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Abstract

The TNF-related apoptosis-inducing ligand (TRAIL or Apo2L) preferentially cause apoptosis of

malignant cells in vitro and in vivo without severe toxicity. Therefore, TRAIL or agonist

antibodies to the TRAIL DR4 and DR5 receptors are used in cancer therapy. However, many

malignant cells are intrinsically resistant or acquire resistance to TRAIL. It has been previously

proposed that the multidrug transporter P-glycoprotein (Pgp) might play a role in resistance of

cells to intrinsic apoptotic pathways by interfering with components of ceramide metabolism or by

modulating the electrochemical gradient across the plasma membrane. In this study we

investigated whether Pgp also confers resistance toward extrinsic death ligands of the TNF family.

To this end we focused our study on HeLa cells carrying a tetracycline-repressible plasmid system

which shuts down Pgp expression in the presence of tetracycline. Our findings demonstrate that

expression of Pgp is a significant factor conferring resistance to TRAIL administration, but not to

other death ligands such as TNF-α and Fas ligand. Moreover, blocking Pgp transport activity

sensitizes the malignant cells toward TRAIL. Therefore, Pgp transport function is required to

confer resistance to TRAIL. Although the resistance to TRAIL-induced apoptosis is Pgp specific,

TRAIL itself is not a direct substrate of Pgp. Pgp expression has no effect on the level of the

TRAIL receptors DR4 and DR5. These findings might have clinical implications since the

combination of TRAIL therapy with administration of Pgp modulators might sensitize TRAIL

resistant tumors.
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1. Introduction

In mammalian cells, apoptosis occurs through two distinct molecular pathways. The intrinsic

pathway is activated by intracellular events and depends on the release of proapoptotic

factors from the mitochondria [1]. Standard chemotherapy and radiotherapy for cancer

predominately initiate apoptosis via the intrinsic pathway and thus may select for resistant

cancer cells that can evade intrinsic apoptosis signaling [1]. However, cell death can still

occur in the absence of intrinsic apoptosis via extrinsic apoptosis. The extrinsic apoptosis

pathway transmits signals from extracellular death ligands through binding to proapoptotic

death receptors [2]. The TNF family of proteins is among the extrinsic death ligands. This

family that includes TNF, Fas ligand and TRAIL are predominantly produced by cells of the

immune system [3–6] TRAIL is considered a key cytotoxic effector used by NK cells.

TRAILs are expressed by NK cells and regulated by IFNγ. These ligands are important

mediators of caspase-dependent target cell apoptosis via their receptors [7].

The proapoptotic member of the TNF family TRAIL binds to five identified receptors [2].

Two of these receptors are DR4 and DR5 that contain protein motifs in their cytoplasmic

region, known as death domains. These death domains are essential for the ability of DR4

and DR5 to transmit apoptotic signals. TRAIL also interacts with three “decoy” receptors

that are unable to transmit apoptotic signals: DcR1, DcR2, and osteoprotegerin.

Interestingly, TRAIL has anti-tumorigenic properties in vitro and in vivo, causing negligible

effects on normal cells when exogenously administered. This facilitated clinical studies

using three pharmacological strategies including: (a) the administration of recombinant

human TRAIL; (b) the use of activating humanized antibodies directed against the death

receptors DR4 or DR5; or (c) the adenoviral delivery of the TRAIL coding sequence into

tumor cells [8]. However, clinical trials have indicated that many human tumors demonstrate

intrinsic or acquired resistance to TRAIL therapy [9–11].

P-glycoprotein (Pgp) is a membrane-bound drug-efflux transporter which belongs to the

family of ATP-binding cassette (ABC) transporters. This multidrug transporter is a product

of the MDR1 (ABCB1) gene [12,13]. The study of over 400 various tumors has shown a

consistent association of MDR1 gene expression with several intrinsically chemotherapy

resistant cancers and increased expression of the MDR1 geneinvarious cancers with

acquired drug resistance [14]. The first direct evidence that the expression of this gene is

associated with multidrug resistance in vivo was in the study on transgenic mice expressing

the human MDR1 gene [15]. Pgp is highly expressed in many clinically resistant

malignancies and, therefore, it is considered as an adverse prognostic factor in solid and

hematological malignancies. In these malignancies Pgp expression has been correlated with

reduced drug sensitivity and poor clinical outcome [16]. A strategy already undergoing

clinical trials is the use of combination chemotherapy with chemical inhibitors of Pgp. These

agents from different pharmacological classes (termed chemosensitizers or MDR-

modulators) reverse cellular resistance to cytotoxic agents in experimental systems in vitro

[17–19].

In this study, we examined the effect of Pgp expression and activity on extrinsic apoptosis

pathways. The data supply interesting evidence that Pgp confers cellular resistance to the
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TRAIL death ligand. Moreover, we demonstrate that the sensitivity to TRAIL is increased

by co-administration of Pgp modulators.

2. Materials and methods

2.1. The Pgp ON/OFF system

A Pgp-tetracycline-off variant of the cervical carcinoma HeLa cell line has been previously

engineered [20] and used in this study. In this cell system, Pgp expression is under

tetracycline control. Addition of 2 μg/ml tetracycline hydrochloride (cell culture tested,

Sigma–Aldrich, St. Louis, MO, USA) turns off transcription of MDR1 mRNA, and over

incubation period of 3–4 days, Pgp expression is silenced, allowing comparison of the same

cells with and without Pgp in the plasma membrane.

These cells were grown as monolayer cultures in high glucose (4.5 g/l) DMEM medium

supplemented with 4 mM L-glutamine (Gibco, Grand Island, NY, USA)), 100 u/ml

penicillin, 100 μg/ml streptomycin and 10% heat-inactivated fetal-calf serum (all from

Biological industries, Beit-Haemek, Israel), at 37 °C with 5% CO2. The Pgp-tetracycline-off

cells were grown with 10% tetracycline system approved (gamma irradiated) FBS

(Clontech, Mountain View, CA, USA).

2.2. RT-PCR analyses

Total RNA was purified using TRIZOL reagent (Invitrogen, Carlsbad, CA, USA) according

to the manufacturer's protocol. cDNA was obtained from 1 μg RNA using Reverse

Transcription System (Promega, Madison, WI, USA). Reverse transcriptase polymerase

chain reaction (RT-PCR) reactions were performed using PCR Reddy Mix Master Mix

(ABgene, Surrey, UK). To identify the presence of various MDR genes (MDR1, MRPs), we

used specific primers, synthesized based on public human sequences. RT-PCR detection

conditions are summarized in Supplementary Data (Table 1). PCR products were analyzed

by electrophoresis in 2% agarose gel (SeaKem LE Agarose; Lonza, Basel, Switzerland).

Amplification of a 600-bp region of the β-actin gene was performed as an internal control.

2.3. Flow cytometry analyses

Immunostaining of cell surface markers was carried out with monoclonal antibodies: Anti-

human P-glycoprotein monoclonal antibody MRK16 (Acris antibodies, Hiddenhausen,

Germany); Anti-human DR4 (TRAIL receptor 1), PE-conjugated; Anti-human DR5 (TRAIL

receptor 2), PE-conjugated; Anti-human DcR1 (TRAIL receptor 3), PE-conjugated; Anti-

human DcR2 (TRAIL receptor 4), PE-conjugated; Anti-human TRAIL, PE-conjugated (all

from eBioscience, San Diego, CA, USA); Anti-human TNFR1 monoclonal antibody,

fluorescein isothiocyanate (FITC)-conjugated; Anti-human TNFR2 monoclonal antibody,

Phycoerythrin (PE)-conjugated and various surface antigen markers (all from R&D systems,

Minneapolis, MN, USA); Anti-Human CD95/Fas monoclonal antibody (DakoCytomation,

Glostrup, Denmark); anti-Human TNF-α monoclonal antibody (Biosource, Camarillo, CA,

USA), as recommended by the manufacturer. When unconjugated monoclonal antibodies

were used for the initial step, the cells were washed and then incubated with the indicated
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fluorophore-conjugated F(ab′)2 fragments of polyclonal goat anti-mouse IgG

(DakoCytomation, Glostrup, Denmark).

Controls used in the FACS analysis were cells that had been incubated with a relevant

isotype standard or with the second antibody only.

Flow cytometry analysis of triplicate samples was performed using FACSCalibur with the

CellQuest software (BD Biosciences, MD, USA). The FACS data analysis was done with

the FlowJo 7.2.2 software (Ashland, OR, USA). Viable cells were defined by their forward

scatter/side scatter (FSC/SSC) characteristics or propidium iodide (PI) (10 μg/ml, excitation

at 535 nm and emission at 617).

2.4. Rh123 accumulation assay by FACS

The cellular uptakeof the Pgp substrate, Rh123 (Sigma–Aldrich; St. Louis, MO, USA) was

measured according to a standard protocol, in the absence or presence of the Pgp-specific

inhibitor, R-VRP (Sigma–Aldrich; St. Louis, MO, USA) [21]. Cells were analyzed on a

FACSCalibur (Becton Dickinson) excitation at 488 nm and emission at 530 nm. Cells

incubated in the absence of Rh123 and R-VRP were used as controls. Triplicate samples

were measured. Assays were performed at least 3 times. Activity values are calculated as the

difference between median fluorescence in the presence and absence of R-VRP, divided

bymedianfluorescenceinthe absence of R-VRP.

2.5. Induction of apoptosis

Target cells were incubated with medium containing elevating concentrations of death

ligands: Fas-agonistic antibody (CH-11) from MBL, Woburn, MA, USA, recombinant

human TNF-α/TNFSF1A, recombinant human TRAIL/TNFSF10 (both from R&D systems;

Minneapolis, MN, USA); or TNF-unrelated apoptosis inducing factors: low serum levels or

camptothecin; for 24 h at 37 °C. Apoptosis by death ligands was determined in the presence

or absence of Cycloheximide (CHX), which facilitates apoptosis induction by death

receptors. Cells incubated with diluents alone (medium containing PBS and DMSO) were

used to determine the spontaneous apoptosis of the target cells. Assays were performed in

triplicate 3 times.

2.6. Annexin V binding assay to detect apoptotic cells

Translocation of phosphatidylserine (PS) from the inner to the outer leaflet of the plasma

membrane, which is characteristic of early-apoptotic cells, was quantified using Annexin V-

FITC apoptosis detection kit I (BD Pharmingen, Bedford, MA, USA), as recommended by

the manufacturer. Adherent cells were labeled with Annexin V-FITC prior to harvesting, as

previously described [22]. Early apoptotic cells were distinguished from late apoptotic/

necrotic cells using PI staining, since membranes of late apoptotic/necrotic cells are

permeable to PI [23]. Samples were analyzed on a FACSCalibur (Becton Dickinson),

excitation at 494 nm and emission at 518 nm for FITC and excitation at 535 nm and

emission at 617 for PI. Assays were performed in triplicate 3 times.
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2.7. Inhibition of Pgp activity

Death-ligand induced apoptosis assays were performed in the absence or presence of the Pgp

inhibitor R-VRP during the assay (20 μM, unless otherwise indicated). PBS (diluent) was

used in the control experiments.

Alternatively, the irreversible combined Pgp inhibitors Cyclosporine A (CsA) from Sigma

and Anti-MDR1 monoclonal antibody UIC2 (Chemicon international; Temecula, CA, USA)

were used by the method described by Goda et al. [24].

2.8. Proliferation assay

Proliferation of exponentially growing target cells was determined after treatment with

elevating concentrations of death ligands: Fas-agonistic antibody (CH-11), recombinant

human TNF-α, recombinant human TRAIL; or other apoptosis inducing factors: low serum

levels or camptothecin (Sigma–Aldrich; St. Louis, MO, USA); for 72 h at 37 °C. The

growth inhibitory effect was measured using Cell-Titer 96 non-radioactive cell proliferation

assay kit (Promega, Madison, WI, USA) as recommended by the manufacturer. Data are

expressed as the percentage of cell proliferation inhibition compared to control cells

incubated in complete medium containing relevant diluent. Assays were performed 3 times

with 5 replicates.

2.9. MDR1 shift assay

Binding of the conformation-selective anti-MDR1 monoclonal antibody UIC2, which is

drastically increased in the presence of Pgp substrates [25], was measured using the MDR1

Shift Assay (Chemicon international, Temecula, CA, USA), as recommended by the

manufacturer. The UIC2 shift is the difference between UIC2 binding in the presence or

absence of the reagents examined. This assay was used to determine whether TRAIL may

serve as transport substrate of Pgp. Vinblastine (4.5 μg/ml), which is a well-known UIC2

shifting agent, and the reagent diluents (PBS for TRAIL and DMSO for vinblastine) were

used as positive and negative controls, respectively.

2.10. TRAIL neutralization assays

To study the role of TRAIL receptors DR4 and DR5 on the susceptibility of target cells to

TRAIL, cells were pretreated (5 μg/ ml each, unless otherwise indicated) with neutralizing

anti-human DR4 monoclonal antibody, neutralizing anti-human DR5 monoclonal antibody,

or both (ALEXIS, San Diego, CA, USA), 1 h before treatment with TRAIL for 24 h.

Specific lysis was determined using PI (10 μg/ml). 0.5 μg/ml Mouse IgG1 (BioLegend; San

Diego, CA, USA) was used in control experiments. Assays were performed in triplicate 3

times.

2.11. Statistical analysis

The Student's t-test for paired data was applied to compare the mean values for Pgp

expressing and non-expressing cells using the various abovementioned assays.
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3. Results

3.1. Characterization of Pgp expression and activity in PgpON/OFF cells

In this study we have utilized HeLa cell variants which express Pgp under the control of the

tetracycline-promoter (PgpOFF and PgpON HeLa variants). Pgp expression in these cells is

shut down in the presence of tetracycline.

Of note, the proliferation rates of both PgpOFF and PgpON HeLa variants were the same

(data not shown). Moreover, the growth of the parental HeLa cells in the absence or the

presence of tetracycline has shown no apparent variation in the spontaneous apoptotic rates,

which were considerably low. Using the Annexin V assay, the early apoptosis rates of total

cells in the absence or the presence of tetracycline were 2.3 ± 0.6% and 3.6 ± 0.8%

respectively. This indicates that the tetracycline itself does not induce apoptosis.

Fig. 1 demonstrates Pgp expression and activity on the HeLa PgpOFF and HeLa PgpON

variants. Four days before all assays, colchicine was removed from the growth media and

cells were grown in the absence or presence of tetracycline, which shuts down Pgp

expression in these cell variants. Four days after tetracycline addition, RNA levels of MDR1

were determined by RT-PCR using specific primers, as described in Section 2. PCR

products were analyzed by electrophoresis in agarose gel. Fig. 1A demonstrates that the

MDR1 gene is significantly downregulated in HeLa PgpOFF cells. The same level of RNA

was detected for other tested ABC transporter genes. The expression of a 600-bp region of

the β-actin gene is shown as a housekeeping gene internal control.

Pgp expression was measured using flow cytometry with Pgp-specific antibody MRK16.

Pgp expression could not be detected in HeLa PgpOFF cells (Fig. 1B, left) but highly

expressed on the surface of PgpON cells (Fig. 1B, right). The ratio between the median

fluorescence in the HeLa PgpON cells and the IC median fluorescence was 18.7 ±2.7.

Pgp transport activity in the HeLa variants was determined by assaying the Rh123

accumulation. As demonstrated in Fig. 1C, Pgp was not active in HeLa PgpOFF cells (left),

but only in HeLa PgpON cells (right). The Pgp inhibitor R-VRP blocked Pgp activity in

HeLa PgpON cells, thus elevating Rh123 accumulation. Fig. 1D demonstrates that R-VRP

blocks Pgp activity in HeLa PgpON cells in a dose dependent manner.

3.2. Pgp confers resistance to TRAIL-mediated apoptosis, not to FasL or TNF-α

In this study, we have investigated the direct apoptotic effects of death-ligands in relation to

Pgp-expression. These death ligands included FasL, TNF-α and TRAIL. Apoptotic cell

death was measured using Annexin V/PI binding assay.

Similar levels of apoptotic cells were detected in PgpOFF and PgpON cells after 24 h

treatment with elevating concentrations of Fas-agonistic antibody (CH-11) or TNF-α, in the

presence of cycloheximide (CHX) (Fig. 2). No apoptosis was observed without CHX (data

not shown). Of note, the percentage of spontaneous lysis of PgpON/OFF cells was similar in

all cases and did not exceed 10%.
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On the other hand, Pgp expression conferred resistance to TRAIL-induced apoptosis, in a

dose dependent manner. Of note, after 24 h treatment with the death ligands, no early

apoptotic cells (Annexin V+/PI−) could be detected, but only late-apoptotic cells (Annexin

V+/PI+).

While CHX was essential to induce apoptosis of HeLa cells by the Fas-agonistic antibody

(CH-11) and TNF-α, TRAIL-apoptosis was induced in the absence of CHX. To confirm that

CHX itself does not alter the resistance of Pgp-expressing cells to the death ligands, TRAIL

induced apoptosis of PgpOFF and PgpON cells was also determined in the presence of CHX.

Although CHX increased TRAIL-dependent apoptosis, Pgp conferred resistance to TRAIL

in the presence of CHX as well (Fig. 2D).

Treating PgpOFF and PgpON HeLa cells with TRAIL (7.5 and 15 ng/ml) for 12,24, and 48 h

induced significantly lower apoptosis in the Pgp-expressing cells in all time points examined

(Fig. 3). Of note, after 6 h treatment with TRAIL low and similar levels of early apoptotic

cells (Annexin V+/PI−) were detected in both cell variants, (5% and 7% Annexin V+/PI− in

cells treated with 7.5 and 15 ng/ml TRAIL, respectively). However, late apoptotic cells

(Annexin V+/PI+) were detected after treatment with TRAIL for 12 h or longer (Fig. 3A).

Furthermore, the proliferation of Pgp-expressing cells, determined using CellTiter cell

proliferation assay, was less affected by treatment with TRAIL, further demonstrating that

Pgp confers resistance to TRAIL (Fig. 3B). In contrast, proliferation of PgpOFF and PgpON

cells in the presence of anti-Fas and TNF-α was similar (Fig. 3C and D).

3.3. Pgp expression does not influence death-receptors expression in Pgp expressing and
non-expressing cells

As different expression levels of death-receptors on the surface of target cells may affect

their susceptibility to killing by death-ligand pathways, we have examined using flow

cytometry whether the PgpOFF and PgpON cells express different levels of the death

receptors, i.e. FasL receptor (Fas), TNF-α receptors (TNFR1 and TNFR2) and TRAIL

receptors (DR4, DR5 and the decoy receptors DcR1 and DcR2). Fig. 4 demonstrates that

similar levels of the death receptors Fas, TNFR1, DR4 and DR5 are expressed on the surface

of both PgpOFF and PgpON cells, indicating that the resistance to lysis by TRAIL that

conferred by Pgp was not derived from different death receptor levels on target cells.

TNFR2, DcR1 and DcR2 were not detected on the cell surface of the HeLa cells (data not

shown).

3.4. Pgp activity is required to confer resistance to TRAIL

To determine whether the mechanism by which Pgp confers resistance to TRAIL is

structural (i.e. the presence of Pgp on the cell-surface is sufficient to confer resistance) or

functional (i.e. Pgp activity is required to confer resistance), we studied the effect of the

Pgp-inhibitor R-VRP on TRAIL-induced apoptosis of PgpON/OFF HeLa cells (Fig. 5A and

B). Apoptosis was determined using PI staining alone, since as previously demonstrated

(Fig. 3), cells were late apoptotic when incubation times were 12 h or longer.
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Blocking Pgp activity by R-VRP reversed the resistance of Pgp-expressing cells to TRAIL

(7.5 and 15 ng/ml) in a dose dependent manner. Lysis of HeLa PgpOFF cells by TRAIL was

unaltered by R-VRP, demonstrating the specific effect of the Pgp inhibitor. Furthermore,

after blocking Pgp activity in the Pgp-expressing cells, similar levels of lysis were observed

in both cell variants, further demonstrating the specific role of Pgp in conferring resistance

to TRAIL. These results demonstrate that Pgp activity is required to confer resistance to

TRAIL.

An additional method was developed to block Pgp activity. This method, which is a

modification of the method published by Goda et al. [24], is irreversible, i.e. Pgp activity

remains blocked even after washing the access of the Pgp inhibitor. To determine the

optimal CsA concentration required to irreversibly block Pgp activity, adherent HeLa PgpON

cells were treated with elevating concentrations of CsA for 10 min (Fig. 6). Then, 10 μg/ml

of the Pgp modulating antibody UIC2 was supplemented for an additional 10 min and cells

were washed allowing only bound UIC2 to remain in the system. Twenty four hours later,

Rh123 accumulation assay demonstrated that 10 μM CsA followed by UIC2 binding

resulted maximum inhibition of Pgp activity. Similarly, calibration curve of UIC2 antibody

in the presence of 10 μM CsA demonstrated that the optimal UIC2 concentration required

for blocking Pgp activity was 10 μg/ml (Fig. 6B). Of note, longer incubation times with the

Pgp inhibitors resulted in higher spontaneous lysis of cells (data not shown).

Blocking Pgp activity by the irreversible CsA and UIC2 blocking method before TRAIL

addition reversed the resistance of Pgp-expressing cells to TRAIL even after washing of the

inhibitors (Fig. 5C and D). This is consistent with results obtained when R-VRP was used

during the lysis assay (Fig. 5A and B). Lysis of HeLa PgpOFF cells by TRAIL was

unaltered, further demonstrating the specific effect of the Pgp inhibitor.

3.5. The resistance to TRAIL-induced apoptosis is Pgp specific, but TRAIL is not a direct
substrate of Pgp

To further study whether the resistance of HeLa PgpON cells to lysis by TRAIL is Pgp-

specific, we examined the sensitivity of the different cells to other apoptosis-inducing

factors, which are known to lyse target cells in a Pgp-independent manner [26,27]. First, the

effect of 24 h serum starvation was examined (Fig. 7). PgpON/OFF HeLa cells were lysed

similarly in low concentrations of serum. Similarly, 24 h exposure to the apoptosis inducing

factor camptothecin, which is not a Pgp substrate [27], resulted in similar levels of lysis in

PgpOFF and PgpON HeLa cells.

Since Pgp conferred resistance to lysis induced by TRAIL, we examined whether TRAIL

can result a change in Pgp conformation (as other Pgp substrates do) using the MDR1 Shift

Assay. This assay uses the conformation-selective anti-MDR1 antibody UIC2 which binds

Pgp in higher affinity in the presence of Pgp substrates. Similar levels of UIC2 antibody

were bound to Pgp-expressing cells in the absence and presence of TRAIL. Thus indicating

that TRAIL did not cause a change in Pgp conformation (Fig. 8A). In the control

experiment, the known Pgp substrate vinblastine induced an expected shift caused by higher

binding of UIC2 to VBL-treated cells (Fig. 8B). To determine whether TRAIL can indirectly

affect the conformation of Pgp in the presence of a Pgp substrate, TRAIL was supplemented
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in the presence of the Pgp substrate vinblastine during the MDR1 shift assay (Fig. 8C). Cells

incubated with vinblastine and UIC2 demonstrated similar UIC2-shift in the absence or

presence of TRAIL. Thus indicating that TRAIL has no indirect effect on Pgp conformation

either.

3.6. Both DR4 and DR5 receptors play a role in TRAIL-induced lysis of Pgp expressing and
non-expressing cells

To confirm the specificity of the TRAIL-induced lysis of PgpOFF and PgpON cells, we

blocked each of the different TRAIL-receptors expressed in the target cells separately, by

neutralizing antibodies (anti-DR4 and anti-DR5), and measured TRAIL induced lysis. Five

μg/ml of each neutralizing antibody was sufficient to confer the maximal receptor

neutralization for lysis induced by TRAIL (Fig. 9). Pretreatment of PgpON/OFF cells with

neutralizing antibodies to DR4 or DR5 1 h before addition of TRAIL for 24 h, lowered the

lysis of both cell variants, demonstrating that both receptors are active in PgpOFF and PgpON

cells. Lysis of HeLa PgpOFF cells was less affected by the neutralization of TRAIL-induced

lysis by anti-DR4 or anti-DR5 antibodies, but the combination of both receptors antibodies

totally and synergistically prevented TRAIL-induced lysis of both PgpOFF and PgpON cells

as expected. Therefore, these results confirm that Pgp effects on TRAIL-induced lysis are

specific and require the binding of TRAIL to both of its receptors.

Since treatment with TRAIL may up- or down-regulate the cell surface expression levels of

TRAIL receptors on the surface target cells [28,29], we analyzed the levels of DR4 and DR5

expressed in PgpON/OFF cells without or after treatment with 7.5 and 15 ng/ml TRAIL for 24

h, using flow cytometry. Fig. 10 demonstrates that TRAIL treatment slightly down regulated

DR4 receptor and up regulated the DR5 receptor. However, these TRAIL-induced variations

in receptor levels are similarly exhibited by both Pgp-on and Pgp-off cells. Therefore is

independent of Pgp expression. The DcR1 and DcR2 receptors were not detected on the cell

surface before and after treatment with TRAIL (data not shown). These results indicate that

the resistance of Pgp-expressing cells to TRAIL is not related to specific variation of

TRAIL-receptor expression levels in these cells.

4. Discussion

It is well established that over-expression of Pgp (which is encoded by the MDR1 gene and

is overexpressed in various tumors) reduces the accumulation of various drugs below

therapeutic threshold, thereby causes drug resistance in malignant cells. The question

whether these cells retain susceptibility toward death ligands is of extreme importance

because of the possibility for targeting cancer cells via extrinsic apoptosis signaling pathway

therapy [8–11]. About half of tumor cell lines are TRAIL-resistant and this resistance may

vary in primary human tumor cells. Some tumor cells appear to be inherently resistant to

TRAIL and resistance can also be acquired in cells that were originally found to be sensitive

to TRAIL [9].

In recent years a number of laboratories have proposed a role for Pgp in regulating cell

death. However, the conclusions of these studies were controversial. Some groups have

correlated expression of Pgp in drug selected cell lines with either decreased or increased
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sensitivity to death induced by TNF and FAS ligand. These discrepancies can be explained

by the fact that Pgp-overexpressed, drug selected cell lines undergo a range of different

genetic mutations resulting in altered expression of many cellular proteins which could

affect various biological processes including apoptosis. Therefore, it was not possible to

accurately determine which effects were due to Pgp expression and which were due to

increased or decreased expression of other cellular proteins [30]. To address whether Pgp

activity is involved in intrinsic resistance toward death ligands, we focused our study on

HeLa cells containing a tetracycline-repressible plasmid system, which shuts down Pgp

expression in the presence of tetracycline [20]. This system is most specific to determine

Pgp role in conferring resistance of malignant cells toward death ligands. Because in these

cells, addition of tetracycline rapidly turns off transcription of MDR1 mRNA and over a

period of a few days Pgp is not expressed on the cells-surface. Therefore allowing a

comparison of the same cells with and without Pgp in the plasma membrane. Indeed, we

detected only Pgp-specific alterations in these cells. Other ABC transporters examined

remained unchanged. Moreover, the level of death receptors (Fas, TNFR1, TNFR2, DR4,

DR5, DcR1 and DcR2) is similar in the PgpON/OFF system. Therefore, these receptors are

not a factor involved in the resistance of Pgp-expressing cells to death ligand-mediated

killing.

Pgp-expressing cells were significantly less susceptible to TRAIL-induced apoptosis, in a

dose- and time-dependent manner. Lysis of these cells by the other death-ligands such as

FasL and TNF-α, was found to be Pgp-unrelated. These results are of great importance since

recombinant TRAIL is considered a most promising cytokine for anti-cancer therapy. Its

cytotoxic activity is considered selective toward malignant cells compared to normal cells

and at least six TRAIL-related drugs have already been used in humans [8–11,29,31].

Of note, it was previously proposed that Pgp might play a role in resistance of cells to

intrinsic apoptosis, independent of its role in drug efflux [32–34]. It has been suggested that

Pgp inhibits apoptosis by interfering with components of ceramide metabolisms or by

modulating the electrochemical gradient across the plasma membrane. However, in our

study Pgp expressing cells were specifically more resistant to TRAIL-induced apoptosis

while other apoptosis inducing factors (FasL, TNF-α, serum starvation and camptothecin)

lysed similarly both Pgp expressing and non-expressing target cells. The TRAIL apoptotic

specificity in relation to Pgp expression and activity is demonstrated by the use of the

specific tetracycline-repressible cellular system, which avoids developing possible

evolutionary adaptations that occasionally are seen in cells subjected to drug selections over

long periods of time in culture.

Blocking Pgp activity by R-VRP resulted in similar levels of TRAIL-induced apoptosis in

both Pgp-expressing and non-expressing cells. These results demonstrate that Pgp transport

function (and not its mere presence on the cell membrane) is required to confer resistance to

TRAIL. These findings were further verified applying an inhibitor of Pgp (CsA) and the

Pgp-specific UIC2 antibody [24] which specifically inhibit irreversibly Pgp on the cell

surface. Thus further indicating the specific role that Pgp plays in conferring resistance to

TRAIL-induced apoptosis. However, TRAIL did not induce transport-related

conformational changes in Pgp, suggesting TRAIL is not a substrate transported by Pgp.
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Thus, it is possible that the efflux of an apoptotic mediator molecule by Pgp may be

coinvolved in acquired resistance to TRAIL-induced lysis.

A previous study demonstrated that a significant fraction of Pgp resides in lipid rafts

microdomains [35]. Also the death ligand receptors DR4 and DR5 are located at the same

lipid rafts microdomains and the death-mediated apoptotic signaling is dependent upon lipid

rafts [36]. Moreover, Pgp, DR4, and DR5 were shown to co-immunoprecipitate [28],

suggesting that cross-talk between Pgp and TRAIL receptor may occur in lipid raft

microdomains. Although yet speculative, this might be a mechanism by which Pgp reduces

TRAIL-mediated apoptosis. However, as functional inhibition of Pgp is required to restore

full TRAIL-mediated death, a functional Pgp is probably required for such Pgp-TRAIL

receptors interactions. Based on these previously published studies and the current study we

propose a cross-talk model between Pgp and TRAIL receptors in the extrinsic cell death

pathway by TRAIL (Fig. 11). Further, extensive studies might clarify the exact interactions

between TRAIL receptors and Pgp.

Since not only TRAIL itself but also monoclonal antibodies that target TRAIL receptors

DR4 and DR5 are in clinical trials, we examined whether resistance conferred by Pgp to

TRAIL is both DR4- and DR5-dependent. Pgp-expressing cells remained more resistant

than Pgp non-expressing cells to both DR4- and DR5- mediated TRAIL induced lysis.

Furthermore, TRAIL treatment had similar effects on the cell surface expression of DR4 and

DR5 in both Pgp-expressing and non-expressing cells. These data suggest that TRAIL-

induced apoptosis is both DR4 and DR5 dependent. Conflicting results exist on the human

MCF-7 breast cancer cell line and its Pgp-expressing variant BC-19 [28]. Pgp-expressing

BC-19 cells were more susceptible to TRAIL than their drug-sensitive variants, and their

lysis was only DR5-dependent, while parental cells were lysed in a DR4- and DR5-

dependent manner. It is possible that the other Pgp unrelated factors that were demonstrated

to be changed in these cell variants (such as DR4, DR5 and DcR1 expression levels) may

explain these conflicts.

In summary, we demonstrate in this research that malignant cells that express Pgp are more

resistant to killing by TRAIL due to Pgp activity. Furthermore, we have shown that

inhibition of Pgp activity by Pgp modulating drugs re-sensitized Pgp-expressing malignant

cells to killing by TRAIL. Therefore, our findings might also have clinical implications,

suggesting TRAIL-based therapy in combination with administration of Pgp-modulating

agents might improve treatment outcome for Pgp expressing malignant cells.
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Abbreviations

ABC ATP-binding cassette

APC Allophycocyanin

BSA bovine serum albumin

CHX cycloheximide

CsA cyclosporine A

DMEM Dulbecco's modified Eagle's medium

DMSO dimethyl sulfoxide

D-PBS Dulbecco's phosphate buffered saline

FasL Fas ligand

FBS foetal bovine serum

FITC fluorescein isothiocyanate

HRP horse radish peroxidase
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MDR multidrug resistance

PCR polymerase chain reaction

PE phycoerythrin

Pgp P-glycoprotein

PI propidium iodide

Rh123 Rhodamine 123

R-VRP R-verapamil

TMB tetramethylbenzidine

TMD transmembrane domains

TNF tumor necrosis factor

TRAIL TNF-related apoptosis-inducing ligand
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Fig. 1.
Pgp expression and activity in HeLa PgpOFF and HeLa PgpON cells. (A) Analysis of the expression of various MDR genes

(MDR1 and MRPs) as determined by RT-PCR using specific primers. PCR products were analyzed by electrophoresis in

agarose gel. The expression of a 600-bp region of the β-actin gene is demonstrated as an internal control of a housekeeping gene

expression. (B) Analysis of cell surface expression of Pgp in the HeLa variants, as determined using Pgp specific mouse

monoclonal antibody MRK16 followed by PE-conjugated goat anti-mouse antibody. Experiments were performed in triplicate 3

times. A typical experiment is shown. Isotype control (IC) was determined using staining with mouse IgG followed by PE-

conjugated anti-mouse antibody, and represented by the open peak. Full gray peaks indicate surface expression of Pgp. (C)

Analysis of Pgp activity as determined by accumulation of the Pgp substrate Rhodamine 123 (Rh123) in the HeLa variants. The

full gray and black peaks represent Rh123 levels in the absence and presence of R-VRP, respectively. The open peak represents

autofluorescence of the cells. Assays were performed in at least 3 independent experiments. (D) Dose-dependence of Rh123

accumulation in HeLa PgpON cells. Results are mean ± SD values of triplicate samples.
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Fig. 2.
Induction of apoptosis by Fas-agonistic antibody (CH-11), TNF-α and TRAIL in PgpON/OFF HeLa cells. Elevating

concentrations of Fas-agonistic antibody (CH-11) (A), TNF-α (B) in the presence of CHX (500 ng/ml) and TRAIL (C and D)

were added to PgpOFF (white) and PgpON (gray) HeLa cells for 24 h. Apoptotic cell death was measured using Annexin V and

PI staining, as described in Section 2. No Annexin V+/PI− (early apoptotic) cells were observed after 24 h incubation with these

death ligands. TRAIL effect was tested in the absence (C) or presence (D) of CHX. Results are mean ± SD values of triplicate

samples from one representative experiment of 3 independent experiments (*P < 0.05, **P < 0.01).
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Fig. 3.
Effect of TRAIL, Fas-agonistic antibody (CH-11) and TNF-α on apoptosis and proliferation of PgpON/OFF HeLa cells. (A) Time

dependent effects of TRAIL on cell apoptosis of PgpOFF (white) and PgpON (gray) HeLa cells, treated with 7.5 and 15 ng/ml

TRAIL for 12,24 and 48 h. Apoptotic cell death was measured using Annexin V and PI staining, as described in Section 2. (B–

D) Proliferation of PgpOFF (black) and PgpON (gray) HeLa cells was determined after treatment with various concentrations of

TRAIL (B), Fas-agonistic antibody, CH-11 (C) and TNF-α (D), using CellTiter cell proliferation assay. Effect of Fas-agonistic

antibody and TNF-α was determined in the presence of CHX. Results are expressed as the percentage of cell proliferation

inhibition compared to diluent-treated control cells. Results are mean ± SD values of 5 replicates from one representative

experiment of 3 independent experiments (*P < 0.05, **P < 0.01).
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Fig. 4.
Death receptor level on the surface of PgpON/OFF HeLa cells. Analysis of cell surface expression of the FasL receptor Fas (A),

the TNF-α receptor TNFR1 (B) and TRAIL receptors DR4 (C) and DR5 (D) as determined by flow cytometry, using the

specific monoclonal antibodies conjugated to PE. PE-conjugated mouse IgG1 was used as an isotype control. FAB = fold above

background = the ratio between median fluorescence of positively labeled cells and the median fluorescence of the isotype

control. Results are mean ± SD values of triplicate samples from one representative experiment of 3 independent experiments.
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Fig. 5.
Effect of Pgp inhibition on the sensitivity of PgpON/OFF HeLa cells to TRAIL. The sensitivity of the PgpOFF (white) and PgpON

(gray) HeLa cells to 24 h treatment of 7.5 ng/ml (A) and 15 ng/ml (B) TRAIL was measured in the presence of elevating

concentrations of the Pgp inhibitor R-VRP. Effect of irreversible blocking of Pgp activity on the sensitivity of PgpON/OFF HeLa

cells to TRAIL. Blocking Pgp activity using the irreversible CsA + UIC2 blocking method before TRAIL addition to HeLa

PgpON (gray) and PgpOFF (white) cells. 7.5 ng/ml TRAIL (C) and 15 ng/ml TRAIL (D) were applied after washing the

inhibitors. Results are mean ± SD values of triplicate samples from one representative experiment of 3 independent experiments

(*P < 0.05, **P < 0.01).
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Fig. 6.
Irreversible inhibition of Pgp activity by Cyclosporine A (CsA) and the specific monoclonal antibody UIC2. Pgp activity was

inhibited using a modification of the method published by Goda etal. [24]. Pgp activity was determined by accumulation of the

Pgp substrate Rh123 in the HeLa cells. (A) Determination of CsA concentration required to block Pgp activity: HeLa PgpON

cells were first treated with elevating concentrations of CsA for 10 min, then incubated with 10 μg/ml of the Pgp-modulating-

monoclonal antibody UIC2 for an additional 10 min and then washed, allowing only bound UIC2 to remain in the system. After

24 h, Rh123 accumulation assay was performed. (B) Calibration of UIC2 antibody concentration required to block Pgp activity:

HeLa PgpON cells were first treated with 10 mM CsA for 10 min, then with elevating concentrations of UIC2 antibody for an

additional 10 min, and then washed. Rh123 accumulation assay was performed after 24 h. (C) Rh123 accumulation in the HeLa

PgpOFF cells (white) and HeLa PgpON cells (gray) before and after treatment with 10 μM CsA and 10 μg/ml UIC2 antibody, and

washing the inhibitors. Results are mean ± SD values of triplicate samples from one representative experiment of 3 independent

experiments (*P < 0.05, **P < 0.01) (D) The levels of UIC2 antibody that remained bound to cells after 24 h in medium was

determined using PE-conjugated goat anti mouse antibody in HeLa PgpOFF cells (upper histogram), and HeLa PgpON cells

(lower histogram). Isotype control levels are represented by the open peak while gray peaks indicate surface-bound UIC2

antibody.
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Fig. 7.
Analysis of induction of apoptosis by Pgp-unrelated apoptosis inducing factors in PgpON/OFF HeLa cells and KB cells. (A and

C) PgpOFF (white) and PgpON (gray) cells were treated for 24 h with medium containing low concentrations of FBS (A) or

elevating concentrations of the apoptosis inducing agent camptothecin (C). Cell lysis was then evaluated using PI staining. (B

and D) KB-V1 cells (gray) and KB-3-1 cells (white) sensitivity to lysis by serum starvation (B) or camptothecin (D). Results are

mean ± SD values of triplicate samples from one representative experiment of 3 independent experiments d (*P < 0.05, **P <

0.01).
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Fig.8.
Analysis of TRAIL-induced conformational change of Pgp. (A) To determine whether TRAIL acts as a transport substrate of

Pgp, the MDR1 (UIC2) Shift Assay was utilized, because the binding of the conformation-selective anti-MDR1 antibody UIC2

is drastically increased in the presence of Pgp substrates. HeLa PgpON cells were incubated at 37° C in the presence of TRAIL

(100 ng/ml, full gray histogram) or control PBS (white histogram). Then control IgG2A or UIC2 was added and further

incubated at 37° C. Cells were then incubated with PE-labeled anti-mouse IgG and washed. Binding of UIC2 was evaluated by

flow cytometry. Cells incubated with control IgG2A (thin gray line) serves as isotype control. (B) Control MDR1 Shift Assay

was performed using the known Pgp substrate vinblastine. Cells were incubated with vinblastine (22.5 μM) and UIC2 (full gray

histogram) and fluorescence was compared to cells incubated with DMSO (diluent) or UIC2 (white histogram). Isotype control

is depicted in the thin gray line. (C) To determine whether TRAIL can indirectly affect the conformation of Pgp in the presence

of a Pgp substrate, TRAIL was supplemented to vinblastine during the MDR1 shift assay. UIC2-shift in the absence (white

histogram) or presence (full gray histogram) of TRAIL is depicted. Isotype control is represented by the thin gray line. Typical

analysis of 3 independent experiments is depicted.
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Fig. 9.
Analysis of the role of TRAIL-receptors in TRAIL-induced apoptosis of PgpON/OFF HeLa cells. (A) HeLa PgpOFF cells were

pre-incubated with various concentrations of monoclonal neutralizing antibodies to TRAIL receptors DR4 (white) and DR5

(gray) 1 h prior to treatment with 15 ng/ml TRAIL for 24 h. In the control experiment, cells were pre-treated with mouse IgG1.

Specific lysis was determined using PI staining. (B)PgpOFF (white) and PgpON (gray) HeLa cells were pretreated with the

neutralizing antibodies anti-DR4, anti-DR5 or both (5 μg/ml each) 1 h before treatment with 15 ng/ml TRAIL for 24 h. Specific

lysis was then determined using PI staining. In the control experiment, cells were pre-treated with mouse IgG1. (C) Percentage

of neutralization of lysis by anti-DR4 and anti-DR5 was calculated as 100 × (1 − (%lysed cells in sample)/(%lysed cells in

control). HeLa PgpOFF cells (white) cells and HeLa PgpON cells (gray) are depicted. Results are mean ± SD values of triplicate

samples from one representative experiment of 3 independent experiments (*P < 0.05, **P < 0.01).
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Fig. 10.
Expression levels of DR4 and DR5 in PgpON/OFF HeLa cells before and after TRAIL-treatment. PgpOFF (white) and PgpON

(gray) HeLa cells were treated with 7.5 or 15 ng/ ml TRAIL for 24 h. Cells were then stained with monoclonal anti-DR4 (A) or

anti-DR5 (B) antibodies, conjugated to PE, or PE-conjugated mouse IgG1 (isotype control). After washing, cells were analyzed

by flow cytometry. FAB = fold above background = the ratio between median fluorescence of positively labeled cells and the

median fluorescence of the isotype control. Results are mean ± SD values of triplicate samples from one representative

experiment of 3 independent experiments (*P< 0.05, **P< 0.01).
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Fig. 11.
Modulation model of TRAK-extrinsic apoptosis by Pgp activity. (A) In the HeLa cellular system of tetracycline ON/OFF. The

tetracycline-response-element (TRE) is located upstream of the minimal immediate early promoter of cytomegalovirus

(PminCMV), which is silent in the absence of activation. In the absence of tetracycline, the tetracycline-trans-activator (tTA)

binds the TRE and thereby activates transcription of MDR1 gene and its active product Pgp. In the presence of tetracycline, the

(tTA) does not bind the TRE and thereby transcription of MDR1 is silenced. The Pgp-nonexpressing HeLa cells are sensitive to

TRAIL-specific death. The Pgp-expressing cells are TRAIL-resistant but resensitized by Pgp-modulators, (B) the proposed

model for the involvement of Pgp-activity inthe inhibition of TRAIL-dependent apoptosis. Based on the data of this study and

the previous studies [35,36] that demonstrated co-localization of Pgp, TRAIL DR4 and DR5 receptors in the cell membrane

lipid rafts micro-domains as well as co-immuno precipitation of both [28] – we propose a model of cross-talk between Pgp and

both DR4 and DR5 receptors of TRAIL. This cross talk involves Pgp transport activity, as TRAIL-dependent death is restored

by Pgp-modulators.
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Table 1

Primers and detection conditions of RT-PCR.

Gene Sequences of primers (5′–3′) Amplification temperature (°C) Product size (bp)

MDR1 F: TTTACTGATAAAGAACTCTTA 48 487

R: AAACTGAAGTGAACATTTCTG

MRP1 F: ATCGTTCTGTTTGCTGCCCT 59 182

R: GTCTCTGAATACTCCTTGAGCCT

MRP2 F: ATCCAATACAGCAGACAATG 51 198

R: GAAAAGATCAGGATCAGGAT

MRP3 F: GACCTCACTCCCTGCTTCCA 61 298

R: CATACTGTATCAGCAGGGTGGC

MXR1 F: GATCTCTCACCCTGGGGCTTGTGG 63 196

R: TGTGCAACAGTGTGATGGCAAGGGA

β-Actin F: CCAAGGCCAACCGCGAGAAGATGAC 589

R: AGGGTACATGGTGGTGCCGCCAGAC
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