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Abstract 

 We observed that glioma cells are differentially sensitive to ABT-737, and that 

administration of ABT-737 at clinically achievable doses failed to induce apoptosis. 

Although elevated Bcl-2 levels directly correlated with sensitivity to ABT-737, 

overexpression of Bcl-2 did not influence sensitivity to ABT-737. To understand the 

molecular basis for variable and relatively modest sensitivity to the BH3 mimetic drug 

ABT-737, the abundance of Bcl-2 family members was assayed in a panel of glioma cell 

lines. Bcl-2 family member proteins, Bcl-xL, Bcl-w, Mcl-1, Bax, Bak, Bid and Noxa were 

found to be expressed ubiquitously at similar levels in all cell lines tested. We then 

examined the contribution of other apoptosis resistance pathways to ABT-737 

resistance.  Bortezomib, an inhibitor of NF-κB, was found to enhance sensitivity of ABT-

737 in PTEN-wild type, but not PTEN-mutated glioma cell lines. We therefore 

investigated the association between PI3Kinase/Akt activation and resistance to the 

combination of ABT-737 and bortezomib in PTEN deficient glioma cells. Genetic and 

pharmacological inhibition of PI3 kinase inhibition sensitized PTEN deficient glioma cells 

to bortezomib and ABT-737-induced apoptosis by increasing cleavage of Bid protein, 

activation and oligomerization of Bax and loss of mitochondrial membrane potential. Our 

data further suggested that PI3-kinase/Akt-dependent protection may occur upstream of 

the mitochondria.  This study demonstrates that interference with multiple apoptosis-

resistance signaling nodes, including NF-κB, Akt, and Bcl2, may be required to induce 

apoptosis in highly resistance glioma cells, and that therapeutic strategies that target the 

PI3-kinase/Akt pathway may be have a selective role for cancers lacking PTEN function. 
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Introduction 

 Human malignant gliomas are aggressive tumors that generally respond poorly 

to current therapy with surgery, radiation and conventional chemotherapy. The molecular 

basis of their resistance to apoptosis has not been fully elucidated (Hanahan and 

Weinberg, 2000; Omuro et al., 2007; Hanahan and Weinberg, 2011). In recent studies 

using a large-scale siRNA screening approach to identify critical “nodes” for cell death 

signaling, we identified several targets, including, including nuclear factor κB (NF-κB) 

and the proteasome, as well as Akt (Thaker et al., 2009; Thaker et al., 2010a; Thaker et 

al., 2010b) and Bcl-2 family members (Kitchens et al., 2011) that, when inhibited, 

promoted apoptotic signaling in glioma cells.  Studies from other groups have also 

indicated that dysregulation of the NF-κB (Bredel et al., 2011), protein Bcl-2 (Steinbach 

and Weller, 2004) and Akt (Knobbe et al., 2002) pathways may be integrally involved in 

mediating glioma resistance to apoptotic signaling. The recent availability of agents to 

inhibit these targets suggests the application of apoptosis-promoting strategies for 

therapy-resistant cancers, such as gliomas. 

Members of the Bcl-2 family are critical regulators of apoptosis, and interactions 

between prosurvival and proapoptotic members may determine cell fate and the balance 

of Bcl-2 family proteins may confer constitutive and therapy-inducible resistance in 

gliomas (Bogler and Weller, 2003). Many cancers, particularly gliomas, are resistant to 

apoptosis by upregulation of anti-apoptotic Bcl-2 family members. New anticancer 

therapeutics is being developed to specifically target the pro-survival members of the 

Bcl-2 family using small-molecule mimetics of BH3-only proteins.  The most prominent 

among them are the Bcl-2 antagonists ABT-737 and ABT-263.   ABT-737 binds 

specifically and with high affinity to the Bcl-2 family of proteins, including Bcl-2, Bcl-xL 
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and Bcl-w, but not to Mcl-1. As a single agent, however, ABT-737 induces apoptosis in 

limited tumor types, such as leukemia and lymphomas (Konopleva et al., 2006; Trudel et 

al., 2007; Vogler et al., 2008; High et al., 2010; Bodet et al., 2011).   The reason for 

varied sensitivities to ABT-737 is not clear.  

 Bortezomib, a member of a class of agents inhibiting the 20S proteasome, blocks 

the elimination of diverse cellular proteins targeted for degradation (Adams, 2004).  

Among its principal effects are inhibition of NF-κB. Bortezomib has been approved by 

the U.S. Food and Drug Administration (FDA) for multiple myeloma (Kane et al., 2006), 

mantle cell lymphoma (Kane et al., 2007) and for solid tumors (Aghajanian et al., 2002; 

Papandreou et al., 2004). Bortezomib has shown increased and/or synergistic activity 

with several novel targeted agents, indicating its potential to substantially enhance the 

clinical activity of these novel therapies. We have demonstrated that bortezomib 

dramatically sensitized glioma cells to tumor necrosis factor-related apoptosis-inducing 

ligand (TRAIL) (Jane et al., 2011) and vorinostat cytotoxicity (Premkumar et al., 2012), 

suggesting that this agent may have promise in combination strategies for glioma 

therapeutics.  Other investigators have shown that overexpression of AKT reduced the 

apoptosis induced by proteasomal inhibitors and TRAIL (Kahana et al., 2011) or histone 

deacetylase inhibitor (HDACI) (Yu et al., 2008), suggesting that Akt activation may 

provide a compensatory apoptosis-resistance mechanism in gliomas that may need to 

be independently inhibited in order to achieve maximal therapeutic effects.   

 Akt is commonly activated constitutively in these tumors by virtue of mutations in 

PTEN/MMAC, a tumor suppressor gene located on chromosome 10q23  (Li et al., 1997) 

(Wang et al., 1997) that regulates the phosphatidylinositol-3-kinase (PI3K)/Akt pathway 

(Stambolic et al., 1998). The PTEN gene is frequently deleted or mutated not only in 

human glioblastoma but also in a wide range of advanced human malignancies, such as 

prostate, endometrial, breast, lung, kidney, bladder, testis, and head and neck cancers, 
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malignant melanoma, and lymphoma (Li et al., 1997; Steck et al., 1997; Hanahan and 

Weinberg, 2000; Hanahan and Weinberg, 2011). PTEN inactivation in turn leads to 

enhanced phosphorylation and activation Akt, a cell survival protein kinase that mediates 

its activity through various downstream effectors, resulting in cell migration and cell cycle 

progression, in addition to inhibition of apoptosis (Knobbe et al., 2002; Parsons et al., 

2008). PTEN mutation and increased Akt/PKB activity have been correlated with poor 

prognosis in glioma patients (Ermoian et al., 2002).  

In view of the potential contributory roles of antiapoptotic proteins, such as Bcl-2, 

NF-κB, and Akt to glioma apoptosis resistance  (Hanahan and Weinberg, 2000; Knobbe 

et al., 2002; Omuro et al., 2007; Parsons et al., 2008; Hanahan and Weinberg, 2011), 

we examined the efficacy of ABT-737 and bortezomib in malignant human glioma cell 

lines as a function of PTEN status and the relationship between inhibition of these 

targets and apoptosis induction.  

Materials and Methods 

 Cell Lines.   The established malignant glioma cell lines U87 and LN229 were 

obtained from the American Type Culture Collection (Manassas, VA). LN18, LNZ308, 

and LNZ428 were provided by Dr. Nicolas de Tribolet. U87 cells were cultured in growth 

medium composed of minimum essential medium; all other lines were cultured in α-

minimal essential medium.  All growth media contained 10% fetal calf serum, L-

glutamine, 100 IU/ml penicillin, and 100 mg/ml streptomycin (Invitrogen, Carlsbad, CA) 

supplemented with sodium pyruvate and nonessential amino acids.  LN18, LN229, and 

LNZ428 are wild-type for PTEN.  However, LNZ308 and U87 are PTEN deficient glioma 

cell lines.   PTEN status of these glioma cell lines have been characterized elsewhere 

(Furnari et al., 1997).  

 Reagents and Antibodies.   ABT-737, PI-103 and bortezomib were purchased 

from Chemie Tek (Indianapolis, IN).  N-Acetyl-L-cysteine (NAC), LY294002, and E-64d 
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were purchased from EMD chemicals (Gibbstown, NJ). Protein cross linker, DSP 

(dithiobis[succinimidylpropionate]) was purchased from Thermo Scientific (Pittsburgh, 

PA). Caspase inhibitors (Z-VAD-FMK, Z-IETD-FMK, Z-DEVD-FMK, and Z-LEHD-FMK) 

were purchased from R & D Systems (Minneapolis, MN). The following antibodies were 

used:  Bcl-2 (#2872), Bcl-xL (#2764), Mcl-1 (#4572), Bim (#2819),   Bak (3814), Bax 

(#2774), A1/Bfl-1 (#4647), Apaf-1 (#5088), Bcl-w (#2724), Bid (#2002), Cytochrome c 

(#4280), cleaved PARP (#9546), cleaved Caspase-3 (#9664), cleaved caspase-8 

(#9496), cleaved caspase-9 (#9501), Total Akt (#9272), phospho Akt (#9275), PTEN 

(#9559), Smac/DIABLO (#2954), and ß-Actin (#4970) were from Cell Signaling 

Technology (Beverly, MA). Noxa (sc-26917) and AIF (sc-5586) were from Santa Cruz 

Biotechnology (Santa Cruz, CA). Monoclonal anti-Bax (#556467) was from BD 

Pharmingen (San Diego, CA). 

 Cell Proliferation and Cytotoxicity Assay.   Cells (5 x 103/well) were plated in 

96-well microtiter plates (Costar, Cambridge, MA) in 100 μl of growth medium, and after 

overnight attachment, exposed for 3 days to inhibitors or vehicle (DMSO). After the 

treatment interval, cells were washed in  medium, and the number of viable cells was 

determined using a colorimetric cell proliferation assay (CellTiter96 Aqueous 

NonRadioactive Cell Proliferation Assay; Promega, Madison, WI) as described 

previously (Jane et al., 2011). Morphological changes in response to inhibitor treatment 

were evaluated by microscopic inspection and imaging of cells using an Olympus 

FluoView 1000 microscope.  Images were assembled using Adobe Photoshop CS2 

software (Adobe Systems).  

 Clonogenic Growth Assay. The effect of inhibitor treatment on the colony 

forming ability was assessed using a clonogenic assay. 250 cells were plated in six-well 

trays in growth medium, and after overnight attachment, exposed to inhibitors or vehicle 

for 1 day. Cells were then washed with inhibitor-free medium, grown for 2 weeks under 
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inhibitor-free conditions, and fixed and stained (Hema 3 Manual Staining Systems; Fisher 

Scientific, Pittsburgh, PA). Plates were then scanned and images were assembled using 

Adobe Photoshop CS2 software (Adobe Systems).  

 Annexin V Apoptosis Assay. Apoptosis was evaluated using fluorescein 

isothiocyanate conjugated annexin V/propidium iodide assay kit (Molecular Probes, 

Invitrogen) based on annexin-V binding to phosphatidylserine exposed on the outer 

leaflet of the plasma membrane lipid bilayer of cells entering the apoptotic pathway as 

described previously (Jane et al., 2011). Briefly, cells were treated with or without 

inhibitors for the indicated duration, collected by trypsin-EDTA, pelleted by centrifugation 

(1,000 rpm for 5 min), washed in ice-cold PBS, and resuspended in the annexin V-FITC 

and 1 μg/ml propidium iodide reagent in the dark for 15 min before flow cytometric 

analysis. Labeling was analyzed by flow cytometry with a FACSCalibur flow cytometer 

(BD Biosciences, San Jose, CA). A minimum of 20,000 cells per sample were collected. 

 Subcellular Fractionation. Cells were treated with or without inhibitors and 

cytosolic proteins were fractionated as described previously (Premkumar et al., 2012).  

Briefly, cells were resuspended in a lysis buffer containing 0.025% digitonin,  sucrose 

(250 mM), HEPES (20 mM; pH 7.4), MgCl2 (5 mM), KCl (10 mM), EDTA (1 mM), 

phenylmethylsulfonyl fluoride (1 mM), 10 μg/mL aprotinin, 10 μg/mL leupeptin. After 10 

min incubation at 4oC, cells were centrifuged (2 min at 13,000 x g) and the supernatant 

(cytosolic fraction) was removed and frozen at -80 oC for subsequent use.  

 DiOC6 Labeling and Detection of Mitochondrial Membrane Depolarization. 

Mitochondrial membrane depolarization was measured as described previously (Jane et 

al., 2011; Premkumar et al., 2012). In brief, floating cells were collected, and attached 

cells were trypsinized and resuspended in PBS. Cells were loaded with 50 nM 3',3'-

dihexyloxacarbo-cyanine iodide (DiOC6, Invitrogen) at 37°C for 15 min. The positively 

charged DiOC6 accumulates in intact mitochondria, whereas mitochondria with 
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depolarized membranes accumulate less DiOC6. Cells were spun at 3,000 x g, and 

rinsed with PBS twice and resuspended in 1 ml of PBS. Fluorescence intensity was 

detected by flow cytometry and analyzed with CellQuest software (Becton Dickinson). 

The percentage of cells with decreased fluorescence was determined. 

 Western Blotting Analysis. Western blot analysis was performed as described 

previously (Jane et al., 2011; Premkumar et al., 2012). Equal amounts of protein were 

separated by SDS polyacrylamide gel electrophoresis (PAGE) and electrotransferred 

onto a nylon membrane (Invitrogen). Nonspecific antibody binding was blocked by 

incubation of the blots with 4% bovine serum albumin in Tris-buffered saline 

(TBS)/Tween 20 (0.1%) for 1 h at room temperature. The blots were then probed with 

appropriate dilutions of primary antibodies as described previously.   Where indicated, 

the blots were stripped and reprobed with antibodies against β-actin to ensure equal 

loading and transfer of proteins.   

 In Vitro Cross-linking and Analysis of Bax Oligomerization.  Cytosolic and 

membrane fractions were prepared by selective plasma membrane permeabilization with 

0.05% digitonin, followed by membrane solubilization with 1% CHAPS as described 

elsewhere (Mikhailov et al., 2001). Briefly, control and experimental cells in dishes were 

treated with 0.05% digitonin in isotonic buffer (10 mM HEPES, 150 mM NaCl, 1.5 mM 

MgCl2, 1 mM EGTA, pH 7.4) containing protease inhibitors (1 mM 4-(2-aminoethyl) 

benzenesulfonyl fluoride hydrochloride, 0.8 mM aprotinin, 50 mM bestatin, 15 mM E-64, 

20 mM leupeptin, 10 mM pepstatin A), for 1–2 min at room temperature. The 

permeabilized cells were shifted to 4 °C, scraped with a rubber policeman, and collected 

into centrifuge tubes. The supernatants (digitonin extracted cytosolic fraction) were 

routinely collected after centrifugation at 15,000 x g for 10 min. Following centrifugation, 

the pellet was washed with isotonic buffer and further extracted with ice-cold detergent 

(1%  CHAPS) in isotonic buffer containing protease inhibitors for 60 min at 4 °C to 
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release membrane- and organelle bound proteins including mitochondrial cytochrome c. 

CHAPS soluble (membrane fraction) fractions were collected by high speed (15,000 x g) 

centrifugation for 10 min. Protein cross linker, DSP (dithiobis[succinimidylpropionate]) 

was dissolved in DMSO and prepared just before use. Equal amounts of CHAPS 

extracted membrane fraction protein were incubated with 1 mM DSP for 45 min at room 

temperature; subsequently quenched by adding 20 mM Tris-HCl (pH 7.4). Proteins were 

resolved by non-reducing SDS-PAGE and immunoblots were analyzed as described 

above.  

 Measurement of Active Bax Staining.  After treatment, cells were detached 

and fixed in 3.7% pre-warmed formaldehyde (Sigma) (15 min, room temperature), and 

then washed three times (5 min) with PBS buffer (phosphate buffered saline). Cells were 

permeabilized with 0.1% Triton x-100-PBS buffer for 15 min at room temperature before 

incubated with blocking solution for 2 h (0.3% BSA and 1% goat serum in PBS).  Primary 

antibody was added in the same buffer and incubated overnight at 4oC.  Anti-active-

human-Bax antibody (6A7, BD Pharmingen) was used at a 1:100 dilution. Fluorescein 

isothiocyanate-conjugated secondary antibody (Invitrogen) was used at a 1:200 dilution 

(60 min in the dark, room temperature). Stained cells were analyzed by flow cytometry. 

Average percent increase in Bax activated cell was calculated over the DMSO controls. 

 Adenovirus Infection.   PTEN wild-type adenovirus (Ad-PTEN-WT) and Ad-

CMV were kindly provided by Dr. Craig Henke (University of Minnesota, Minneapolis, 

MN) and Dr. Christopher Kontos (Duke University Medical Center, Durham, NC), 

respectively.   Ad-Akt (dominant negative, DN) was purchased from Vector Biolabs 

(Eagleville, PA).  Glioma cells were infected with adenovirus vectors at indicated 

multiplicity of infection (MOI) for 48 h at 37 °C. The medium was changed and treated 

with inhibitors for the indicated duration. Cells were processed for Western blot or 

annexin V apoptosis analysis as described above. 
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 Transient Transfection or Stable Cell Line Generation.  Empty vector, 

pcDNA3 was from Dr. Michael Greenberg (Harvard Medical School, Boston, MA). The 

expression vectors pcDNA3-Bcl-2 was obtained from Dr. Stanley Korsmeyer (Dana 

Farber Cancer Institute, Boston, MA). pcDNA3-Myr-HA-Akt1 was obtained from Dr. 

William Sellers (Dana Farber Cancer Institute, Boston, MA).  Glioma cell lines were 

plated in 6-well plates and maintained in complete media and kept in 37°C in a 

humidified 5% CO2 incubator.  Transfection was performed at 60-70% confluence using 

FuGENE 6 (Roche) according to the manufacturer’s recommendations.  The total 

amount of transfected DNA was maintained at 1 μg.  After a 48 h transient transfection 

period, cells were treated with or without inhibitors for an additional 24 h.    Stable cell 

lines were generated after selection with G418 (250 μg/ml) following the method 

described by the manufacturer (Invitrogen).  Cells were processed for Western blot or 

annexin V apoptosis analysis as described above.  Control cells received equal amount 

of DMSO. 

 Statistical Analysis.  Unless otherwise stated, data are expressed as mean ± 

S.D. The significance of differences between experimental conditions was determined 

using a two-tailed Student’s t test. Differences were considered significant at p values 

<0.05. 

Results 

ABT-737 as a Monotherapy is Ineffective in Human Glioma Cells.   ABT-737 has 

monotherapeutic toxicity against leukemia, lymphoma and other malignancies 

(Konopleva et al., 2006; Tahir et al., 2007; Trudel et al., 2007; Song et al., 2010; Bodet 

et al., 2011). Established cell lines or primary cells from patients with chronic 

lymphocytic leukemia (Del Gaizo Moore et al., 2007), acute lymphocytic leukemia (Del 

Gaizo Moore et al., 2008; High et al., 2010) and B lymphoma (Vogler et al., 2008) have 

been shown to be extremely sensitive to ABT-737.  In this report, we examined the effect 
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ABT-737 in malignant human glioma cell lines.  Cells were treated with increasing 

concentrations of ABT-737 and cell proliferation was assessed by MTS assay after 24, 

48 and 72 h. ABT-737 alone produced minimal effect on cellular proliferation. We 

observed that glioma cells are differentially sensitive to ABT-737; we found moderately 

sensitive (72 h, IC50 ~10-15μM; LN18, LN229, LNZ428), and resistant (72 h, IC50 >50μM; 

U87 and LNZ308) glioma cell lines (Fig. 1A).  Microscopic analysis after 24 h revealed 

that ABT-737  (10μM) caused cell rounding, reduced cell size, and blebbing in ABT-737 

sensitive but not in the resistant cell lines (data not shown).  We further examined 

whether ABT-737-treated cells exhibited delayed onset cell death by assessing colony 

forming activity. Cells were incubated with either medium or ABT-737 (0-10μM) for 24 h. 

After 1 day, inhibitor was removed and then cells were cultured in inhibitor-free medium 

for 14 additional days.  As shown in Fig. 1 B, no significant difference in the colony 

forming ability was observed between untreated and ABT-737-treated cells, suggesting 

the limited independent activity of ABT-737 in these tumors when administered within 

the clinically achievable range.   

Overexpression of Bcl-2 in Glioma Does Not Result in Enhanced Protection to 

ABT-737. Recent studies have shown that high Bcl-2 or low Mcl-1 expression levels 

correlate with increased sensitivity to ABT-737 in different cancer (van Delft et al., 2006; 

Lin et al., 2007; Tahir et al., 2007).  Because ABT-737 targets the anti-apoptotic Bcl-2 

family proteins (Bcl-2, Bcl-xL, and Bcl-w), thereby sequestering pro-apoptotic BH3 

domain proteins, promoting Bax and Bak oligomerization and ultimately programmed cell 

death of malignant cells (Oltersdorf et al., 2005), we studied the expression profile of 

Bcl-2 family members. As shown in Fig. 2A, Bcl-2 was expressed at variable levels with 

the highest levels detected in U87 and LNZ308 (ABT-737 resistant cell lines), and lowest 

levels in LN18, LN229, and LNZ428 (moderately sensitive to ABT-737) cells. However, 
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all cell lines ubiquitously expressed Bcl-xL, Bcl-w and Mcl-1. For proapoptotic proteins, 

Bax, Bak, Bid and Noxa is expressed ubiquitously at similar levels in all cell lines tested.  

 To determine the role of Bcl-2 in ABT-737-induced apoptosis, ABT-737 sensitive 

LN229 cells were stably transfected with the human Bcl-2 cDNA or vector alone 

(pcDNA3). G418-resistant clones found to overexpress Bcl-2 proteins were selected and 

used for subsequent experiments (clone 10 and clone 11). Overexpression of Bcl-2 did 

not result in changes in expression of other Bcl-2 family members (Fig. 2B). Bcl-2 

overexpressing cells were incubated with increasing concentrations of TRAIL or ABT-

737, and cell proliferation (after 72 h) was assessed by MTS cell proliferation assay.  As 

shown in Fig. 2C, overexpression of Bcl-2 almost completely inhibited TRAIL-induced 

cell killing (Fig. 2C, upper panel); whereas there was no indication that enhanced Bcl-2 

expression in turn influenced glioma cells response to ABT-737 (Fig. 2C, lower panel).  

Annexin V/PI dye binding assay revealed that treatment with TRAIL resulted in 78% cell 

death in LN229 cells expressing control vector compared with 20% cell death in LN229 

cells stably expressing Bcl-2 (Fig. 2D). However, there was no indication that enhanced 

Bcl-2 expression in turn protected cells from ABT-737 toxicity, suggesting that high 

levels of Bcl-2 expression did not play a key role in mediating the resistance to ABT-737 

in malignant human glioma cell lines. 

Cotreatment of Bortezomib and ABT-737 Induces Apoptotic Cell Death. In our 

recent studies, we had demonstrated that bortezomib exhibits significant activity against 

proliferation in glioma cells and sensitized highly resistant glioma cells to TRAIL (Jane et 

al., 2011) or HDACI-induced cytotoxicity (Premkumar et al., 2012).  Because several 

members of the Bcl-2 family (Yu et al., 2008; Premkumar et al., 2012), Akt (Yu et al., 

2006), and NF-ĸB (Jane et al., 2011) are known targets of bortezomib in glioma, we 

investigated the combination of bortezomib and ABT-737 to assess sensitivity in vitro.  

Combination of ABT-737 and bortezomib strongly induced apoptosis, activated caspase-
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3 and poly ADP-ribose polymerase (PARP), and to a lesser extent, caspase-8 and 

caspase-9 (data not shown), relative to untreated control cells in ABT-737 sensitive 

LN229 (Fig. 3A) and LN18 (Fig. 3B) cell lines.  In contrast, cotreatment of bortezomib 

and ABT-737 failed to induce apoptosis in U87 (Fig. 3C) and LNZ308 (Fig. 3D) cell lines.  

Annexin V/PI apoptosis analysis further demonstrated that, U87 and LNZ308 cells 

showed no sensitivity to ABT-737 (0-10 μM) and minimal or no response in combination 

with bortezomib (10 μM ABT-737 + 5 nM bortezomib) (data not shown). 

 To demonstrate that apoptosis induced by ABT-737 and bortezomib is caspase-

dependent; we pretreated cells with Z-VAD-FMK and observed the combination of 

bortezomib and ABT-737-induced caspase-3 and PARP activation.  As shown in Fig. 3E, 

the addition of the broad-range caspase inhibitor Z-VAD-FMK completely abolished 

ABT-737 + bortezomib-induced PARP activation in LN18 and LN229 cell lines.  Annexin 

V apoptosis assay (Fig. 3E) clearly demonstrated that ABT + bortezomib-induced cell 

death was inhibited by Z-VAD-FMK.  Taken together, these experiments demonstrate 

that the combination of ABT-737 and bortezomib induces apoptosis in a subset of 

malignant human glioma cell lines, although others remain resistant.   

The High Levels of Akt in PTEN-deficient U87 and LNZ308 Cell Lines Mediate the 

Reduced Response to ABT-737 and Bortezomib-Induced Apoptosis. Because Akt is 

a central regulator of many intracellular processes implicated in glioma tumor 

progression and  PTEN, the negative regulator of Akt, is functionally inactivated in a 

significant proportion of advanced human gliomas (Chakravarti et al., 2004; Parsons et 

al., 2008), we explored whether increased Akt activity may be involved in ABT-737 + 

bortezomib resistance. To test the hypothesis that response to ABT-737 and bortezomib 

is associated with PTEN status, first we explored the relationship between PTEN and 

activation status of Akt by Western blot analysis using phospho-active Akt antibody, 

which recognizes the phosphorylation of Ser473 of Akt, and PTEN antibody respectively.  
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Western blot analysis revealed that LN18, LN229, and LNZ428 (PTEN proficient) cells 

express PTEN protein whereas PTEN mutated U87 and LNZ308 cells do not express 

this protein (Fig. 4A). PTEN expressing cells possess lower levels of activated 

(phosphorylated) Akt (p-Akt) compared with PTEN deficient cells. No change in total Akt 

and ß-actin levels was observed (Fig. 4A).    

 To test whether Akt inhibition restores bortezomib and ABT-737 sensitivity, we 

used pharmacologic and genetic tools to perturb these pathways. PTEN deficient U87 

and LNZ308 cells were infected with adenovirus expressing empty vector (Ad-CMV) or 

Ad-PTEN.  As shown in Fig. 4B, the initial adenoviral infection and immunoblotting 

experiments revealed a dose-dependent increase of PTEN activation in glioma cells 

without altering total Akt protein level.  As expected, expression of wild-type PTEN, 

efficiently led to the dephosphorylation of Akt/PKB kinase (Fig. 4B), a downstream target 

of the PI3K-Akt pathway that is dephosphorylated and inactivated by PTEN (Stambolic 

et al., 1998), indicating that the increased Akt expression in the PTEN mutated cell lines 

directly resulted from reduced PTEN expression and that restoration of PTEN 

expression reversed this effect.  

 To determine whether directly inhibiting Akt could restore bortezomib and ABT-

737 sensitivity, U87 cells were infected with adenovirus expressing dominant negative 

Akt (Ad-Akt-DN) or empty vector (Ad-CMV).  Forty eight hours after infection, cells were 

incubated with or without bortezomib and ABT-737 for an additional 24 h and apoptosis 

were determined by fluorescence activated cell sorting (FACS) and Western blot 

analysis. Co-treatment with bortezomib and ABT-737 in cells infected with dominant 

negative Akt (DN, dominant negative) resulted in a significant increase in apoptosis (Fig. 

4C, upper panel). Akt (DN) infected U87 cells were more sensitive to bortezomib + ABT-

737 (55% apoptosis compared with 22% in vector control, Fig. 4C lower left panel).  This 

was further confirmed by Western blot analysis (combination of bortezomib and ABT-737 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 5, 2012 as DOI: 10.1124/jpet.112.191536

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#191536 

 16

resulted in pronounced activation of PARP, Fig. 4C lower right panel), suggesting that 

inhibition of PI3K/Akt signaling pathway was critical to the combined effect of bortezomib 

and ABT-737 in PTEN deficient glioma cell lines.  A similar result was obtained when 

cells were infected with PTEN adenovirus (data not shown).  To validate these results, 

U87 and LNZ308 cells were pretreated with pharmacological inhibitor of PI3K/Akt, 

LY294002 or PI-103 in complete medium 2 h before treatment with bortezomib + ABT-

737 for 24 h.  Cells were processed for annexin V apoptosis by FACS analysis. Fig. 4D 

revealed that pretreatment with LY-294002 or PI-103 resulted in 40 and 80% cell death 

compared to ABT-737 + bortezomib resulted in 15% cell death in U87 cells (Fig. 4D).  

These data clearly suggest that elevated expression of pAkt due to loss of PTEN 

function may play an important role in ABT-737 and bortezomib resistance seen in 

malignant human glioma cell lines.   

Cotreatment of ABT-737 and Bortezomib Potentiates cytochrome c release from 

Mitochondria and Induces Mitochondrial Transmembrane Potential (∆ψm) 

Decrease. Because bortezomib induces mitochondrial membrane potential (Δψm) 

dissipation as a mechanism for promoting apoptosis (Jane et al., 2011; Premkumar et 

al., 2012), and mitochondrial changes are necessary for the activation of downstream 

caspases (Nencioni et al., 2005), we compared the effect of bortezomib and ABT-737 on 

mitochondrial membrane potential (Δψm) in PTEN intact (LN18 and LN229) and PTEN 

deficient (U87 and LNZ308) cell lines using DiOC6 (Petit et al., 1990). The mitochondrial 

uncoupler, CCCP, was used as a positive control for Δψm disruption. As shown in Fig. 

5A, ABT-737 treatment (0-2.5μM for 24 h) had no effect on mitochondrial membrane 

potential as measured by flow cytometry. However, treatment of 5.0 μM ABT-737 

significantly increased the LN229 (11%) and LN18 (19%) cell population with low 

mitochondrial membrane potential (Fig. 5A). However, no significant change in Δψm 

(Fig. 5B) was seen in U87 or LNZ308 cell lines. Then we investigated the combined 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 5, 2012 as DOI: 10.1124/jpet.112.191536

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#191536 

 17

effect of bortezomib and ABT-737.  The number of LN18 and LN229 cells with Δψm 

increased to 60% and 72% respectively (from ~ 7% in single agent treatment) after ABT-

737 and bortezomib treatment (Fig. 5C).  Because disruption of mitochondrial membrane 

potential may cause the release of cytochrome c and other mitochondrial apoptogenic 

proteins, we examined the release of cytochrome c, Smac/DIABLO, apoptosis inducing 

factor (AIF) to the cytosol after inhibitor treatment, alone or in combination in LN229 

cells. As shown in Figure 5D, the signal of cytochrome c and Smac/DIABLO was barely 

detectable in the cytosol when the cells were incubated with bortezomib or ABT-737 

alone, but was clearly detected with the combination of bortezomib and ABT-737. Under 

the same conditions, we also detected the release of AIF, another apoptotic regulator, 

with a similar pattern to that of cytochrome c release.  However, the percentage of cells 

with low mitochondrial membrane potential increase modestly in U87 and LNZ308 (26 

and 13% respectively) after ABT-737 + bortezomib treatment (Fig. 5E).   

 To validate the above findings that the elevated expression of PI3-kinase/Akt 

signaling inhibits ABT-737 and bortezomib-induced apoptosis by maintaining the 

integrity of mitochondria in PTEN-deficient cell lines, we examined whether inhibition of 

PI3-kinase/Akt signals would alter mitochondrial transmembrane potential. U87 and 

LNZ308 cells were pretreated with the Akt inhibitor PI-103 2 h prior to bortezomib + ABT-

737 treatment for 24 h.  As shown in Fig. 5F, treatment of U87 and LNZ308 cell lines 

with PI-103 led to a significant loss of mitochondrial membrane potential as indicated by 

an increase in the percentage of cells showing ∆ψm from 26% in ABT-737 + bortezomib 

treated U87 cells to 71% in cells pretreated with PI-103, suggesting that the PI3-

kinase/Akt kinase may lie upstream of mitochondria.  

 To determine whether loss of mitochondrial potential in LN229 cells  was a direct 

result of caspase activation, we examined the effect of Z-VAD-FMK on ABT-737 and 

bortezomib-induced dissipation of mitochondrial Δψm. Preincubation of LN229 cells with 
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pan caspase inhibitor (Z-VAD-FMK) or ROS scavenger, NAC, prevented loss of Δψm 

(reduced to 23 or 47% respectively), suggesting that cotreatment with bortezomib + 

ABT-737 promoted mitochondrial Δψm  leading to apoptotic death (Fig. 5G) via 

caspase-dependent pathway. Then we examined whether overexpression of Bcl-2 

protected LN229 cells from the loss of Δψm.  As shown in Fig. 5H, we found that there 

was no significant change in Δψm from the stably transfected cells and the vector 

transfected cells. Taken together, these data suggest that the phosphorylation level of 

Akt, a key antiapoptotic protein (and PTEN status), plays an important role in 

maintaining the mitochondrial membrane integrity and thus determine the sensitivity of 

glioma cells to ABT-737 and bortezomib treatment.  

Activation of Bid and Bax Contributes to Bortezomib-mediated Sensitization to 

ABT-737. Bcl-2 family member Bid, a substrate of caspase-8, can move to the 

mitochondrial membrane and contributes to the opening of the permeability transition 

(PT) pore when Bid is cleaved by caspase (Zamzami et al., 2000).  Because decrease in 

Δψm and release of cytochrome c from the mitochondria have been shown to be 

initiated by the translocation of a 15-kDa tBid from the cytosol to the mitochondria (Yin, 

2000), we investigated the effect of bortezomib and ABT-737 on this process in glioma 

cell lines. As shown in Fig. 6A, treatments with these inhibitors individually caused no 

effect on Bid truncation. However, combination of ABT-737 with bortezomib treatment 

significantly increased the cleaved forms of Bid in LN18, LN229 and LNZ428 (PTEN 

intact) cell lines (Fig. 6A).  In contrast no Bid cleavage was evident in U87 and LNZ308 

(PTEN deficient) cell lines (Fig. 6A).  For example, U87 and LNZ308 cells showed no 

sensitivity to ABT-737 (0-10 μM) and no response (appearance of tBid fragment) in 

combination with bortezomib (10 μM ABT-737 + 5 nM bortezomib). 

 Because caspase-8 (Gross et al., 1999), caspase-3 (Slee et al., 2000) and 

calpain (Mandic et al., 2002) are the best characterized proteases responsible for the 
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cleavage of Bid, we incubated LN229 cells with caspase-8 (Z-IETD-FMK), caspase-3 (Z-

DEVD-FMK), pan-caspase  (Z-VAD-FMK) or calpain (E64d) inhibitors at 25 μM for 2 h 

prior to the addition of bortezomib and ABT-737. As shown in Fig. 6B, pretreatment of 

cells with caspase-8, caspase-3 and pan caspase inhibitors completely prevented 

inhibitor-induced generation of tBid, suggesting that caspase-8 and caspase-3 is 

dispensable for bortezomib and ABT-737 induced cleavage of Bid to tBid, accompanied 

by reduction in the levels of active PARP. However, blockade of calpain activity with 

E64d had no effect on the proteolytic processing of Bid and PARP cleavage after 

inhibitor treatment.   

 Because tBid is thought to occur via its stimulating effect on the conformational 

change of Bax leading to  trigger the release of cytochrome c (Esposti, 2002), thus 

facilitating formation of the Bax/Bak complex (Tagscherer et al., 2008) that initiates 

mitochondrial membrane permeabilization and apoptosis (Desagher et al., 1999), we 

examined the effect of ABT-737 and bortezomib on Bax activation. Cells were treated 

with or without bortezomib and ABT-737 for 24 h. Bax activation is a highly regulated, 

multistep process involving mitochondrial translocation and oligomerization, and this 

process ultimately leads to mitochondrial dysfunction and apoptosis (Annis et al., 2005).  

To examine the effect of bortezomib and ABT-737, we analyzed activity-related 

conformational changes of Bax by flow cytometric analysis with antibodies recognizing 

N-terminal epitopes of or Bax (anti-bax, 6A7). When LN229 cells were exposed to ABT-

737 (1-5μM) alone, a clear dose-dependent (15.8% in cells exposed to 5μM) increase in 

Bax conformational change was observed (Fig. 6C). On the other hand, bortezomib (5 

nM) alone minimally induced Bax conformational change. Notably, cells co-exposed to 

bortezomib and ABT-737 displayed a further increase in Bax conformational change 

compared with cells treated ABT-737 alone (Fig. 6D). Parallel studies were then done in 

ABT-737-resistant U87 cells to assess Bax conformational change. In contrast to results 
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involving LN229, ABT-737 by itself had no effect on Bax activation (3.21% in cells 

exposed to 5μM; Fig. 6C), whereas bortezomib + ABT-737 modestly induced Bax 

activation (about 8%, Fig. 6D). Then we examined whether inhibition of PI3-kinase/Akt 

signals would alter Bax activation in U87 cells. Cells were pretreated with the Akt 

inhibitor PI-103 or LY294002 2h prior to bortezomib + ABT-737 treatment for 24 h.  For 

example, as shown in Fig. 6E, treatment of U87 cells with Akt inhibitor led to a significant 

increase in Bax activation (pretreatment with PI-103 led to 23.9% and LY294002 to 

17.7% from 8.25%), suggesting that that PI3K/Akt kinase may play a vital role in Bax 

activation.  

 Upon the induction of apoptosis, Bax migrates to the mitochondria, where it is 

integrated into the outer membrane as a monomer. Bax monomers then oligomerize and 

may form large pores in the outer mitochondrial membrane (OMM) (Annis et al., 2005).  

Because cleaved Bid migrates to mitochondria where it induces permeabilization of the 

outer mitochondrial membrane that is dependent on the pro-apoptotic proteins Bax 

and/or Bak oligomerization, (Desagher et al., 1999; Korsmeyer et al., 2000; Billen et al., 

2008), we sought to determine whether bortezomib and ABT-737 might cause Bax 

oligomerization in PTEN intact LN229 cells. Membrane fractionation was performed 

followed by chemical cross-linking with disuccinimidyl suberate as described in the 

Materials and Methods. Western blot analysis of cross-linked proteins shows that Bax 

were oligomerized into dimers and higher in multiples of ~20 kDa monomers (Fig. 6F, 

left panel), suggesting that these newly formed complexes of Bax.   

 Then we tested the involvement of PI3K/Akt pathways on Bax activation. PTEN 

deficient U87 cells were pretreated with PI-103 (10 μM) for 2 h before challenging them 

with ABT-737 and bortezomib for 24 h. Combination of bortezomib + ABT-737 induced a 

minimal activation of Bax oligomerization. As expected, pretreatment with PI-103 evoked 

a robust Bax oligomerization (Fig. 6F, right panel) and generation of tBid fragments (Fig. 
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6G).   We next tried to determine whether overexpression of a constitutively active 

(myristolated) Akt1 could protect PTEN intact LN229 cells from bortezomib + ABT-737-

induced apoptosis. Cells were transfected with either the empty vector or the Myr.Akt 1 

construct and apoptosis was assessed by annexin V FACS. As shown in Fig. 6H, 

cotreatment of ABT-737 and bortezomib induced significant levels of apoptosis in vector 

transfected LN229 cells (~68%). However, the apoptotic potential of ABT-737 + 

bortezomib was reduced to 50% in cells transfected with Myr.Akt 1, strongly suggesting 

the involvement of Akt pathway.  

Discussion 

 Multiple factors contribute to development of drug resistance of cancer cells; 

including reduction of intracellular drug accumulation, increase in DNA damage repair, 

constitutive activation of PI3K/Akt signaling, activation of the Ras and MAPK pathways, 

and dysfunction of the tumor suppressor genes. In this paper, we have shown for the 

first time that elevated expression of Akt is a crucial mediator of apoptosis sensitivity in 

response to ABT-737 and bortezomib, inhibitors of Bcl-2 and NF-κB, respectively, in 

glioma cells. This calls attention to the need to target multiple apoptosis-promoting 

mediators in these treatment resistant tumors.  Our study showed that, unlike 

hematologic malignancies (Konopleva et al., 2006; Vogler et al., 2008; High et al., 2010; 

Bodet et al., 2011), glioma cells are relatively resistant to ABT-737 in that a relatively 

high dose of ABT-737, well above the clinically achievable range was required to 

suppress cell proliferation and induce apoptosis in vitro, even among the more sensitive 

cell lines. Our analysis of a panel of glioma cell lines showed no correlation between Bcl-

2 member family protein expression level and response to ABT-737.  This lack of 

correlation of sensitivity with Mcl-1 or other Bcl-2 family protein expression has also 

been shown in other cancers (Hauck et al., 2009). We demonstrated that enforced Bcl-2 

overexpression does not influence ABT-737-induced inhibition of cell proliferation or 
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induction of apoptosis in glioma cell lines, which are already fairly resistant to this agent, 

but does induce resistance to TRAIL-mediated apoptosis. These findings are consistent 

with the data from others who showed that Bcl-2, when ectopically overexpressed, could 

not block ABT-737-dependent apoptosis of small cell lung cancer (SCLC) cells (Hauck et 

al., 2009). 

 Recently we have shown that the proteasome inhibitor bortezomib synergizes 

with TRAIL (Jane et al., 2011) and HDACI (Premkumar et al., 2012) in glioma cells. 

Bortezomib treatment causes multiple changes in the cell, including inhibition of NF-κB, 

a transcription factor that is activated and contributes to the survival of glioma cells. In 

addition, bortezomib induces the generation of ROS, mitochondrial membrane 

dysfunction, and alters the balance between pro- and antiapoptotic Bcl-2 family 

members. Hence, we sought to determine whether direct targeting of Bcl-xL and Bcl-2 

using a highly specific small-molecule inhibitor (ABT-737) would result in synergism with 

bortezomib, given that NF-κB and Bcl family members were noted in our previous 

studies to be key apoptosis-resistance nodes in glioma cells. Indeed, the combination of 

ABT-737 with bortezomib resulted in synergistic induction of glioma cell death, as 

measured by Annexin V, clonogenic survival and Western blot analysis in glioma cell 

lines with intact PTEN expression. The combination of drugs strongly induced 

mitochondrial membrane depolarization, as shown by flow cytometry with DiOC6 dye 

and subsequent potent induction of apoptosis. The combination of bortezomib and ABT-

737 induced the loss of ∆ψm and the release of cytochrome c to the cytoplasm, 

indicating that this drug combination acts via the mitochondrial death pathway. In 

addition, the observation that caspase-8 was activated by these inhibitors, and that ABT-

737 and bortezomib–induced cleavage of Bid into t-Bid was inhibited by a caspase-8 

inhibitor, indicate the involvement of the extrinsic apoptotic pathway as well.  
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Furthermore, apoptosis induced by the combination of ABT-737 and bortezomib 

occurred via caspase-dependent pathways as indicated by the fact that the pan-caspase 

inhibitor inhibited the effect of ABT-737 and bortezomib on apoptosis. The mitochondrial 

apoptotic pathway is controlled by a balance between the proapoptotic protein members 

(i.e., the multidomain proapoptotic Bax, Bak, and BH3- only proapoptotic Bid, Bim, Bad, 

Bik, Noxa, Puma, Bmf, Hrk) and antiapoptotic protein members (i.e., the multidomain 

antiapoptotic Bcl-2, Bcl-xL, Bcl-w, Mcl-1, Bfl/A1) of the Bcl-2 family. Those multidomain 

Bcl-2 proteins are functionally regulated by the BH3-only proteins. Bid is localized in the 

cytosolic fraction of cells as an inactive precursor and truncated Bid (t-Bid), the active 

form of Bid, is generated upon proteolytic cleavage by caspases (Gross et al., 1999; 

Slee et al., 2000). Experiments with caspase inhibitors indicated that in this system 

caspase-3 and caspase-8 mediates Bid cleavage.    

 Our studies clearly demonstrated that although PTEN intact glioma cell lines 

were sensitive to the combination of ABT-737 and bortezomib, PTEN deficient cell lines, 

such as U87 and LNZ308, were not.  PTEN is a well-studied tumor suppressor gene that 

is mutated or deleted in various cancers including glioma (Parsons et al., 2008). But not 

until more recently was PTEN, or the lack of it, implicated in the resistance of cancer 

cells to conventional radiation therapy and chemotherapy (Li et al., 1997; Hanahan and 

Weinberg, 2000; Knobbe et al., 2002; Omuro et al., 2007; Parsons et al., 2008; Hanahan 

and Weinberg, 2011).  Akt is a potent anti-apoptosis molecule and a molecule common 

to both the PTEN and Bcl-2 pathways (Pugazhenthi et al., 2000). In this study, we 

clearly demonstrate that Akt1 is a crucial mediator of bortezomib and ABT-737 

resistance in PTEN deficient glioma cells. Such a conclusion is based on several 

findings. The phosphorylation levels of Akt kinase were up-regulated in U87 and LNZ308 

cell lines. Pre-incubation of U87 and LNZ308 cells with LY294002 or PI-103 (PI3K/Akt 

inhibitors), downregulated Akt1 phosphorylation restored and sensitivity to bortezomib 
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and ABT-737 by inducing ∆ψm and bax activation.  Similar results were observed when 

PTEN deficient U87 and LNZ308 cells were infected with Ad-Akt 1 (DN) or Ad-PTEN and 

challenged with bortezomib + ABT-737.   

 The initiating stimulus leading to the change in Bax conformation due to 

bortezomib and ABT-737 is as yet undetermined. The conformational change and 

translocation of Bax may also be regulated by the phosphatidylinositol 3-kinase (PI3-

K)/Akt pathway, with active PI3-K capable of maintaining a cytosolic Bax distribution 

(Yamaguchi and Wang, 2001). The activation of Bax, including Bax conformational 

changes and oligomerization, appears to play a crucial role in the initiation of bortezomib 

and ABT-737-induced apoptosis. Our group has demonstrated that the activation of Bax, 

including Bax conformational changes and oligomerization, appears to play a crucial role 

in the initiation of apoptosis following other signaling-targeted therapies in gliomas. This 

effect could be counteracted by overexpression of constitutively active Akt, suggesting 

the critical involvement of Akt signaling pathways involved in Bax activation and 

apoptosis in glioma (Premkumar et al., 2010).  A previous study proposed active Akt to 

affect the conformation of Bax and thus inhibit Bax oligomerization in the mitochondrial 

outer membrane (Yamaguchi and Wang, 2001).  A recent paper presented evidence that 

Bax initially inserts into the mitochondrial outer membrane as a monomer and then 

undergoes a concerted conformational change and homo-oligomerization to form pores 

(Annis et al., 2005).   Further studies need to be done to elucidate the precise 

mechanism by which elevated expression of Akt attenuated apoptotic signaling, which 

could include directly impeding Bax oligomerization or other actions that reduce 

mitochondrial dysfunction caused by bortezomib and ABT-737 in glioma.  

 Thus, bortezomib and ABT-737 may be a promising combination for the 

treatment of patients with PTEN-intact gliomas. However, glioma cells lacking PTEN 

contain high levels of activated Akt, and would likely be resistant to such therapy.  In 
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such cases, downregulation of Akt make these cells sensitive to bortezomib and ABT-

737. Our studies also demonstrate that downregulation of Akt1 phosphorylation (by 

pharmacological or genetic manipulation) enhanced sensitivity to the inhibitors, strongly 

supporting the hypothesis that up-regulation of Akt1 is of primary importance for the 

bortezomib + ABT-737 resistance observed in PTEN deficient glioma cells. Our data 

suggest that PI3-kinase/Akt-dependent protection may occur upstream of mitochondria, 

thus, therapeutic strategies that target the PI3-kinase/Akt pathway may be useful for 

cancers lacking PTEN function. 
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Figure Legends 

Figure 1. ABT-737 as a monotherapy is ineffective in human glioma cell A. LN18, 

LN229, LNZ428, U87 and LNZ308 cells were exposed to the indicated concentrations of 

ABT-737 for 24, 48 and 72 h.  The relationship between ABT-737 and cell numbers was 

assessed semiquantitatively by spectrophotometric measurement of MTS bioreduction in 

six established malignant human glioma cell lines. Control cells were treated with 

equivalent concentrations of vehicle (DMSO). B. LN18, LN229, LNZ428, U87, and 

LNZ308 cells were treated with indicated concentrations of ABT-737 for 24 h.  Control 

cells received DMSO. Clonogenic assay was performed as described in the Materials 

and Methods. 

Figure 2. Overexpression of Bcl-2 in glioma does not result in enhanced 

protection to ABT-737 B. Five established human glioma cells were seeded at 60% 

confluence and allowed to attach overnight. Cell extracts were prepared, and equal 

amounts of protein were separated by SDS-PAGE and subjected to Western blotting 

analysis with the indicated antibodies. ß-Actin served as loading control. B. Western blot 

of representative stable clones derived from the LN229 cell line transfected with a Bcl-2 

expression vector (clone 10 and clone 11) or the empty vector (vector) or the parental 

cell LN229 line (parental). Overexpression of Bcl-2 did not result in changes in 

expression of other Bcl-2 family members.  C. MTS proliferation assays of stably 

expressing LN229-Bcl-2 cell lines were conducted to assess their dose response to 

ABT-737 (upper panel) or TRAIL (lower panel). Control cells received DMSO. Points 

represent the mean of three experiments ± standard deviation. Overexpression of Bcl-2 

almost completely inhibited TRAIL-induced effects on cell numbers; whereas there was 

no indication that enhanced Bcl-2 expression in turn protected glioma cells against ABT-

737.  D. Vector control (LN229) or Bcl-2 stably expressing transfectants (LN229-Bcl-2) 

cells were seeded at 60% confluence, allowed to attach overnight, and treated with ABT-
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737 (10μM) or TRAIL (10 ng/ml) for 24 h. Control cells received equivalent amount of 

DMSO. Apoptosis was assessed by Annexin V-FITC and propidium iodide (PI) staining 

and FACS analysis as described in the Materials and Methods. The representative 

histogram (upper panel) and the bar chart (lower panel, indicating apoptotic cells) from 

three independent experiments (**, p<0.005, NS, not significant).  

Figure 3. Cotreatment of bortezomib and ABT-737 Induces apoptotic cell death 

LN18 (A) LN229 (B), U87 (C), and LNZ308 (D) cells were seeded at 60% confluence, 

allowed to attach overnight, and treated with 5 nM bortezomib (B) or 2.5 μM ABT-737 (A) 

or combination of both (B + A). Control cells received an equivalent amount of DMSO.  

Apoptosis was assessed by Annexin V-FITC and propidium iodide (PI) staining and 

FACS analysis as described in the Materials and Methods. The representative histogram 

(upper panel) and the bar chart (lower left panel, indicating apoptotic cells) from three 

independent experiments. Asterisks indicate significant differences in relation to single 

agent alone (**, p<0.005). In parallel, cell extracts were prepared, and equal amounts of 

protein were separated by SDS-PAGE and subjected to Western blotting analysis with 

the indicated antibodies. ß-Actin served as loading control (lower right panel). E. LN18 

and LN229 cells were pretreated with 25 μM Z-VAD-FMK (pan caspase inhibitor) for 2 h 

followed by the combination of bortezomib (5 nM) plus ABT-737 (2.5 μM, B + A) for 24 h.  

Control cells received an equivalent amount of DMSO. Apoptosis (upper panel, 

representative annexin V binding histogram; lower left panel, bar chart representing 

three independent experiments) was analyzed by flow cytometry as described in the 

Materials and Methods. **, P <0.005 values considered statistically significant. In 

parallel, cell extracts were prepared, and equal amounts of protein were separated by 

SDS-PAGE and subjected to Western blotting analysis with the indicated antibodies. ß-

Actin served as loading control (lower right panel). 
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Figure 4. The high levels of Akt in PTEN-deficient U87 and LNZ308 cell line 

mediate the reduced response to ABT-737 and bortezomib-Induced apoptosis A. 

Five established human glioma cells were seeded at 60% confluence and allowed to 

attach overnight. Cell extracts were prepared, and equal amounts of protein were 

separated by SDS-PAGE and subjected to Western blotting analysis with the indicated 

antibodies. ß-Actin served as loading control.  B. Logarithmically growing LN18, LN229, 

LNZ428, U87, and LNZ308 cells were infected with Ad-PTEN at the indicated multiplicity 

of infection (MOI) or empty vector (Ad-CMV, 200 MOI per cell). Forty eight hours after 

infection, cells were lysed and equal amounts of protein was separated by SDS-PAGE 

and subjected to Western blotting analysis with indicated antibodies.  C. U87 cells were 

infected with 50 MOI of empty vector (Ad-CMV) or Ad-Akt-dominant negative (Ad-Akt 

(DN). Forty eight hours after infection, cells were incubated in the presence of 

bortezomib (5 nM) and ABT-737 (indicated concentration) for 24 h. Control cells 

received DMSO (vehicle). At the end of the incubation period, the viable cell numbers 

were determined by flow cytometric analysis (upper panel). Histogram [lower left panel, 

B, 5 nM bortezomib; A, 2.5 μM ABT-737; B + A, combination of bortezomib (5nM) and 

ABT-737 (2.5 μM)] represents the mean number of apoptotic cells acquired from three 

independent experiments.  The values represent the mean ± S.D. ** P <0.005 values 

considered statistically significant. In parallel experiments cell extracts were prepared, 

and equal amounts of protein were separated by SDS-PAGE and subjected to Western 

blotting analysis with the indicated antibodies [B, 5 nM bortezomib; A, 2.5 μM ABT-737; 

B + A, combination of bortezomib (5nM) and ABT-737 (2.5 μM)]. ß-Actin served as 

loading control (lower right panel). D. U87 and LNZ308 cells were seeded at 60% 

confluence and allowed to attach overnight. On the following day, cells were pretreated 

with 25 μM LY294002 or 5 μM PI-103  (PI3K/Akt inhibitor) for 2 h followed by the 

inhibitors,  bortezomib (5 nM) or ABT-737 (2.5 μM), or the combination of both (B + A) 
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for 24 h. Control cells received DMSO (vehicle). At the end of the incubation period, the 

viable cell numbers were determined by flow cytometric analysis (upper left panel). 

Histogram (upper right panel) and the bar chart (upper right panel) represent the mean 

number of apoptotic cells acquired from three independent experiments.  The values 

represent the mean ± S.D. ** P <0.005 values considered statistically significant. In 

parallel experiments cell extracts were prepared, and equal amounts of protein were 

separated by SDS-PAGE and subjected to Western blotting analysis with the indicated 

antibodies [B, 5 nM bortezomib; A, 2.5 μM ABT-737; B + A, combination of bortezomib 

(5nM) and ABT-737 (2.5 μM)]. ß-Actin served as loading control (lower right panel). Cell 

extracts were prepared, and equal amounts of protein were separated by SDS-PAGE 

and subjected to Western blotting analysis with the indicated antibodies (lower panel). ß-

Actin served as loading control. 

Figure 5. Cotreatment with ABT-737 and bortezomib potentiates cytochrome c 

release from mitochondria and induces mitochondrial transmembrane potential 

decrease LN18 and LN229 (A) or U87 and LNZ308 (B) cells were treated with ABT-737 

at the indicated concentrations for 24 h. Loss of mitochondrial membrane potential were 

determined by DiOC6 staining and flow cytometry. Untreated control cells received 

equivalents amount of DMSO. CCCP (50μM) served as positive control. Histogram 

(upper panel) and the bar chart (lower panel) represent the mean number of ∆ψm cells 

acquired from three independent experiments.  Increasing the dose of ABT-737 resulted 

in a statistically significant loss of mitochondrial membrane potential in LN18 and LN229 

but not in U87 and LNZ308.  The values represent the mean ± S.D. Asterisks indicate 

significant differences in relation to control (**, p<0.005). C. LN18 and LN229 cells were 

treated with 1 or 2.5 μM ABT-737 in combination with or without bortezomib (5 nM) for 

24 h.  Control cells received equivalent amounts of DMSO. Loss of mitochondrial 

membrane potential was determined by DiOC6 staining and flow cytometry as described 
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in the Materials and Methods. Histogram (upper panel) and bar chart (lower panel) 

represent the mean number of ∆ψm cells acquired from three independent experiments.  

Asterisks indicate significant differences in relation to single agent alone (**, p<0.005). D. 

LN229 cells were incubated with inhibitors at the indicated concentrations of ABT-737 

with or without bortezomib (5 nM) for 24 h.  Control cells received equal amount of 

DMSO. Cytosolic extracts and the digitonin-insoluble pellets were prepared as described 

in the Materials and Methods Section. Equal amounts of protein were separated by 

SDS–PAGE and subjected to Western blotting analysis with indicated antibodies. E. U87 

and LNZ308 cells were treated with 2.5 μM ABT-737 in combination with or without 

bortezomib (5 nM) for 24 h.  Control cells received equivalent amounts of DMSO. Loss 

of mitochondrial membrane potential was determined by DiOC6 staining and flow 

cytometry as described in the Materials and Methods. Histogram (upper panel) and the 

bar chart (lower panel) represent the mean number of ∆ψm cells acquired from three 

independent experiments.  Asterisks indicate significant differences in relation to single 

agent alone (**, p<0.005). F. U87 and LNZ308 cells were seeded at 60% confluence and 

allowed to attach overnight. On the following day, cells were pretreated with 5 μM PI-103 

(PI3K/Akt inhibitor) for 2 h followed by the inhibitors, bortezomib (5 nM) or ABT-737 (2.5 

μM), or the combination of both (B + A) for 24 h. Control cells received equivalent 

amounts of DMSO. Loss of mitochondrial membrane potential was determined by 

DiOC6 staining and flow cytometry as described in the Materials and Methods. 

Histogram (upper panel) and the bar chart (lower panel) represent the mean number of 

∆ψm cells acquired from three independent experiments.  PI3/Akt inhibition enhanced 

bortezomib + ABT-737-induced loss of mitochondrial membrane potential (the values 

represent the mean ± S.D; **, p<0.005). G. LN18 and LN229 cells were pretreated with 

25 μM Z-VAD-FMK (Z, pan caspase inhibitor) or 5 mM NAC (N, reactive oxygen species 

scavenger) for 2 h followed by the combination of bortezomib (5 nM) plus ABT-737 (2.5 
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μM, B + A) for 24 h.  Control cells received equivalent amounts of DMSO. Loss of 

mitochondrial membrane potential was determined by DiOC6 staining and flow 

cytometry as described in the Materials and Methods. Histogram (upper panel) and the 

bar chart (lower panel) represent the mean number of ∆ψm cells acquired from three 

independent experiments.  Caspase inhibitor and ROS scavenger partially inhibit 

bortezomib + ABT-737-induced loss of mitochondrial membrane potential (the values 

represent the mean ± S.D; **, p<0.005). H. Vector control (LN229) or Bcl-2 stably 

expressing transfectants (LN229-Bcl-2) cells were seeded at 60% confluence, allowed to 

attach overnight. Cells were treated with 2.5 μM ABT-737 in combination with or without 

bortezomib (5 nM) for 24 h.  Control cells received equivalent amount of DMSO. Loss of 

mitochondrial membrane potential was determined by DiOC6 staining and flow 

cytometry as described in the Materials and Methods. Histogram (upper panel) and the 

bar chart (lower panel) represent the mean number of ∆ψm cells acquired from three 

independent experiments.  The values represent the mean ± S.D (NS, not significant). 

Figure 6. Activation of Bid and Bax contributes to bortezomib-mediated 

sensitization to ABT-737 A. LN18, LN229, LNZ428, U87, and LNZ308 cells were 

seeded at 60% confluence, allowed to attach overnight, and treated with 5 nM 

bortezomib (B) or ABT-737 (indicated concentrations) or combination of both. Control 

cells received equivalent amount of DMSO.  Cell extracts were prepared, and equal 

amounts of protein were separated by SDS-PAGE and subjected to Western blotting 

analysis with the indicated antibodies. ß-Actin served as loading control. B. LN229 cells 

were pretreated with inhibitors of either caspase-8 (Z-IETD-FMK), caspase-3 (Z-DEVD-

FMK), pan-caspase (Z-VAD-FMK) or calpain (E64d) at 25 μM for 2 h prior to the addition 

of bortezomib + ABT-737. Cell extracts were prepared, and equal amounts of protein 

were separated by SDS-PAGE and subjected to Western blotting analysis with the 

indicated antibodies. ß-Actin served as loading control. C. Representative histogram of 
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Bax conformational changes in LN229 or U87 cells treated with indicated concentrations 

of ABT-737 are presented. After treatment, cells were fixed with formaldehyde and then 

incubated with 6A7 monoclonal anti-Bax antibody.  After incubation with FITC-

conjugated secondary antibody for 2 h, the signals of activated conformation of Bax 

proteins were measured by flow cytometry (representative histogram, left panel; bar 

chart, right panel). Data are representative of three independent experiments.  D. LN229 

and U87 cells were treated with 2.5 μM ABT-737 in combination with or without 

bortezomib (5 nM) for 24 h.  Control cells received equivalent amounts of DMSO. Bax 

conformational changes were measured as described in the Materials and Methods by 

flow cytometry (representative histogram, left panel; bar chart, right panel). Data are 

representative of three independent experiments.  E. U87 cells were pretreated with 25 

μM of LY294002 (LY → B + A) or 5 μM PI-103 (PI → B + A) for 2 h prior to the addition 

of bortezomib + ABT-737 (B + A). Control cells received equivalent amount of DMSO. 

Bax conformational changes were measured as described in the Materials and Methods 

by flow cytometry (representative histogram, left panel; bar chart, right panel). Data are 

representative of three independent experiments. F. LN229 (left panel) cells were 

treated with ABT-737 (indicated concentrations) in combination with or without 

bortezomib (5 nM) for 24 h.  Control cells received equivalent amounts of DMSO. U87 

cells (right panel) were pretreated with 5 μM of PI-103 (PI → B + A) for 2 h prior to the 

addition of 5 nM bortezomib (B) or 2.5 μM ABT-737 (A) or combination of both (B + A). 

Control cells received equivalent amounts of DMSO. Membrane fractions were obtained 

as described under “Materials and Methods,” and proportional amounts corresponding to 

total protein were analyzed for Bax oligomerization by Western blotting under non-

reducing conditions. Slow moving Bax oligomers in DSP cross-linked cells are derived 

from Bax monomers and the molecular weights of oligomers containing Bax were 

calculated by plotting their migrations against migrations of molecular weight standards. 
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G. U87 cells were pretreated with 5 μM of PI-103 (PI → B + A) for 2 h prior to the 

addition of both bortezomib (5nM) and 2.5 μM ABT-737 (B + A). Control cells received 

equivalent amounts of DMSO. Cell extracts were prepared, and equal amounts of 

protein were separated by SDS-PAGE and subjected to Western blotting analysis with 

the indicated antibodies. ß-Actin served as loading control. H. LN229 cells were 

transiently transfected with pcDNA 3 (vector) or Myr. Akt1.  Forty eight hours after 

transfection, cells were treated with bortezomib (B, 5 nM) or ABT-737 (A, 2.5 μM) or 

combination of both (B + A).  Apoptosis was determined by FACS analysis.  Data 

represent mean ± S.D of three independent experiments carried out in triplicate (**, 

p<0.005). 
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