0.01) of PBR ligand
binding in the IBP knockdown clones compared to the
control cells was observed (Table 3). This reduction was
comparable to that seen in whole cell extracts (Tables 1 and
5). Table 4 shows that each IBP knockdown clone displayed
a lower level of mitochondrial PBR ligand binding in

comparison to the control cells. For most IBP knockdown
clones, this reduction was more than 2-fold, with the
exception of clone 3.1, which showed a 16% reduction in
mitochondrial PBR ligand binding (Table 4). Therefore, we
decided to continue our study with all individual IBP
knockdown clones as one mixed group versus control cells,
to average out nonspecific transfection effects as they may
occur in our various assays.

Assessment of IBP Protein LeVel by Western Blot Analysis.
We also applied Western blot analysis of whole cell extracts
and mitochondrial fractions to measure changes in IBP
protein levels as a consequence of IBP knockdown. We
found (Figure 2A) that the IBP knockdown clones showed
a more than 2-fold reduction in the 18-kDa IBP protein
quantity compared to the control cells, in whole cell extracts
(p < 0.01) (Table 5). In addition, we found a 31% reduction
of IBP protein quantity in the IBP knockdown clones
compared to control cells for mitochondrial fractions (Figure
2B) (Table 5). This difference was statistically highly
significant (p < 0.001).

Protein levels of the 36 and 72 kDa polymers of the 18
kDa IBP did not differ between control cells and IBP
knockdown clones in whole cell extracts (data not shown).

FIGURE 1: CMV-driven IBP antisense knockdown vector construct. The antisense knockdown vector was prepared by subcloning of the
full-length IBP cDNA fragment into the EcoRI-cut pcDNA3.0 plasmid in the antisense orientation with respect to the CMV promoter/
enhancer.

Table 5: Average PBR Binding and IBP Levels of IBP Knockdown
Clones of Mitochondrial Fractions and Whole Cell Extracts
Expressed as Percentage of Their Respective Controls (Cells
Transfected with Vector Plasmid)

IBP knockdown clones PBR binding IBP levels

mitochondrial fractions 44% 69%
whole cell extracts 39% 42%
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These average protein levels of 36 and 72 kDa only reached
9% and 8% of the 18-kDa IBP levels, respectively, in control
cells. The VDAC protein levels in the mitochondrial fractions
also did not differ between control cells and IBP knockdown
clones (data not shown), indicating that the observed changes
in 18-kDa IBP levels in IBP knockdown clones were specific.
These data validated the reduced 18-kDa IBP levels in IBP
knockdown clones compared to control cells and are
comparable to the reduction in the binding of the isoquinoline
PK 11195 (Table 5).

In Vitro Tumorigenicity of the IBP Antisense Clones.In
vitro tumorigenicity of IBP knocdown clones versus control
cells was determined by measuring anchorage-independent
colony growth. We found that IBP knockdown clones grew
better in soft agar, since the average area per colony of IBP
knockdown clones was significantly larger than that of
control cells (approximately 8-fold,p < 0.01, Figure
3A,C,D). In addition, IBP knockdown clones produced
significantly more colonies and more cells per colony than
control cells (Figure 3B,C,D). In particular, they displayed
significantly larger numbers of small colonies (p < 0.05),
medium colonies (p < 0.005), and large colonies (p < 0.05).
Hence, there seems to be an inverse correlation between PBR
binding levels and IBP expression on one hand and cell
tumorigenicity on the other hand.

Cell Number of Transfected C6 Cell Line.We then
evaluated differences in cell number of control cells versus
IBP knockdown clones after they had been confluent for 5
days. As depicted in Figure 4, the IBP knockdown clones
showed 25% more cells than control cells (p < 0.05).

Cell Cycle Analysis of Stably Transfected C6 Cell Lines.
We next chose to assess changes in the cell cycle phases of
the IBP knockdown clones in comparison to control cells
(Figure 5A), as well as to measure changes occurring in the
pre-G1 phase (DNA fragmentation) (Figure 5B). Note that
the pre-G1 phase is displayed separately, since its measured
number of events is much smaller than of the other phases.
This correlates with the low level of apoptosis of C6 cells
determined in this and a previous study (48). We found a
lower percentage of IBP knockdown clones in the G1 phase
and a larger percentage of the same clones in the G2-M
phases in comparison to the control clones (Figure 5A).
Differences between S phases of the control cells and IBP
knockdown clones were not found. Significantly, there were
2.5-fold less antisense clones in the pre-G1 phase than control
cells (Figure 5B). All of these differences were significant

(p < 0.001). This suggests that the IBP knockdown clones
displayed less apoptosis than control cells.

Cell Death Assessed by Measuring Trypan Blue Exclusion
and by the Cell Death Kit Assay.Trypan blue staining
demonstrated a 2-fold lower percentage of cell death in
antisense clones in comparison to the control cells (Figure
6A). This difference was statistically significant (p < 0.05).

FIGURE 2: Western blot analysis of 18-kDa IBP following antisense knockdown. (A) Differences in IBP levels of whole cell extract between
IBP knockdown clones (AS) and control cells (control) are very significant (**,p < 0.01). (B) Differences in IBP levels of the mitochondrial
fraction between antisense clones and control cells are highly significant (***,p < 0.001). The optical density of the labeled 18-kDa bands
is presented in arbitrary units.

FIGURE 3: Colony growth of IBP knockdown clones in soft agar
as an indication of tumorigenicity. (A) Differences in average IBP
knockdown clone (AS clones) colony size versus control cells
(control) growing in soft agar (**,p < 0.01). (B) Numbers of
colonies consisting of small (<100), medium (100-300), and large
numbers (>300) of cells. IBP knockdown clones (antisense)
produce significantly larger numbers of colonies than control cells
(control) in each category (small, *p < 0.05; medium, ***,p <
0.005; large, *,p < 0.05). (C and D) Micrographs of control cells
(C) and IBP knockdown clones (D) growing in soft agar. These
data indicate that the down regulation of IBP by genetic manipula-
tion results in significantly greater in vitro tumorigenicity.
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Basal apoptosis, as measured by the Cell Death Kit assay,
showed more than 2-fold lower levels of apoptosis in the
IBP knockdown clones in comparison to control cells (p <
0.001, Figure 6B). Hence, these data show lower levels of
cell death in IBP knockdown clones compared to control
cells and corroborate our data from FACS analysis.

Modulation of the Apoptotic Effects of ErPC by IBP
Knockdown.Treatment with ErPC caused a 7- to 8-fold
increase in apoptotic levels in our control cells (Figure 7).
This is comparable to results presented in previous reports
(50-52). Knockdown of the IBP component of the PBR
complex in the C6 glioma cell line completely prevented
this increase in apoptosis induced by the antineoplastic agent,
ErPC (Figure 7;p < 0.01).

Effect of IBP Knockdown on Caspase 3 Processing during
ErPC3 Treatment.We analyzed whether procaspase 3 was
cleaved in IBP knockdown cells in response to ErPC3. The
results in Figure 8 indicate that procaspase 3 is readily
processed in ErPC3-treated control cells shown by the
decrease in the intensity of the full-length protein. This is
indicative of caspase 3 activation and comparable to results
presented earlier (50-52). Knockdown of the IBP component
of the PBR complex in the C6 glioma cell line almost
completely prevented this decrease in procaspase 3 levels
induced by the antineoplastic agent ErPC3 (Figure 8). This
suggests that the reduction in apoptosis seen in IBP

knockdown clones involves a reduction in caspase 3 activa-
tion.

DISCUSSION

In a previous study (48), we found a correlation between
PBR ligand binding density expressed naturally in glioma
cell lines and in vitro tumorigenicity. In the current study,
we used genetically modified C6 cells that underexpress the
18-kDa IBP to investigate whether PBR ligand binding
density may be causative, contributory, or in response to
tumorigenicity. Underexpression (knockdown) was achieved
by stable transfection of C6 cells with vector plasmids
capable of synthesizing antisense 18-kDa IBP mRNA. The
mechanism leading to IBP underexpression would involve

FIGURE 4: Differences in cell number between IBP knockdown
clones and control cells 5 days after having reached confluency.
Cell number counted with aid of a hemocytometer. IBP knockdown
clones versus control cells (*,p < 0.05).

FIGURE 5: Cell cycle analysis by FACS. (A) Differences in
percentages of G1 and G2-M phases between IBP knockdown
clones (AS clones) and control cells (control) are small but very
significant (**, p < 0.01). (B) The percentage of IBP knockdown
clones (AS clones) in the Pre-G1 phase (DNA fragmentation) is
more than 2-fold higher than of control cells (control) (**,p <
0.01, very significant).

FIGURE 6: Differences in cell viability between IBP knockdown
clones (AS) and control cells (control). (A) The percentage of trypan
blue positive dead cells among the total number of cells is more
than twice as high for IBP knockdown cells, compared to control
cells (*, p < 0.05). (B) DNA fragmentation as a measure of
apoptosis, detected by the Cell Death Kit assay, is also more than
twice as high for IBP knockdown cells, compared to control cells
(**, p < 0.01).

FIGURE 7: Effect of IBP knockdown on apoptosis induction by
the antineoplastic agent, ErPC. Apoptotic rates are standardized to
100 arbitrary units in the vehicle-treated cells. The apoptotic rates
in the ErPC-treated cells are scaled in respect to their vehicle
controls. In control cells (plasmid), ErPC (10-4 M), increased
apoptotic levels in the C6 glioma cell line 7- to 8-fold compared
to baseline level (vehicle). In the IBP knockdown cell line (AS),
this apoptotic effect of ErPC was completely abolished. Explanation
of abbreviations: “ErPC”, treatment with ErPC; “vehicle”, treatment
with the carrier solution of ErPC (the control treatment); “plasmid”,
parent vector transfected C6 glioma cells (the control cells); “AS”,
IBP antisense knockdown C6 glioma cells, the subject of our study.
(**, p < 0.01, i.e., very significantly different from the correspond-
ing vehicle control group).
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exogenous IBP antisense RNA hybridizing with endogenous
18-kDa IBP mRNA and hence preventing 18-kDa IBP
translation. For control, the vector plasmids were stably
transfected into C6 cells. This method has already been
successfully applied in our laboratory in MA-10 Leydig cells
(21, 49).

PBR ligand binding using the tritiated isoquinoline, [3H]-
PK 11195, was applied to determine whether C6 cells, stably
transfected with the IBP knockdown vector, would express
reduced 18-kDa IBP levels. Indeed, more than 50% reduc-
tions in the binding of [3H]PK 11195 were observed in both
the whole cell extracts mitochondrial fraction of the cell
expressing the antisense knockdown vector compared to the
cells transfected with control vector (Tables 1-5). As [3H]-
PK 11195 binding directly correlates with the number of
active IBP sites, our data indicated that we indeed produced
C6 IBP antisense knockdown cells.

In addition, we performed Western blot analysis, which
would verify if it was possible to see similar differences in
18-kDa IBP protein levels by comparison of IBP knockdown
clones and control cells. In particular, we found a more than
50% reduction in whole cell 18-kDa IBP protein levels and
a more than 30% reduction in 18-kDa mitochondrial protein
levels in IBP knockdown clones compared to control cells,
respectively (Table 5). These reductions in 18-kDa IBP levels
appeared to be specific, since our results indicated that
VDAC protein levels in the mitochondrial fractions were not
affected, neither were 36-kDa nor 72-kDA IBP levels in the
whole cell extracts (58). So, according to PBR ligand binding
assays and Western blot analysis, we can conclude that
reduction of IBP level was successfully achieved by the
current approach. In the present study, we show that IBP
knockdown may lead to reduced PBR ligand binding density.
In a previous study, we showed that enhanced IBP expression
may lead to enhanced PBR ligand binding density (13). Thus,
IBP levels appear to be positively related to PBR ligand
binding density both in vitro and in vivo.

Many biological functions are attributed to the PBR. In
recent years, more attention has focused on its regulation of
cell proliferation, as a large number of brain tumors and other
neoplastic tissues were shown to express higher levels of
PBR ligand binding densities than untransformed control
tissues (25, 36, 38, 40, 41, 59, 60). Moreover, several

investigators have found that PBR-specific ligand treatments
can also modulate cell proliferation in some of these cells
(23, 25, 36). In the present study, the main aim was to find
whether changes in PBR ligand binding were indirect results
of cellular transformation or, in fact, were associated with
the cause of this pathology.

We previously have shown a correlation between PBR
ligand binding density and in vitro tumorigenicity in unma-
nipulated glioma cell lines (48). Another study by us
suggested that IBP antisense knockdown in MA 10 cells
significantly enhanced tumorigenicity (49). We found similar
results in colorectal cancer cells (unpublished results). In the
current study, we intended to test whether genetic manipula-
tions of PBR expression were able to affect the C6 cells’
ability to form colonies in a soft agar matrix. Anchorage-
independ cell growth as it occurs in soft agar can be used as
an assay of cell tumorigenicity (48, 49). We found, as a result
of this genetic manipulation, more than 7-fold larger colony
sizes for IBP knockdown clones in comparison to the control
cells. Furthermore, our IBP knockdown clones produced
more colonies and more cells per colony. These data are in
corroboration with our previous studies on MA10 Leydig
cells (21, 49). It would be appropriate for us to extend the
present observations by introducing these IBP knockdown
clones into isogenic rats to monitor tumor development in
vivo in comparison to grafts of control cells.

Our present experiments also showed that IBP knockdown
clones show lower apoptotic levels and larger cell counts
than control cells. Moreover, knockdown of IBP appeared
to reduce the C6 glioma cells’ sensitivity for the apoptosis
inducing antineoplastic agent, ErPC, and its congener, ErPC3.
The effect of PBR ligands on apoptosis is often considered
to operate via interactions between mitochondrial IBP and
VDAC (61, 62). It has been suggested that this pathway,
leading from modulation of VDAC by PBR ligands to
apoptosis, involves depolarization of the mitochondrial
membrane potential, mitochondrial cytochromec release, and
activation of caspase 3 and caspase 9 (48, 63-65). In the
present study, we found that knockdown of IBP prevented
caspase 3 activation typically caused by the application of
ErPC (50-52). This suggests that indeed the IBP component
of the PBR complex is essential for activation of the
apoptosis cascade running via cytochromec release and
caspase 3 and caspase 9 activation. On the other hand, IBP
modulation of steroidogenesis has been well-studied and does
not seem to require VDAC (17, 18, 21, 58, 66). In particular,
18 kDa IBP knockdown appears to reduce steroid production
in MA10 Leydig cells (21). Interestingly, several studies have
suggested that steroids may induce programmed cell death
in C6 glioma cells (67, 68). Steroids, such as progesterone,
have also been found to induce apoptosis in other types of
cancer cells (69, 70). Furthermore, pregnenolone-sulfate has
been shown to induce apoptosis in retinal cells (71). It would
be interesting to study whether enhanced steroid production,
including pregnenolone, due to PBR stimulation in tumori-
genic cells, may activate these putative steroid-related
apoptotic pathways.

As the knockdown vector of the present study was not
selectively directed to mitochondrial PBR expression only,
the expression of 18-kDa IBP may also have been affected
in other cellular milieus (Tables 1, 2, and 5). While the
majority of intracellular PBR typically is considered to be

FIGURE 8: Effect of IBP knockdown on caspase 3 processing
following treatments with the ErPC3 congener, ErPC3. Control cells
(vc) and IBP knockdown clones were cultured in the presence (+)
or absence (-) of 100 µM ErPC3 for 72 h. The cells were then
lysed, and caspase 3 processing was analyzed by Western blot
analysis using a rabbit monoclonal antibody. Protein loading was
verified by reprobing for p44/42 MAP kinase (ERK). Explanation
of abbreviation and acronyms: “C6 clone” marks the row indicating
the cell types used; “vc” is vector control, i.e., parent vector
transfected C6 glioma cells (the control cells); “3.1, 3.2, 3.3, 3.4,
3.7”, the IBP knockdown clones used for this assay; “ErPC3” marks
the row indicating treatment with ErPC3 (+) or its vehicle (-);
“caspase-3” marks the row indicating the level of procaspase 3 after
treatment with ErPC3 or its vehicle; “ERK” marks the row
indicating the levels of the reference protein, P44/42 MAP kinase.
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present on the external mitochondrial membrane (6), PBR
expression was also detected in nuclear, microsomal, and
cytosomal fractions (72). Hardwick et al. (73) suggested that
increased perinuclear/nuclear localization of IBP may occur
in malignant breast tissues, where its main function may be
to influence cell proliferation (71). In a previous study, we
found that IBP knockdown did not affect the cellular
proliferation rate (21), while the present and another previous
study by us (48) suggest that the effect of IBP knockdown
on C6 cell number is primarily modulated via apoptosis. It
would be of interest in future genetic manipulation studies
of cellular PBR to study the phenotype of cells presenting
IBP overexpression specifically in selected cell organelles.

The majority of PBR protein in the mitochondrial mem-
brane is found in complex with many other proteins, which
are involved in different biological processes of cells,
including apoptosis, steroidogenesis, proliferation, and oxida-
tive phosphorylation. It is possible that PBR-related apoptosis
may serve as a mechanism directed to regulate uncontrolled
tumorigenic cell proliferation. To attain this PBR-related
apoptosis, tumorigenic cells may increase their PBR expres-
sion (48). The suppression of such increase in PBR expres-
sion by our stable IBP antisense knockdown apparently
enhanced the rate of the pathological proliferation of C6 cells,
resulting in enhanced cell numbers (Figures 3 and 4).
Interestingly, the IBP knockdown cells of our study even
are able to sustain 25% more cells in cultures confluent for
more than 4 days. Possibly, these cells lose some of their
contact inhibition or are less sensitive to reduced availability
of nutrients and oxygen due to crowding. Delay or reduction
of PBR-related apoptosis may be an important factor for the
regulation of cell proliferation following our antisense
knockdown of IBP. Nonetheless, according to our previous
study (48), high levels of PBR ligand binding density in
unmanipulated C6 cells still does not allow adequate control
on the cell proliferation. This indicates that an upregulation
of PBR by itself in cancer cells is not sufficient to
downregulate the cells’ proliferation to normal levels.
Nonetheless, our study suggests that upregulation of PBR,
as observed in untreated cancer cells, may make such cancer
cells more sensitive to antineoplastic agents, including ErPC
and ErPC3.

In conclusion, our data suggest that increased cell prolif-
eration in IBP knockdown cells is due to a loss of PBR-
related apoptosis. This suggests that enhanced expression of
IBP in tumorigenic cells may be a cellular mechanism to
slow pathological proliferation of these transformed cells.
Furthermore, our present study provides one of the first data
that suggests a direct association between PBR expression
and change in the cellular transformation level of cancer cells.
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