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a b s t r a c t

The peripheral-type benzodiazepine receptor (PBR), an 18-kDa high affinity drug and

cholesterol binding protein, is expressed at high levels in various cancers. Its expression

is positively correlated with aggressive metastatic behavior in human breast cancer cells. To

determine the role of PBR in tumor progression, two human mammary carcinoma cell lines

were utilized: the non-aggressive MCF-7 cell line, which expresses extremely low PBR levels,

and the highly aggressive MDA-MB-231 cell line, which has much higher PBR levels. We have

generated stably transfected lines of the tetracycline-repressible MCF-7 cell line (MCF-7 Tet-

Off) with inducible human PBR cDNA. Induction of PBR expression in MCF-7 Tet-Off cells

increased PBR ligand binding and cell proliferation. Transfection of MDA-MB-231 cells with

multiple siRNAs complementary to PBR (PBR–siRNAs) led to different levels of PBR mRNA

knockdown. Lentiviral-mediated PBR RNA interference in MDA-MB-231 cells decreased PBR

levels by 50%. Decreased PBR expression was associated with cell cycle arrest at G2 phase,

decreased cell proliferation, and significant increases in the protein levels of the cyclin-

dependent kinase inhibitor p21WAF/CIP1. These changes were accompanied by p53 activation

seen as increased p53 phosphorylation (Ser15). In parallel, increased proteolytic activation

of caspase-3 was also observed. Taken together these results suggest that PBR protein

expression is directly involved in regulating cell survival and proliferation in human breast

cancer cells by influencing signaling mechanisms involved in cell cycle control and apop-

tosis.
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1. Introduction

Breast cancer is one of the most common neoplasms and the

leading cause of cancer-related deaths in women in most

developing countries [1]. In breast cancer, tumor progression

occurs via a multi-step process in which normal cells gradually
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acquire more malignant phenotypes, including the ability to

invade tissues and form distal metastases. These metastases

are the primary cause of mortality. Considering that the first

step of tumor progression is increased cell survival and/or

proliferation, it can be envisaged that tumorigenesis and

malignancy are related to the proliferative potential of tumor

cells. Therefore, it is important to identify the cellular
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components that are involved in enhancing such proliferative

potential.

The peripheral-type benzodiazepine receptor (PBR) may be

one cellular component that is involved in regulating cell

proliferation. Conversely, its dysregulation could be involved

in the increased proliferation of cancer cells. PBR was

identified because of its ability to bind the benzodiazepine

diazepam in tissues that do not express the central benzo-

diazepine receptor [2,3]. PBR is an 18-kDa protein that is

abundant in steroid-synthesizing tissues, such as gonads,

adrenal gland, placenta and brain [2,3]. PBR resides primarily

in the outer mitochondrial membrane where it regulates the

transport of cholesterol to the mitochondrial inner mem-

brane. This transport process is the rate-determining step in

steroidogenesis [2]. Recent studies have shown that PBR is a

high-affinity cholesterol-binding protein [4,5]. Considering its

widespread distribution [2,3] and its ability to bind cholesterol

[4,5], PBR might affect cholesterol compartmentalization and

membrane biogenesis, which are events involved in cell

proliferation and death. Indeed, PBR has been shown to be

important in mitochondrial respiration [6] and cell survival [7–

11]. Additionally, PBR has been implicated as a therapeutic

target for cancer, as well as cardiovascular and neurological

diseases [12,13].

Numerous studies conducted during the last decade have

indicated that PBR may also play a role in carcinogenesis.

The PBR receptor is highly expressed in testicular and

adrenocortical cells and in brain gliomas. PBR drug ligands

(e.g., benzodiazepines) have been shown to regulate the

proliferation of such cells [14]. PBR expression has been

correlated with the high metastatic potential of human

astrocytomas and other types of human brain tumors

[15,16]. PBR ligands have also been shown to influence the

proliferation of various tumors, such as gliomas and

lymphomas [17–22]. Increased densities of PBR binding sites

have been found in colonic adenocarcinoma [23–25], ovarian

carcinoma [26,27], and in human brain gliomas, as com-

pared to normal tissue [27,28]. Also, recent studies have

indicated that antitumor drugs that act via PBR (e.g., PBR

ligand-drug conjugates) may be useful in treating pancreatic

and brain tumors [29,30]. Pharmacological concentrations of

high-affinity PBR drug ligands can induce apoptosis in

various cancer cell lines [31–36], and that PBR ligands may

act as chemosensitizing agents for the treatment of human

neoplasms [37,38].

In previous studies, we examined the expression, char-

acteristics, localization, and function of PBR in a battery of

human breast cancer cell lines that differed in their invasive

and chemotactic potentials [31]. PBR ligand-binding and PBR

mRNA levels were significantly higher in highly aggressive cell

lines, such as MDA-MB-231, than in non-aggressive cell lines,

such as MCF-7. This difference may be due, at least in part, to

PBR gene amplification [39,40]. PBR was also expressed at high

levels in aggressive metastatic human breast tumor biopsies,

compared to normal breast tissue [27,31,41]. In further studies,

we found that the ability of aggressive breast tumor cells to

form tumors in vivo might depend on the amount of PBR

present in the cells. Furthermore, exposure of MDA-MB-231

cells to high-affinity PBR drug ligands increased the incorpora-

tion of bromodeoxyuridine (BrdU) into the cells, indicating
that PBR plays a role in regulating cell proliferation in this

aggressive cancer cell line [40].
2. Materials and methods

2.1. Materials

MCF-7 and MDA-MB-231 human breast cancer cell lines were

obtained from the Lombardi Comprehensive Cancer Center,

Georgetown University Medical Center. The 293T/17 cell line

was from American Type Culture Collection (ATCC, Manassas,

VA). Dulbecco’s modified Eagle medium (DMEM) and Fetal

Bovine Serum (FBS) were purchased from Cellgro (Mediatech,

Inc., Herndon, VA). Penicillin and streptomycin were obtained

from Invitrogen Corporation (Carlsbad, CA). The tetracycline-

repressible MCF-7 cell line, designated ‘‘MCF-7 Tet-Off’’ was

from BD Biosciences Clontech (Palo Alto, CA). Tet-Approved

FBS, pBI-EGFP expression vector, and pTK-Hyg vector were

obtained from Clontech. Plasticware was supplied by Corning

(Corning, NJ). Hygromycin and doxycycline (Dox) were

obtained from Sigma Aldrich (St. Louis, MO). [3H]PK 11195

[1-(2-chlorophenyl)-N-methyl-N-(1-methylpropyl)-3-isoqui-

noline-carboxamide; specific activity, 85.5 Ci/mmol] was

obtained from NEN Life Science Products (Boston, MA). Bio-

Rad Protein Assay Kit was obtained from Bio-Rad Laboratories

(Hercules, CA). Poly-D-lysine slides were supplied by Becton

Dickinson Labware (Bedford, MA). Anti-vimentin antiserum

was from Chemicon International, Inc. (Temecula, CA).

Omnicon 3800 Tumor Colony Analyzer was purchased from

Imaging Products International, Inc. (Chantilly, VA). Small

interfering RNAs (siRNAs) consisting of 21 nucleotides were

synthesized by Dharmacon Research (Lafayette, CO) using 20-

ACE protection chemistry. Oligofectamine reagent, Opti-MEM,

Lipofectamine, and PlusTM Reagent were from Invitrogen.

Qiagen RNeasy Mini kit and RNase-free DNase were obtained

from Qiagen (Valencia, CA). ABI PRISM 7700 Sequence

Detection System, TaqMan Reverse Transcription Reagents,

and SYBR Green PCR Master Mix were purchased from Applied

Biosystems (Foster City, CA). All DNA primers were synthe-

sized by MWG-BIOTECH Inc. (High Point, NC). BrdU Cell

Proliferation ELISA was from Roche Molecular Biochemicals

(Indianapolis, IN). Double-promoter pFIV-H1/U6-copGFPTM

siRNA Cloning and Expression Vector, and pFIV-PACK Packa-

ging Plasmid Mix were obtained from System Biosciences

(Mountain View, CA). Coulter Counter Multisizer 3 was

purchased from Beckman Coulter, Inc. (Fullerton, CA). PBR

antibody was an affinity-purified anti-peptide rabbit poly-

colonal antiserum raised against the conserved amino acid

sequence 9–27 as described [5]. Antibodies to p21WAF1/CIP1,

CyclinA, CyclinB1, Retinoblastoma protein (Rb) were obtained

from BD Biosciences (San Jose, CA). Anti-glyceraldehyde 3-

phosphate dehydrogenase (anti-GAPDH) was obtained from

Trevigen Inc. (Gaithersburg, MD). Antibodies to cleaved

caspase-3 and Phospho-p53 (Ser15) were obtained from Cell

Signalling (Beverly, MA). Proliferating cell nuclear antigen

(PCNA) antibody was purchase from Santa Cruz Biotechnology

(Santa Cruz, CA). Enhanced chemiluminescence (ECL) kit was

purchased from Amersham Biosciences (Arlington Heights,

IL). Prism v3.0 software was obtained from GraphPad Inc. (San
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Diego, CA). Other reagents were obtained from appropriate

commercial sources.

2.2. Cell culture

MCF-7 and MDA-MB-231 human breast cancer cell lines were

grown in Dulbecco’s modified Eagle medium (DMEM) supple-

mented with 10% fetal bovine serum (FBS) plus 100 U/ml

penicillin and 10 mg/ml streptomycin. The commercially

available tetracycline-repressible MCF-7 cell line, designated

‘‘MCF-7 Tet-Off’’ was used for stably transfecting human PBR

cDNA under the control of the TET REs. MCF-7 Tet-Off mock-

transfected cells (designated ‘‘MOM’’) and MCF-7 Tet-Off-

Induced expression of PBR cells (designated ‘‘MIP’’) were

maintained in DMEM supplemented with 10% Tet-Approved

FBS. Stable MIP transfectants were later termed ‘‘MIP1’’ and

‘‘MIP2’’.

2.3. Stable transfection of MCF-7 Tet-Off cells with PBR
cDNA

Approximately 8 � 105 MCF-7 Tet-Off cells were co-transfected

with 40 mg of either the pBI-EGFP vector alone (mock-trans-

fected MCF-7 Tet-Off, or MOM cells), or with the vector plus the

full-length human PBR cDNA (MIP cells) and 2 mg of the pTK-Hyg

vector via electroporation (220 V, 950 mF). pBI-EGFP is a bi-

directional expression vector possessing both the enhanced

green fluorescent protein (EGFP) cDNA and a multi-cloning

sequence under the expression of a bi-directional minimal

cytomegalovirus promoter containing a Tet-responsive ele-

ment. Thus, pBI-EGFP permits the simultaneous expression of

the PBRgeneandEGFP.The pTK-Hyg vectorconfershygromycin

resistance and served as a negative selection marker in this

study. After electroporation, cells were plated in DMEM

supplemented with 10% Tet System Approved FBS without

antibiotics for 2 days at 37 8C, 6% CO2. The cells were then

maintained in DMEM, 10% Tet System Approved FBS supple-

mented with 100 mg/ml hygromycin and 1 mg/ml doxycycline

(Dox). After several weeks, colonies over 2 mm in size were

isolated and amplified in DMEM, 10% Tet System Approved FBS

supplemented with 100 mg/ml hygromycin and 1 mg/ml Dox.

2.4. Doxycycline-induced reduction of EGFP expression

Selected stably-transfected MIP clones, MIP1 and MIP2, were

plated onto 96-well plates at a concentration of 5000 cells/well

and allowed to grow for 3 days in DMEM supplemented with

10% Tet System Approved FBS in the presence of 0, 0.0001, 0.01,

or 1.0 mg/ml Dox. In this gene expression system, the Tet-

controlled transcriptional transactivator activates transcrip-

tion in the absence of the inducer (Dox). After incubation, cells

were washed twice with PBS, and EGFP fluorescence was

determined at 485 nm excitation and 510 nm emission.

2.5. Radioligand binding assays

Cells were scraped from 150-mm culture dishes into 6 ml of

phosphate buffered saline (PBS), dispersed by trituration, and

assayed for protein concentration. [3H]PK 11195 binding to

samples representing 40 mg of protein from cell suspensions
was determined as previously described [31]. Specific [3H] PK

11195 binding was analyzed using the iterative non-linear

curve-fitting program Radlig 4.0 (KELL suite, Biosoft, Cam-

bridge, UK). Protein levels were measured according to

Bradford [42] using the Bio-Rad Protein Assay Kit and bovine

serum albumin as the standard.

2.6. Immunochemical determination of vimentin

Approximately 20,000 cells per well of MCF-7 Tet-Off, MIP1 and

MIP2 cells lines and 5000 cells per well for MDA-MB-231 were

plated onto poly-D-lysine slides and incubated overnight at

37 8C, 6% CO2. Cells were then fixed in 10% formaldehyde for

10 min at room temperature. After washing thoroughly with

distilled H2O, anti-vimentin, diluted 1:3 in PBS supplemented

with 10% FBS, was added to each well. Samples were incubated

overnight at 4 8C. After thoroughly rinsing the slides in PBS,

horseradish peroxidase-conjugated goat anti-mouse second-

ary antibody, diluted 1:1000 in PBS supplemented with 10%

FBS, was added to each well. Immunoreactivity was revealed

as previously described [40].

2.7. Crystal violet cell proliferation assay

Cells grown to confluency were trypsinized and plated on 96-

well plates at a concentration of 5000 cells/well. Cells were

maintained in DMEM supplemented with 10% Tet System

Approved FBS. Dox was added to the designated samples at a

concentration of 1 mg/ml. Medium were changed every 2 days.

At the specified time points, cells were fixed and stained in

Crystal Violet solution (100 ml/well of 0.5% Crystal Violet, 25%

methanol) for 10 min at room temperature. Plates were then

thoroughly washed in 1� PBS, dried overnight, resuspended in

citrate buffer and read at 600 nm.

2.8. Soft agar colony formation assay

For this assay, 5000 cells were suspended in 1.5 ml top agar

(0.35% agar, DMEM supplemented with 10% Tet System

Approved FBS) and plated on 1.5 ml base agar (0.5% agar,

DMEM plus 10% Tet System Approved FBS) in one well of a 6-

well plate. Cells were incubated at 37 8C, 6% CO2 for 14 days. On

day 2, a thin layer of liquid DMEM supplemented with 10% Tet

System Approved FBS was added to each well. At the end of the

assay, colony formation was determined by reading each plate

using an Omnicon 3800 Tumor Colony Analyzer.

2.9. Preparation of siRNAs

Small interfering RNAs (siRNAs) consisting of 21 nucleotides

were synthesized using 20-ACE protection chemistry and used

as previously described [43]. In brief, the siRNA strands were

deprotected according to the manufacturer’s instructions,

mixed in equimolar ratios and annealed at 60 8C for 45 min

and at ambient temperature for 30 min. The GeneBank

accession number for human PBR is gi 21536444. SiRNA

duplexes with the following sense and antisense sequences

were used: PBR 361 siRNA targeting human PBR exon 3,50-

CUGGGCAUGGCCCCCCAUCdTdT-30 (sense), 50-GAUGGGGGGC-

CAUGCCCAGdTdT-30 (antisense); PBR 537 siRNA targeting



b i o c h e m i c a l p h a r m a c o l o g y 7 3 ( 2 0 0 7 ) 4 9 1 – 5 0 3494
human PBR exon 4,50-CUACUGCGUAUGGCGGGAC-dTdT30

(sense), 50-GUCCCGCCAUACGCAGUAGdTdT-30 (antisense);

PBR 548 siRNA targeting human PBR exon 4,50-CCAUGGCUGG-

CAUGGGGGAdTdT-30 (sense), 50-UCCCCCAUGCCAGCCAUGGdT

dT-30 (antisense); Scrambled siRNA, 50-GGCUACUAUGCGGC-

GACUGdTdT-30 (sense), 50-CAGUCGCCGCAUAGUAGCCdTdT-30

(antisense). PBR 361, 537 and 548 siRNAs correspond to PBR

coding regions and scrambled siRNA served as the control.

Sequences for the siRNAs were selected as follows: 75 bases

downstream from the start codon the first AA dimer (base 202–

203 in gi 21536444) was located and the next 19 nucleotides were

selected and the percentage of guanosines and cytidines (G/C

content) of the (N19)TT 21-base sequence was calculated as

76.2%. Ideally, the G/C content should be �50% (less than 70%

and greater than 30%). Since this sequence does not meet the

criterion, the search continues downstream to the next AA

dimer until this condition is met. Each 21-base sequence was

subjected to a BLAST-search (NCBI Database) against EST

libraries to ensure that only one gene was targeted. The base-

pairing region for each siRNA was selected carefully to avoid

chance complementarity to an unrelated mRNA. PBR 361 siRNA

targets human PBR 50-ctgggcatggccccccatc-30 (G/C content

66.7%) following aa (base 361–362 in gi 21536444); PBR 537

siRNA targets human PBR 50-ctactgcgtatggcgggac-30 (G/C con-

tent 57.1%) following aa (base 537–538 in gi 21536444); and PBR

548 siRNA targets human PBR 50-ccatggctggcatggggga-30 (G/C

content 61.9%) following aa (base 558–559 in gi 21536444). The

most efficient silencing was obtained with siRNA duplexes

composed of 21-nt sense and 21-nt antisense strands, paired in

a manner to have a 19-nucleotide duplex region and a 2-

nucleotide overhang at each 30-terminus. Therefore, the dTdT

30-overhang of the antisense sequences is complementary to

the target mRNA but the symmetrical dTdT 30-overhang of the

sense siRNA oligo does not need to correspond to the mRNA.

2.10. Transfection of MDA-MB-231 human breast cancer
cells with PBR–siRNA duplexes

A single transfection of siRNA duplexes was performed using

the Oligofectamine reagent. The cells were assayed for

silencing later. Cells had been seeded the previous day in

DMEM supplemented with 10% FBS in the absence of

antibiotics. The siRNA duplex was mixed with Opti-MEM. In

a separate tube, the Oligofectamine reagent was mixed with

Opti-MEM and incubated for 10 min at room temperature. The

two solutions were combined, gently mixed by inversion,

incubated for 20 min at room temperature, and then the

resulting siRNA-Oligofectamine was added to cells that were

cultured at 30–50% confluency. Twenty-four hours later, fresh

DMEM supplemented with 30% FBS was added to transfected

cells to obtain a final concentration of 10% FBS.

2.11. Real-time quantitative PCR (Q-PCR)

Following incubation with or without siRNA, cells were washed

three times with 1� PBS (pH 7.4). Total RNA was isolated using

the Qiagen RNeasy Mini kit according to the manufacturer’s

specifications. Total RNA was submitted to On-Column DNase I

digestion with RNase-free DNase in order to remove genomic

DNA contamination. Q-PCR was performed using the ABI PRISM
7700 Sequence Detection System as previously described [44].

Briefly, total RNA was reverse-transcribed into cDNA using

TaqMan Reverse Transcription Reagents, and the resulting

cDNA was then processed for amplification of the PBR gene

using specific primers. Each sample was run in triplicate. Direct

detection of the PCR products was achieved by measuring the

increase in fluorescence caused by the binding of SYBR1Green I

Dye to double-stranded (ds) DNA. The Comparative CT Method

was used to analyze the data. The amount of PBR mRNA

expression was normalized to the endogenous reference (18S

rRNA). The following forward and reverse primers (50–30) were

used for Q-PCR: TCCCAGTAAGTGCGGGTCAT and CCAATCGG-

TAGTAGCGACGG for 18S rRNA, TCTTCTTTGGTGCCCGACA and

CCAGCAGGAGATCCACCAAG for PBR. All primers were tested,

and no primer-dimer was found in the Q-PCR reactions.

2.12. DNA synthesis assay

MDA-MB-231 cells were plated on 96-well plates in DMEM

supplemented with 10% FBS containing 100 nM of siRNAs.

After 72 h incubation, differences in DNA synthesis were

analyzed by measuring the amount of 5-bromo-20-deoxyur-

idine (BrdU) incorporation using the BrdU Cell Proliferation

ELISA. Incorporation of BrdU was measured at 450 nm

(reference at 690 nm) [45].

2.13. Lentiviral-mediated PBR RNA interference

Endogenously expressed siRNA effectors provide long-term

silencing of the target gene and allow us to generate cell lines

and transgenic organisms with a stable knockdown pheno-

type for functional studies. Double-promoter pFIV-H1/U6-

copGFPTM siRNA Cloning and Expression Vector was used.

pFIV siRNA Vectors are derived from feline immunodeficiency

virus [46]. The pFIV Vectors are self-inactivating as a result of a

deletion in the U3 region of 30-DLTR. For each selected

sequence, two complementary siRNA oligonucleotides (a

sense strand and an anti-sense strand) were synthesized. In

addition to the sense or anti-sense siRNA sequence the

oligonucleotide included a 4-base sequence at the 50 end of

each oligonucleotide (AAAG on sense strand and AAAA on the

anti-sense strand) to facilitate ligation with the vector. E. coli

transformation and screening for siRNA template inserts for

scrambled siRNA and PBR 548siRNA was performed following

the manufacturer’s protocol.

FIV pseudoviral particles containing a copy of PBR pFIV

siRNA expression construct were then generated by mixing

the following: 6 ml (3.0 mg) pFIV-PACK Packaging Plasmid Mix,

1.5 mg (3 ml) PBR pFIV expression construct, 400 ml DMEM

medium without serum or antibiotics, and 20 ml PlusTM

Reagent. The mixture was incubated at room temperature

for 15 min and combined with LipofectamineTM used to

transfect 293T/17 cells at 50–70% confluency. DNA/PlusTM/

LipofectamineTM complex was incubated with the cells for 5 h.

The medium was then replaced with fresh DMEM medium,

supplemented with 3% serum and antibiotics. The incubation

continued for 48 h. Ten milliliters of the pseudovirus-contain-

ing medium was collected, centrifuged, and the supernatant

containing the pseudoviral particles was used to infect MDA-

MB-231 cells overnight. The virus supernatant was then



Table 1 – PBR ligand binding characteristics of MCF-7 Tet-
Off, MOM, and MIP cells

Cell line Kd (nM) Bmax (pmol/mg protein)

MCF-7 Tet-Off 1.2 � 0.23 0.8 � 0.92

MOM 0.7 � 0.16 0.5 � 0.03

MIP1 � Dox 1.2 � 0.20 4.9 � 0.23***

MIP1 + Dox 0.9 � 0.21 0.6 � 0.04

MIP2 � Dox 1.3 � 0.06 2.1 � 0.03

MIP2 + Dox 1.2 � 0.01 0.8 � 0.03
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removed, and fresh DMEM with 10% FBS was added. Forty-

eight hours later, cells were collected for FACS, cell counting

and immunoblot analyses.

2.14. Cell proliferation assay

After subjecting cells to the above-described pFIV lentivirus

protocol, cell proliferation was measured by direct cell

counting using Coulter Counter Multisizer 3 after trypsiniza-

tion.

2.15. Flow cytometry

A single cell suspension was prepared for cell cycle analysis as

described previously [47]. In brief, MDA-MB-231 cells infected

with PBR pFIV lentivirus, as described above, were trypsinized

to obtain single cells, neutralized with medium containing

serum, washed with 1� PBS and then resuspended in Citrate/

DMSO buffer. Nuclei were isolated, the DNA was stained with

propidium iodide and the nuclear DNA content was detected

by flow cytometry [47]. The ModFit LT software (Verity

Software House, Topsham, ME) was used to model the cell

cycle data.

2.16. Immunoblots

After subjecting cells to the above-described pFIV lentivirus

protocol, whole-cell extracts were prepared in lysis buffer

(100 mM dithiothreitol, 2% sodium dodecyl sulfate, 50 mM

Tris–HCl pH 6.8, 50% glycerol, 0.1% bromophenol blue). Equal

amounts of protein were separated by SDS-PAGE in 4–20%

Tris-Glycine Gels and electrotransferred onto a nitrocellulose

membrane.

Proteins were visualized by enhanced chemiluminescence

reaction and images were developed and analyzed using a

Kodak Image Station 2000MM (New Haven, CT). The exposure

time was adjusted so that no pixels in the image were

saturated. Image-densitometric analysis of the immunoreac-

tive protein bands was performed using the Kodak 1D

software. The Region of Interest tool allowed us to define an

area for analysis. The sum of the background-subtracted pixel

values within the Region of Interest was used to compare the

samples.

2.17. Statistics

Multiple means were compared using InStat’s (GraphPad Inc.)

one-way analysis of variance (ANOVA). p values for one-way

ANOVAs are provided in the text. Comparisons between

individual drug treatments and control treatments were made

using an unpaired t-test. p values are provided in the text.
Scatchard analyses of 40 mg of cell protein from MCF-7 Tet-Off,

MOM, MIP1 and MIP2 cells were performed as described in Section

2. Scatchard analyses were also performed on MIP1 and MIP2 cells

grown in the presence of 1.0 mg/ml Dox for 3 or more days. Data

represents the mean � S.E.M. of three independent experiments

carried out in quadruplicate. Multiple Bmax means were compared

using one-way ANOVA, p < 0.0001. Comparisons between indivi-

dual cell line’s Bmax were made using an unpaired t-test. ***

means compared to MCF-7 Tet-Off, p < 0.001.
3. Results

3.1. PBR over-expression in non-aggressive MCF-7 human
breast cancer cells

After stably transfecting human PBR cDNA and the pBi-EGFP

bi-directional vector as described in the methods section,
MOM and MIP cells were analyzed. While approximately 20

MOM stable transfectants were isolated, only 2 MIP stable

transfectants (MIP1 and MIP2) could be isolated. EGFP

expression was completely repressed by 1.0 mg/ml Dox in

both MIP1 (Fig. 1A and B) and MIP2 cells (Fig. 1A), indicating

that the Tet-Off system is fully functional in this cell line.

EGFP fluorescence measurements indicated that EGFP

expression was significantly repressed by serial Dox con-

centrations in MIP1 cells ( p < 0.001 by ANOVA) and in MIP2

cells ( p < 0.001), compared to untreated cells. Comparisons

between individual Dox treatments and control were made

using an unpaired t-test. Compared to MIP1 and MIP2 Dox-

untreated controls, EGFP expression was significantly

repressed by 10�4, 10�2 or 101 mg/ml Dox ( p < 0.001 in both

cell types).

3.2. Ligand binding to PBR in MCF-7 Tet-Off, MOM, MIP1
and MIP2 cells

As shown in Table 1, the MCF-7 Tet-Off cell line expressed

approximately 10-fold fewer PBR ligand binding sites than

the MDA-MB-231 cell line (Bmax = 0.8 pmol/mg protein

versus 8.7 pmol/mg protein, respectively). MOM cells also

had a low capacity for PBR ligand binding (Bmax of 0.5 pmol/

mg protein, and was not statistically significant compared to

MCF-7 Tet-Off cell line). MIP1 and MIP2 cells achieved

maximal PBR ligand binding (Bmax) of 4.9 and 2.1 pmol/mg

protein, respectively. This increase in Bmax was statistically

significant for MIP1 ( p < 0.001), but not for MIP2 cells,

compared to MCF-7 Tet-Off cell line. In the presence of

1.0 mg/ml Dox, the Bmax values for both MIP1 and MIP2

decreased to levels approximating those of MCF-7 Tet-Off

and MOM cells (0.6 and 0.8 pmol/mg protein, respectively).

Kd values, which represent reciprocals of ligand-binding

affinities, were nearly identical (approximately 1.0 nM) for

all cell lines under all conditions employed (Table 1). In

preliminary experiments, we observed that PBR in MIP1 cells

was mainly localized in the perinuclear/nuclear area

(data not shown) as previously described in breast cancer

cells [31].



Fig. 1 – Repression of EGFP fluorescence by increasing

doxycycline concentrations in MIP1 and MIP2 cells, and

the effect of PBR transfection on the proliferation of MCF-7

Tet-Off cells. (A) MIP1 and MIP2 cells were seeded at a

density of 5000 cells/well on a 96-well plate and grown for

4 days in medium containing 0.0, 0.0001, 0.1, or 1.0 mg/ml

Dox. After 4 days, cells were washed in PBS and

fluorescence was determined at 485 nm excitation,

510 nm emission. Data points represent the

means W S.E.M. of three independent experiments carried

out in quadruplicate. a***p < 0.001 compared to MIP1

control and b***p < 0.001 compared to MIP2 control. (B) MIP1

cells were layered on poly-D-lysine coated slides and

grown under the same conditions as in (A). After 4 days,

cells were fixed in 10% formaldehyde. The slides were

then rinsed in distilled H2O before mounting with Crystal/

Mount. Phase-contrast images are beneath their

corresponding fluorescent images. Each photograph was

taken at 10T magnification. The higher background seen

in the fluorescent images exposed to 0.01 and 1.0 mg/ml

Dox was due to the low intensity of the signal. (C) Cell

Proliferation Curves for MCF-7 Tet-Off, MIP1, and MIP2

Cells. Six-day growth curves were obtained for MCF-7
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3.3. Expression of vimentin in MIP1 and MIP2 cells

Expression of the developmentally regulated intermediate

filament protein vimentin is a marker of enhanced invasive-

ness and increased metastatic potential. Thus, it serves as an

indicator of increased aggressive phenotype in breast cancer

cells [48]. Immunocytochemical assays showing the expres-

sion of vimentin in the MCF-7 Tet-Off, MDA-MB-231, MIP1, and

MIP2 cells were performed (data not shown). As MCF-7 cells

are vimentin-negative and as MDA-MB-231 cells are vimentin-

positive [48], MDA-MB-231 cells were used as a positive control

in these experiments. Vimentin immunostaining was found in

MCF-7 Tet-Off, MIP1 and MIP2 cell lines, and strong immu-

nostaining occurred in MDA-MB-231 cells (Fig. 2). However,

there were no gross differences in vimentin expression among

MCF-7 Tet-Off, MIP1 and MIP2 cell lines.

3.4. Effects of PBR transfection on the proliferation of MCF-
7 Tet-Off cells

Further functional studies were performed to examine

whether increased PBR expression may lead to increased cell

proliferation, as our previous studies had indicated [31,39,40].

Indeed, in the presence of 10% FBS, MIP1 cells proliferated at a

much greater rate than MCF-7 Tet-Off cells in the absence of

Dox (p < 0.001; Fig. 1C). This effect was abrogated by the

addition of 1.0 mg/ml Dox. No differences were seen between

the proliferation rates of MIP2 and MCF-7 Tet-Off cells in the

absence of Dox. Preliminary studies did not show any

significant difference between the MCF-7 Tet-Off and the

original MCF-7 cell line (data not shown). In additional

experiments, proliferation of MOM cells did not differ from

that of MCF-7 Tet-Off cells. Neither the MIP1 nor the MIP2 cell

line displayed a greater ability to grow in soft agar than the

MCF-7 Tet-Off parental cell line (data not shown).

3.5. siRNAs targeting PBR down-regulate PBR mRNA in
MDA-MB-231 breast cancer cells

Seventy-two hours treatment of cells with siRNAs (100 nM)

targeting various PBR coding regions decreased PBR mRNA

expression by about 50% (Fig. 3A). Multiple PBR mRNA means

were compared by ANOVA among all the groups, showing that

361, 537, 548 PBR siRNAs significantly decreased PBR mRNA

levels (p < 0.0001, ANOVA). 548 PBR siRNA was used in the

following functional studies.

3.6. siRNAs targeting PBR down-regulate radioligand
binding in MDA-MB-231 breast cancer cells

The inhibition of PBR mRNA expression in MDA-MB-231 cells

after 100 nM PBR-specific 548 siRNAs treatment for 72 h

resulted in a statistically significant (p < 0.001) inhibition of

ligand binding to PBR compared to control (Fig. 3B).
Tet-Off, MIP1, and MIP2 cell lines in the presence or

absence of 1.0 mg/ml Dox. MIP1 cells proliferated at a much

greater rate than MCF-7 Tet-Off cells in the absence of Dox

( p < 0.001). Data represents the mean W S.E.M. of three

independent experiments carried out in eight replications.



Fig. 2 – Vimentin immunocytochemistry. 20,000 cells per well for MCF-7 Tet-Off, MIP1, and MIP2 cells and 5000 cells per well

for MDA-MB-231 cells were loaded onto poly-D-lysine coated 8-well slides and incubated for 48 h. Cells were fixed and

vimentin immunostaining was carried out as described in Section 2. Phase-contrast images were taken at 10T

magnification.
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3.7. Silencing PBR expression inhibits the BrdU
incorporation of MDA-MB-231 cells

Following treatment of MDA-MB-231 cells with 100 nM PBR-

specific 548 siRNAs for 72 h, the amount of BrdU incorporation

also decreased in a manner parallel to the decrease in PBR

mRNA expression (Fig. 3C; p < 0.0001, ANOVA).
Fig. 3 – siRNAs targeting PBR decrease PBR mRNA and proliferatio

were either mock-transfected or transfected with 100 nM siRNA

siRNA, and analyzed 72 h later for PBR mRNA expression by Q-

independent experiments (n = 9). Multiple PBR mRNA means w

that PBR siRNA significantly decreased PBR mRNA levels ( p < 0.

transfected or transfected with 100 nM 548 siRNA targeting a PB

72 h later for PBR expression using a [3H]PK 11195 ligand bindin

MB-231 cells after 100 nM PBR-specific 548 siRNAs treatment fo

inhibition of ligand binding to PBR compared to control. Results

experiments (n = 6). (C) After either mock-transfected or transfe

72 h, the amount of BrdU incorporation was determined in MD

means W S.E.M. from three independent experiments (n = 9). Th

parallel to the decrease in PBR mRNA expression in 548 siRNA
3.8. Effect of silencing PBR expression on cell proliferation
and cell cycle

After its integration into MDA-MB-231, the pFIV effector

cassette continuously and stably produced high levels of

siRNA molecules in the target cells. The pFIV-H1/U6-copGFPTM

contains a copGFP reporter gene, which is similar to EGFP but
n in MDA-MB-231 breast cancer cells. (A) MDA-MB-231 cells

s targeting different coding region of PBR or scrambled

PCR. Results shown are means W S.E.M. from three

ere compared by ANOVA among all the groups, showing

0001, ANOVA). (B) MDA-MB-231 cells were either mock-

R coding region or scrambled siRNA. Cells were analyzed

g assay. The inhibition of PBR mRNA expression in MDA-

r 72 h resulted in a statistically significant ( p < 0.001)

shown are means W S.E.M. from two independent

cted with 100 nM PBR-548 siRNA or scrambled siRNA for

A-MB-231 as described in Section 2. Results shown are

e amount of BrdU incorporation decreased in a manner

treated cells ( p < 0.0001, ANOVA).



Fig. 4 – Effect of silencing PBR expression on cell proliferation and cell cycle. (A) After its integration into MDA-MB-231, the

pFIV effector cassette continuously and stably produced high levels of siRNA molecules in target cells. MDA-MB-231 cells

were either transfected with 548 FIV siRNA targeting coding region of PBR or scrambled FIV siRNA, and analyzed 72 h later

by flow cytometry to define the effect of the PBR siRNA treatment on cell cycle (B) and cell proliferation (C). Compared to

Mock or scrambled FIV siRNA, 548 FIV PBR siRNAs increased the percent of cell in G1-phase significantly ( p < 0.0001),

whereas there was a small decrease in the percentage of cells in S (not statistically significant) and G2 phases ( p < 0.05). 548

FIV MDA-MB-231 cells proliferated at a much lower rate than control and scrambled FIV siRNA ( p < 0.0001, ANOVA). Results

shown are means W S.E.M. from four independent experiments.
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has a brighter color (Fig. 4A). Target cells that stably express

the effector molecule can be isolated using the selection

contained in the expression vector construct (e.g. GFP). MDA-

MB-231 cells were either transfected with 548 FIV siRNA

targeting coding region of PBR or scrambled FIV siRNA, and

analyzed 72 h later by flow cytometry to define the effect of the

PBR siRNA treatment on cell cycle (Fig. 4B) and cell prolifera-

tion (Fig. 4C). Compared to Mock or scrambled FIV siRNA, 548

FIV PBR siRNAs increased the percent of cell in G1-phase

significantly (p < 0.0001), whereas there was a small decrease

in the percentage of cells in S (not statistically significant) and

G2 phases (p < 0.05). 548 FIV MDA-MB-231 cells proliferated at

a much lower rate than control and scrambled FIV siRNA

(p < 0.0001, ANOVA). When tissue culture supernatants were

colleted and cells were counted, cell numbers in the super-

natants was very low compared to the cells attached to the

plate. Moreover, there was no significant difference between

cell numbers measured in the supernatants from different

treatments (data not shown).

3.9. Effect of silencing PBR expression on CDKIs, cyclins,
caspase-3, PCNA, phospho-p53 (p-p53), and Rb protein

To elucidate the mechanism underlying the translation of

changes in PBR levels into changes in cell cycle and

proliferation, we examined the expression of key proteins
involved in regulating these processes. Inhibition of PBR

protein expression by treatment of MDA-MB-231 cells with

PBR 548 FIV was correlated with significant increases in cyclin

A, p21WAF1/CIP1, cleaved caspase-3 (p < 0.05, ANOVA), and p-

p53 (Ser15) (p < 0.01, ANOVA). The changes were also seen in

the expression levels of cyclin B, PCNA, Rb protein expression

(not statistically significant) (Fig. 5). However, these changes

were not consistent across experiments.
4. Discussion

The results presented here provide convincing evidence that

PBR is involved in regulating cell cycle and proliferation in

breast cancer cells. PBR could play a role in mediating the

increased cell proliferation that occurs in breast cancer and in

certain other forms of cancer.

We found that stable transfection of the MCF-7 Tet-Off

derivative of MCF-7 cells with the full-length human PBR cDNA

resulted in MIP1 and MIP2 cells that exhibited an increase in PBR

ligand binding. Growth assays showed that MIP1 cells grew at a

greater rate than MCF-7 Tet-Off cells. The finding that Dox

abolished this difference in growth rate strongly indicates that

the increased cell proliferation were a direct result of increased

PBR expression and not a by-product of transfection. Further,

the lack of differences in cell proliferation between MCF-7



Fig. 5 – Effect of silencing PBR expression on CDKIs, cyclins, caspase-3, PCNA, p-p53 (Ser15), and Rb protein levels. MDA-MB-

231 cells were either mock-transduced or transduced with packaged pFIV expression construct virus targeting coding

region of PBR or scrambled siRNA. Cells were analyzed 3 days later for PBR protein expression by Western blot analysis (A)

followed by image-densitometric analysis of the immunoreactive protein bands (B–I). Inhibition of PBR protein expression

(B) by treatment of MDA-MB-231 cells with PBR 548 FIV was correlated with increases in p21WAF1/CIP1 (D), cyclin A (F),

cleaved caspase-3 (H) ( p < 0.05, ANOVA), and p-p53 (Ser15) (I) ( p < 0.01, ANOVA). Changes of cyclin B (C), PCNA (E), and Rb (G)

protein expression were also observed but they were not consistent across experiments (not statistically significant). Equal

loading was assessed using anti-GAPDH. Blots shown are representative of one experiment. Similar results were obtained

in three other independent experiments. Bar graphs show means W S.E.M. generated from image-densitometric analysis of

the immunoreactive protein bands from three or four independent experiments.
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Tet-Off and MIP2 cells, which bind the PBR ligand less than MIP1

cells, indicates that a certain threshold level of PBR expression

must be surpassed in order for increased cell proliferation

to occur.

The finding that increasing the expression of PBR in MIP1

cells can enhance cell proliferation supports other findings

that PBR could be correlated with malignancy. PBR site

densities are as much as 12-fold higher in high-grade

astrocytomas and glioblastomas than in normal brain tissue

[15]. PBR is highly up-regulated in high-grade human astro-

cytomas relative to low grade tumors [16]. Additionally,

binding of the PBR-specific ligand, PK11195 is two-fold greater

in glioblastomas than in normal human gray matter [28]. The

relatively high PBR binding density was associated with

enhanced tumorigenicity and cell proliferation rate in glioma
cells, and PBR was functionally involved in apoptosis in glioma

cells [49].

Other recent results have indicated that the expression of

PBR is correlated with carcinogenic potential. PBR binding

occurs to a much greater extent in aggressive, estrogen

receptor (ER)-negative MDA-MB-231 cells than in non-aggres-

sive, ER-positive MCF-7 cells [31]. Beinlich and colleagues [50]

have indicated that specific high-affinity binding of a PBR

agonist ([3H]Ro5-4864) to PBR occurred with highest capacity in

the ER-negative, progesterone receptor (PR)-negative BT-20

and MDA-MB-435-5 breast cancer cell lines but with only low

capacity in ER-positive, PR-positive MCF-7, T47-D and BT-474

breast cancer cell lines.

PBR protein expression and ligand binding are up-regulated

in aggressive metastatic human breast tumor biopsies [31] by a
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mechanism(s) that may related to PBR gene amplification

[39,40]. This suggests that PBR may play an important role in

the proliferation of human breast tumors.

Taken together, the data presented here provide crucial

support of the view that PBR directly influences the regulation

of cell proliferation in cancer cells. Using vimentin immu-

nostaining as a marker of the aggressive phenotype of the

cells, we found no gross differences in vimentin expression

among MCF-7 Tet-Off, MIP1 and MIP2 cell lines. Although the

use of vimentin alone may be limiting, these data suggest that

although the amount of PBR protein per cell may serve as the

index of carcinogenesis, the level of PBR expression does not

appear to account for other phenotypic differences that exist

between non-aggressive and aggressive human breast cancer

cells. Additionally, PBR transfection did not affect the ability of

MCF-7 Tet-Off cells to grow in soft agar (anchorage-indepen-

dent cell growth; the hallmark of uncontrolled tumorigenic

proliferation) (data not shown).

In the present study, PBR–siRNA duplexes were used to

evaluate the role of PBR in cell proliferation in aggressive, PBR-

enriched, MDA-MB-231 human breast cancer cells. The goal of

this work was to determine the contribution of PBR to

invasiveness and metastatic potential, which are important

phenotypic characteristics of breast cancer cell lines. Our

finding that inhibition of PBR mRNA expression by PBR–siRNAs

led to reduced proliferation of MDA-MB-231 cells agrees with

our previous results that in vitro treatment of these cells or

treatment of nude mice bearing xenografts of these cells with

the standardized leaf extract of Ginkgo biloba (EGb 761) and

ginkgolide B inhibited PBR gene expression and cell prolifera-

tion [44,45].

Earlier studies by Sanger et al. [51] demonstrated that a

strong correlation exists between increased expression of PBR

ligand binding and the increase in the percentage of cells in

the S phase, which suggests that PBR regulates cell prolifera-

tion by influencing cell cycle function. Further studies showed

that low concentrations of PBR ligands stimulated prolifera-

tion of the aggressive BT-20 breast cancer cell line [50],

whereas high micromolar concentrations inhibited prolifera-

tion. Thus, nanomolar concentrations of PBR ligands may

enhance the entry of these cells into the S phase of the cell

cycle, whereas high micromolar concentrations may lead to

an accumulation of cells in the G0/G1 phase [51]. Carmel and

colleagues [52] also found that high micromolar concentra-

tions of PBR ligands also inhibit proliferation of non-aggressive

MCF-7 cells by inducing the cells to accumulate in the G0/G1

phase. These studies [51,52] provide persuasive evidence that

PBR influences cell proliferation by regulating cell cycle

staging.

The use of PBR ligands induced hepatocellular carcinoma

cells to arrest at both the G1/S- and G2/M-checkpoints [53]. We

report here that inhibition of PBR mRNA expression by PBR–

siRNAs led to cell cycle arrest at G2 phase. These data also

suggest that the PBR protein itself may be linked to signaling

pathways involved in the regulation of cell cycle. We

examined this hypothesis by looking at the expression levels

of molecules involved in cell cycle control.

Endogenously expressed siRNA effectors provide long-term

silencing of the target gene and allow us to generate cell lines

and transgenic organisms with a stable knockdown pheno-
type for functional studies. Lentiviral expression vectors are

the most effective vehicles for delivering genetic material to

almost any mammalian cell-including non-dividing cells and

whole model organisms [54]. Using lentiviral-mediated PBR

RNAi, we observed that inhibition of PBR expression is linked

to significant increases in p21WAF1/CIP1, p-p53 and cleaved

caspase-3 protein expression, as well as a consistent increase

in cyclin A protein expression. Decreased cyclin B, PCNA and

Rb protein expression levels were also observed, although not

in a consistent manner. p21WAF1/CIP1 was initially identified as

an inhibitor of cyclin-dependent protein kinase (Cdk) activity,

and was shown to inhibit each member of the Cdk family of

proteins that is involved in cell cycle control [55,56]. Related

studies have revealed that p21WAF1/CIP1 is a downstream

mediator of the p53 tumor-suppressor and that p21WAF1/CIP1

may play a prominent role in inducing apoptosis and cell cycle

arrest [55,57–61].

p53 is a transcription factor present at minute levels in any

normal cells. Upon various types of stress (DNA damage,

hypoxia, nucleotide pool depletion, viral infection, oncogene

activation), posttranslational modifications lead to p53 stabi-

lization and activation. Although the number of genes

activated by p53 is rather large, the outcome of p53 activation

is cell cycle arrest in G1 or G2, or apoptosis [62,63]. The cell

growth arrest by p53 activates of the DNA repair system of the

cell [63]. Thus, our finding that inhibition of PBR expression is

associated with increased expression of p21WAF1/CIP1 and p-

p53 is of interest, particularly because it links PBR inhibition

via p21WAF1/CIP1 up-regulation to mechanisms involved in

apoptosis and tumor suppression.

Many studies have shown that various anticancer drugs

enhance the expression of p21WAF1/CIP1 [64–66]. Increased

expression of p21WAF1/CIP1 in anaplastic thyroid cancer cells

(KAT-4 cells) enhanced the antineoplastic activity of paclitaxel

and its capacity to induce apoptosis [67]. Additionally,

transcription of p21WAF1/CIP1 was increased in human breast

cancer cell lines MCF-7 and MDA-MB-468 by treatment with

the DNA topoisomerase I inhibitors 10-hydroxycamptothecin

and camptothecin, both of which have been shown to have

therapeutic effects in various models of human breast cancer

[68]. Phenylacetate, a member of a new class of antineoplastic

drugs, arrested growth of MCF-7 cells associated with over-

expression of p21WAF1/CIP1 [69]. In agreement with these

findings, we observed a significant inhibitory effect of PBR–

siRNA treatment on cell proliferation.

Caspase-3 is one of the key executioners of apoptosis, as it

is either partially or totally responsible for the proteolytic

cleavage of many key proteins [70]. Activation of caspase-3

requires proteolytic processing of its inactive zymogen into

activated p17 and p12 fragments.

Progression of the mammalian cell cycle is regulated by

phosphorylation of many key proteins, such as cyclins. Several

classes of cyclins act as regulatory subunits for Cdks. These

cyclin-Cdk holoenzymes are essential for proper control of cell

cycle progression because they regulate a variety of substrates

whose activity is required for cell cycle transitions. We report

here that in cellswith reduced PBR levels, there was a significant

increase in cyclin A, but no significant changes in cyclin B or

PCNA protein levels. Cyclin A seems to be required for both S

and G2 phases [71]. The retinoblastoma (Rb) tumor suppressor



Fig. 6 – Schematic representation of the PBR-mediated

regulation of cell growth in MDA-MB-231 human breast

cancer cells. The data presented suggest that reduction of

PBR levels results in the activation of p53 (phopshorylation

at Ser15), induction of the cyclin-dependent kinase

inhibitor p21WAF1/CIP1 and cleaved caspase-3 levels leading

to growth arrest and apoptosis.
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gene product levels were reduced, although not in a significant

manner, in cells where PBR levels were knocked down. The lack

of effect of PBR–siRNA treatment of MDA-MB-231 cells on cyclin

B, and PCNA may be indicating that inhibition of PBR expression

has some degree of selectivity.

There is a great deal more to learn about PBR and its role

in cell proliferation. The present studies indicate that there

is a link between PBR expression levels, p53 activation, and

rate of cell proliferation in human breast cancer cells (Fig. 6).

It seems likely that PBR has the versatility required to

perform many different cellular functions while maintain-

ing its identity as the major site involved in mediating the

incorporation of cholesterol into cellular membranes.

Indeed, we recently demonstrated that the Arabidopsis

thaliana PBR homologue retains the ability to transport

cholesterol [72]. We envision that the development of

methods based on regulating tumor cell proliferation by

PBR manipulation opens up many new avenues for devel-

oping anticancer therapies. In showing that PBR–siRNAs can

inhibit the proliferation of human breast cancer cells, the

results provided herein represent a first step toward

achieving this goal. Given that PBR expression is increased

in human colonic, brain, ovarian, and breast cancer biopsies

[15,24,26,27], it seems that manipulation of PBR by treat-

ment with PBR–siRNAs could be useful in treating a broad

variety of cancers.
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