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Abstract 

 Taxane chemotherapy is widely used in the treatment of breast cancer. 

Despite its widespread clinical use, the molecular mechanisms of paclitaxel 

induced apoptosis remain unclear. Our laboratory has identified an important role 

for the BH3-only protein, BAD, in the paclitaxel induced cell death pathway of 

breast cancer cells. Furthermore, BAD expression correlates with sensitivity to 

taxanes in vitro and in clinical studies. While BAD is a well characterized pro-

apoptotic member of the BCL-2 family, our studies demonstrate a novel, non-

apoptotic role for BAD in paclitaxel-induced cell death.  Specifically, this work 

suggests a role for BAD in cell cycle progression or diminished apoptotic 

signaling, consistent with data from the laboratory documenting pro-growth 

activity of BAD. We screened for BAD interacting proteins to improve our 

understanding of BAD molecular dynamics and identify protein partners that may 

contribute to BAD pro-growth activity. BAD interactions with BCL-XL and 14-3-

3 protein isoforms were examined. 
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1.1 Apoptosis 

Apoptosis, commonly referred to as programmed cell death, is an 

evolutionarily conserved process amongst metazoa that leads to ordered 

dismantling of the cell. The term ‘apoptosis’ was first used by Kerr et al. in 1972 

(1) to describe the morphological characteristics associated with this form of cell 

death. Namely, apoptosis is accompanied by chromatin condensation, nuclear 

fragmentation, cytoplasmic shrinkage, membrane blebbing and rounding-up of the 

cell (2). Cell components are fragmented into membrane-bound apoptotic bodies 

and rapidly engulfed by phagocytic cells (1). 

Apoptotic cell death is an important homeostatic mechanism for the 

development and maintenance of healthy tissues. Physiological deletion of cells is 

important in such processes as embryological development, including embryoid 

cavitation (3) and death of the inner cell mass (4), digit formation (5,6), post-

lactational involution of the mammary gland (7) and removal of damaged or 

abnormal cells. The latter is particularly important for tissue integrity and 

avoiding the cancerous phenotype. 

 

1.2 Evasion of apoptosis in cancer 

The transformation of normal cells to cancerous cells of unrestrained 

cellular proliferative and invasive capabilities involves a multi-step process of 

genetic changes (8). Amongst the commonly acquired characteristics of cancer 

cells, including sustained growth signaling and proliferative capacity, cancer cells 

often acquire the ability to evade apoptosis (9). This has been described as one of 
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the key hallmark features of cancer cells (9). In the presence of genetic damage 

that would cause normal cells to undergo apoptosis or senescence, cancer cells 

continue to proliferate and sustain genetic damage that can enhance the 

proliferative and invasive phenotype. 

 

1.3 Molecular modulators of apoptosis: the BCL-2 family 

The apoptotic pathway is an intrinsic cell death pathway modulated by the 

BCL-2 family of proteins. This protein family includes: pro-apoptotic BH3 only 

proteins (BID, BIM, BAD, BIK, PUMA, NOXA, BMF, HRK, BNIP3); 

multidomain pro-apoptotic proteins (BAX, BAK, BOK); and anti-apoptotic 

proteins (BCL-2, BCL-XL, BCL-W, A1, MCL-1) (reviewed in (10)). The BH3 

only proteins can be further subdivided into direct activators of BAX and BAK 

(BIM, tBID and PUMA) and indirect activators or sensitizers of BAX and BAK 

(BAD, NOXA, BIK, BMF) (11). In the direct activation model of apoptosis, BH3 

only proteins must be activated to directly engage and activate BAX and BAK 

through their BH3 domain. First, sensitizer BH3 only proteins are activated in 

response to an apoptotic stimulus and bind anti-apoptotic BCL-2 family members. 

This derepresses direct activator BH3-only proteins that can directly engage BAX 

and BAK (12). In the indirect activation model, BAX and BAK are primed in 

healthy cells and need to be repressed by anti-apoptotic proteins to prevent cell 

death. BH3-only proteins are required not to directly engage Bax and BAK, but to 

derepress BAX and BAK by inhibiting their anti-apoptotic protein binding 

partners (12). There is ongoing controversy as to the relevance of each model of 
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BAX/BAK activation, and indeed, both models may be partially correct (reviewed 

in (11)) (Figure 1.1). 

Following activation, BAX and BAK oligomerize at the outer 

mitochondrial membrane causing release of pro-apoptotic factors from the 

intermembrane space (cytochrome c, AIF, SMAC/DIABLO, HtrA2/Omi and 

endonuclease G) (13). AIF and endonuclease G are involved with DNA 

fragmentation (13). SMAC/DIABLO and HtrA2/Omi inhibit IAPs to derepress 

caspase activation (13). Cytochrome c assembles with Apaf-1 to form the 

apoptosome that initiates activation of the caspase cascade that ultimately results 

in cellular demolition (14).  

 

1.4 Taxanes as chemotherapeutic agents 

1.4.1 Paclitaxel 

Taxol
®
 (trademark of Bristol-Myers Squibb), also known as Paclitaxel, 

was originally isolated from the bark of the Pacific yew tree, Taxus brevifolia, as 

part of the National Cancer Institute directed Cancer Chemotherapy National 

Service Centre screening program for natural products with cytotoxic activity 

(15). The molecular structure of paclitaxel is shown in Figure 1.2 A. With its 

initial publication, paclitaxel was found to possess anti-tumor activity against 

murine leukemias, lung tumors and carcinosarcoma models (15). Studies on cells 

isolated from ascites fluid of paclitaxel treated mice bearing P388 leukemia 

provided the first evidence that paclitaxel possessed the antimitotic activity  
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Figure 1.1 Orchestration of direct and indirect activation models of BAX 

and BAK leading to mitochondrial outer membrane permeabilization. 

In the direct activation model, sensitizer BH3-only proteins are activated by an 

apoptotic stimulus and inhibit anti-apoptotic proteins. This releases direct 

activator BH3-only proteins (tBID, BIM, PUMA) that are required to directly 

engage and activate BAX and BAK. In the indirect activation model, BAX and 

BAK are primed for cell death but held in check by anti-apoptotic proteins. 

BH3-only proteins are activated to neutralize anti-apoptotic BCL-2 family 

binding partners and release BAX and BAK primed for activation. BAD is an 

indirect activator of BAX and BAK that targets anti-apoptotic proteins BCL-2, 

BCL-W and BCL-XL. Image adapted from (16). 

. 
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Figure 1.2 Molecular structures of taxane drugs.  

(A) Paclitaxel and (B) Docetaxel are shown with differing substituents. Docetaxel 

is a semisynthetic analog of paclitaxel prepared from 10-deacetyl baccatin III. 

Adapted from Anderson, A et al (17). 
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characteristic of the vinca alkaloids, although it was a less efficient mitotic 

spindle poison (18). In vitro studies later identified a novel mechanism of action 

for paclitaxel as a microtubule stabilizing and polymerizing agent (19) that led to 

cell cycle arrest at G2/M phase (20). Paclitaxel was the first microtubule 

polymerizing agent to be introduced with anti-neoplastic effects.  Up until its 

discovery, microtubule depolymerizing agents colchicine and vinca alkaloids 

were commonly used (reviewed in (21)). 

Clinical interest in paclitaxel was generated by its success in screens of 

human tumors xenografted into mice including MX-1 mammary tumor, CX-1 

colon tumor and LX-1 lung tumor as well as against murine B16 melanoma 

(reviewed in (21)). Furthermore, paclitaxel was also effective against solid human 

tumors of primary breast, endometrium, lung, ovary, tongue and brain tumors 

implanted into mice (22).  

Paclitaxel was first approved by the US Food and Drug Administration in 

1992 for the treatment of refractory ovarian cancer. Paclitaxel has since been 

widely used in the treatment of breast, ovarian and lung cancers. 

 

1.4.2 Docetaxel 

Progress in clinical trials of paclitaxel was hindered by its limited 

availability from natural resources and the high cost and low-yielding extraction 

process from the bark of the Pacific yew tree. Docetaxel was prepared as a semi 

synthetic taxol analogue by the Institut de Chimie des Substances Naturelles with 

the Centre National de la Recherche Scientifique in France using a noncytotoxic 
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compound, 10-deacetyl baccatin III, extracted from the leaves of the European 

yew tree, Taxus baccata L. (23,24). The molecular structure of docetaxel is shown 

in Figure 1.2 B.  Like paclitaxel, docetaxel induces tubulin assembly in vitro in 

the absence of GTP, induces microtubule bundle formation, and inhibits cell 

division (25). At equal drug concentrations, docetaxel is a slightly more potent 

promoter of tubulin polymerization and more potent inhibitor of proliferation of 

murine leukemia and machropage-like cell lines (25). Docetaxel has been 

approved by the US Food and Drug Administration for the treatment of head and 

neck cancer, gastric cancer, breast cancer and prostate cancer. 

 

1.5 Microtubule structure and dynamics 

Microtubules are an important cytoskeletal component of eukaryotic cells 

(26), composed of alternating 50 kDa α and β tubulin subunits.  Microtubules are 

assembled by the head-to-tail polymerization of α/β tubulin heterodimers to form 

long, linear, polarized protofilaments (27,28). Protofilaments assemble laterally to 

form a hollow tube of 25 nm diameter (29). It is generally thought that in vivo, 13 

such protofilaments assemble to form a microtubule. In vitro, the number of 

protofilaments can vary significantly, from 11-15 (30,31). 

Each soluble α/β tubulin heterodimer is bound by two molecules of 

guanine nucleotide: one GTP is irreversibly bound at a non-exchangeable site of 

the α-subunit (N-site) and one GTP is reversibly bound at the exchangeable site of 

the β-subunit (E-site) (reviewed in (32)). As microtubules polymerize, a 

conformational change of the incorporated subunits promotes hydrolysis of GTP 
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bound at the E-site of the β-subunit to non-exchangeable GDP (33), which 

remains bound in the polymerized microtubule. Notably, while GTP hydrolysis at 

the β subunit is dependent on tubulin polymerization, these two processes are 

kinetically uncoupled (34); GTP hydrolysis occurs subsequent to polymerization 

(35). Therefore at steady state, a GTP rich cap forms at the + ends of microtubules 

(35). In vivo, the loss or presence of the GTP cap allows for microtubule 

catastrophe or rescue (36,37). In this way the rate of GTP hydrolysis helps 

modulate microtubule dynamic instability and microtubule length (38).  

 Microtubule dynamics are critical for appropriate cell division at mitosis. 

The dynamic instability of spindle microtubules, anchored at the centrosome at 

their – ends, probe the cytoplasm through a ‘search and capture’ mechanism for 

the presence of condensed chromosomes (39). Bipolar attachment of paired 

kinetochores to opposite spindle poles must occur to bypass the spindle assembly 

checkpoint and allow for anaphase progression (40). By interfering with 

microtubule dynamics, mitotic spindle poisons can serve as effective 

chemotherapeutics to arrest cell division (41). Spindle poisons such as paclitaxel 

lead to prolonged activation of the spindle assembly checkpoint (40,41), which 

has been associated with apoptotic cell death directly following mitotic arrest or 

following mitotic slippage (42). 

 

1.6 Taxanes promote microtubule stabilization and assembly 

Taxanes induce mitotic arrest in cells by stabilizing microtubules or 

causing microtubule bundling (20). Paclitaxel was first shown to promote in vitro 
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assembly of purified tubulin into microtubules with altered equilibrium and 

kinetic parameters that reduced the lag time and the critical concentration of 

soluble tubulin required for microtubule polymerization (19). Microtubules 

polymerized in the presence of paclitaxel are uniquely resistant to 

depolymerization by dilution, low temperature (4°C) or 4 mM CaCl2 (19). The 

microtubule assembly process in the presence of paclitaxel can also take place in 

the absence of typical microtubule assembly factors such as GTP and microtubule 

associated proteins (43). Both paclitaxel and docetaxel induce maximal tubulin 

polymerization at 1:1 molar ratios of drug and αβ tubulin heterodimer, suggesting 

uniform stoichiometric binding of the drug along the microtubule (44). A 

competition assay by Diaz et al showed that docetaxel had 1.9 times the affinity 

of paclitaxel for common binding sites on microtubules (44). Furthermore, 

docetaxel was also a more potent inducer of tubulin polymerization than 

paclitaxel that had a 2.1 fold larger equilibrium constant (44). 

 

1.7 Characterization of the taxane binding site on microtubules 

Paclitaxel binds to the globular domain of β-tubulin in a hydrophobic 

pocket opposite the GTPase domain on the inner luminal surface of microtubules 

(reviewed in (45)). Taxane binding occurs with 1:1 stoichiometry of bound drug 

to αβ tubulin heterodimer of polymerized microtubules, but does not bind to 

monomeric soluble tubulin (44,46).  

The paclitaxel binding site was initially identified on β-tubulin using [
3
H] 

taxol and photoaffinity labeling of purified microtubule protein (47). Photoaffinity 
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labeling studies using taxol analogues mapped the β-tubulin binding site (48-50). 

Three contact points were proposed by these authors at amino acids 1-31, 217-233 

and amino acid arginine 282, which is also important for adjacent protofilament 

interactions (50). Furthermore, there was good agreement in the paclitaxel binding 

model proposed by Rao et al in photoaffinity labeling studies and the proposed 

location of the taxol binding site in reconstructed 3-dimensional models of 

electron crystallography studies of zinc induced αβ tubulin sheets (46,51,52). 

 While the above studies characterized a high affinity binding site for 

taxanes on the luminal surface of microtubules, kinetic data was irreconcilable 

with models proposing simple diffusion of taxanes through fenestrations of the 

microtubule wall to reach the luminal binding site (53,54). Binding of taxol to 

microtubules was extremely rapid, reversible, and could disrupt protofilament 

number (55). The rapid binding kinetics of fluorescent taxoid derivatives required 

an alternative model of taxane-microtubule binding where docking could occur at 

a more easily accessible site, most likely on the exterior of the microtubule (53). 

Further kinetics studies provided evidence for a microtubule external ligand 

binding site. Diaz et al found that fluorescent taxol derivatives undergo diffusion 

controlled association with microtubules, and association kinetics were greatly 

impeded by microtubule associated proteins (MAPs) on the surface of 

microtubules (56). While it is still not clear how taxanes molecules bound at low 

affinity sites on the exterior of microtubules are internalized to the luminal face, 

currently accepted models suggest a mechanism of penetration of microtubule 

stabilizing agents through pre-formed pores in the microtubule wall (54,57,58). 
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1.8 Mechanisms of taxane induced cell death 

1.8.1 Apoptosis at low nanomolar paclitaxel concentrations 

The molecular effects of paclitaxel vary considerably with the 

concentration and time of application of the drug (59). Breast cancer cells treated 

with titrated doses of paclitaxel, from 5 nM to 25 μM, revealed a biphasic dose-

response curve with distinct death mechanisms (60). At low nanomolar 

concentrations, 5-50 nM, paclitaxel induced mitotic arrest, inhibited S phase 

progression and induced apoptotic cell death (60). However, increasing the 

paclitaxel concentration from 1.25 μM to 25 μM reduced apoptotic cell death and 

increased necrotic cell death (60). Furthermore, micromolar drug concentrations 

induced microtubule bundling which was not observable at the lower 

concentration range (60). 

We used low nanomolar concentration paclitaxel (25 nM) in our 

experiments to induce breast cancer cell apoptosis at a clinically relevant dose, in 

agreement with previous work (61,62). This leads to stabilization of mitotic 

spindle microtubules (63,64) and activation of the spindle assembly checkpoint. 

However, in some cancer cells, weakened checkpoints may allow for aberrant 

mitosis to proceed without cytokinesis, also termed mitotic slippage (65,66). 

Altogether, these studies support a mechanism for paclitaxel induced 

mitotic arrest followed by apoptosis in cells treated with low nanomolar 

concentrations of paclitaxel. However, the molecular mechanisms of paclitaxel 

induced cell death of breast cancer cells remains unknown. Our laboratory 

initially used multiple parameters to measure paclitaxel-induced apoptosis, 
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including loss of mitochondrial membrane potential using the fluorescent dye 

tetramethylrhodamine ethyl ester perchlorate (TMRE) (Invitrogen, cat. T669), 

phosphatidylserine externalization with Annexin V staining and caspase 

activation using a fluorescent CaspACE
™

 FITC-VAD-FMK stain (Promega, cat. 

G7461). TMRE is a cationic dye taken up by mitochondria with ΔΨm. 

CaspACE
™

 FITC-VAD-FMK irreversibly binds active caspases. These stains 

were monitored in previous work by FACS analysis (data not shown). These 

experiments verified an apoptotic phenotype of breast cancer cells treated with 25 

nM concentration paclitaxel. In the experiments presented in this thesis, cell death 

was monitored using TMRE stain and FACS analysis (67). 

 

1.8.2 Role of BIM in paclitaxel induced apoptosis 

The BH3-only protein, BIM, is a direct activator of BAX and BAK 

(68,69) but is also capable of interacting with anti-apoptotic BCL-2 family 

members including BCL-2, BCL-XL, MCL-1 and A1 (70,71) . Studies have 

implicated a critical role for BIM in paclitaxel-induced apoptosis of non-small 

cell lung cancer cell lines (72), prostate cancer cell lines (72), neuroblastoma cells 

(73) and murine thymocytes (74). In a panel of non-small cell lung cancer cell 

lines, Li R et al first assessed protein expression levels of BCL-2 family members, 

and noted a correlation between increased BIM expression and enhanced 

sensitivity to paclitaxel induced apoptosis (72). This correlation was also found in 

a panel of breast and prostate cancer cells in the same study (72). Transient or 

stable depletion of BIM provided protection from paclitaxel cytotoxicity (72). 
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Inversely, BIM overexpression in a resistant NSCLC cell line conferred 

sensitivity to paclitaxel (72). In neuroblastoma cells, downregulation of BIM also 

provides protection from paclitaxel induced cell death (73). Overall, these studies 

provide a quantitative link between BIM protein expression and paclitaxel 

induced apoptosis. 

Using a similar approach, our laboratory correlated protein expression 

levels with paclitaxel sensitivity in a panel of breast cancer cell lines (67). We 

found that higher BIM and BAD protein expression in cell lysate correlated with 

paclitaxel sensitivity, with the greatest expression in SKBR-3, MCF-7 and MDA-

MB-468 cells. Surprisingly, however, BIM depletion prior to paclitaxel treatment 

does not afford protection of these cells from paclitaxel induced apoptosis (75). In 

MCF-7 cells, BIM provided very minor protection from apoptosis compared to 

the dramatic protection offered by BAD depletion (67). We also pursued the 

relevance of BIM expression by analyzing gene expression profiles of docetaxel-

treated primary breast cancer patients (data set compiled by (76)). Surprisingly, 

increased BIM expression in primary tumors correlated with docetaxel resistance 

(Figure 1.3). Overall, we concluded that BIM did not play a prevalent role in 

paclitaxel induced death of breast cancer cells. 

Despite these findings, the role of BIM remains controversial. Our results 

contradict previous reports that determine a proapoptotic function for BIM in the 

context of paclitaxel treatment of MCF-7 cells (77,78). Sunters et al. reported 

FoxO3a induction of BIM expression in MCF-7 cells with paclitaxel treatment 

that correlates with apoptosis (78). Additionally, BIM depletion experiments in 
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MCF-7 cells conferred significant protection from paclitaxel induced apoptosis in 

multiple studies (77,78). A molecular model for the dynamics of BIM in taxane 

treated cells has been proposed, where an unknown upstream activation signal 

triggers BMF or PUMA to displace BIM from anti-apoptotic binding partners 

BCL-2 or BCL-XL respectively (77). This relieves a pool of free BIM that 

correlates with the activation of BAX and BAK (77). These authors, however, did 

not observe an upregulation of BIM expression in MCF-7 cells and is therefore 

inconsistent with the study of Sunters et al (77,78). 

It is difficult to qualify these polar arguments that either enforce or refute 

the role of BIM as a major molecular player in the paclitaxel-induced apoptotic 

cell death pathway. Drug concentrations used in these studies were of similar 

range: 25 nM (75), 10 nM (78) and 100 nM (77), which are low doses that have 

been shown to induce the apoptotic cell phenotype. Our laboratory’s study 

quantified the apoptotic phenotype of MCF-7 cells by loss of TMRE fluorescence, 

whereas Kutuk et al and Sunters et al quantified Annexin V positivity. It seems 

unlikely that we can account for discrepancy between these studies based on 

apoptotic readouts and a lack of functional caspase 3 in this cell line (79,80) since 

other work has shown that reinstatement of stable caspase-3 expression in MCF-7 

cells saw no change in BAX induced apoptotic readouts by Annexin V staining 

(81). However, it is possible that genetic differences between individual MCF-7 

cell lines may account for some of the discrepancy. Indeed, significant genetic 

(82), karyotypic and biological differences (83) have been revealed in MCF-7 cell 
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lines obtained from different sources, which may in part be attributed to inherent 

genomic instability during in vitro culture of these cells (84). 

 

1.9 Staurosporine induced apoptosis 

Staurosporine is a microbial alkaloid isolated from Streptomyces 

staurosporeus (85) that has potent inhibitory activity against protein kinases with 

poor selectivity (86-88). Staurosporine has an ATP-competitive mode of action 

which may account for its wide-spectrum inhibition of both tyrosine and 

serine/threonine kinases (89,90). Staurosporine treatment induces apoptosis by 

both caspase-dependent and independent mechanisms (91-93). In caspase 3 

deficient MCF-7 cells, apoptosis may proceed with activation of alternative 

caspases (94-96). Interestingly, the apoptotic phenotype is greatly enhanced in 

MCF-7 cells stably expressing caspase 3 by activation of extrinsic apoptotic 

pathway components, including caspase 8 and BID (95,97). However, both MCF-

7 cells and caspase 3-expressing MCF-7 cells demonstrate staurosporine induced 

cytochrome c release (97). Altogether, these studies suggest that MCF-7 cells 

treated with staurosporine die as a result of mitochondrial dysfunction through 

caspase dependent or independent mechanisms. Additionally, dephosphorylation 

of BAD has previously been documented in HeLa cells treated with staurosporine, 

which corresponds with BAD activation (98). We used staurosporine treatment in 

our experiments to induce pro-apoptotic BAD activity and mitochondrial 

apoptosis in MCF-7 cells. 
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1.10 Role of BAD in paclitaxel induced apoptosis 

1.10.1 BAD expression correlates with taxane sensitivity in vitro 

Given the unknown mechanisms of paclitaxel induced apoptosis of breast 

cancer cells, our laboratory was interested in deciphering which BCL-2 family 

members were critical for the cell death process. We screened a panel of five 

breast cancer cell lines for sensitivity to paclitaxel and correlated apoptotic cell 

death with protein expression levels of BCL-2 family members in untreated cells 

(67). We observed that the expression levels of BH3-only BIM and BAD 

correlated with taxane sensitivity. Previous investigations in our laboratory using 

BIM depletion studies indicated that Bim protein levels were not critical for 

paclitaxel induced cell death of breast cancer cell lines (75). We therefore decided 

to focus our efforts on determining the role of BAD in paclitaxel cytotoxicity with 

the experiments in this thesis. 

 

1.10.2 BAD expression correlates with taxane sensitivity in clinical studies 

Our laboratory sought to validate an in vitro correlation of BAD 

expression and paclitaxel sensitivity with in vivo data. Our clinical studies 

revealed a correlation between elevated BAD expression at the mRNA and 

protein level and sensitivity to taxanes in clinical studies (67). First, we compiled 

a gene expression microarray using expression data from 24 primary breast tumor 

biopsies that was published by Chang et al. (76). After sample collection in this 

study, patients received 4 cycles of neoadjuvant docetaxel treatment (76). Patient 

tumors were stratified as docetaxel sensitive or resistant based on residual tumor 
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volume of less or greater than 25% after chemotherapy (76). Our analysis of this 

gene expression data demonstrates a positive correlation of increased BIK, BAD 

and BAX expression with docetaxel sensitivity (Figure 1.3).  

In our second clinical study, we sought an assessment of BAD protein 

levels and taxane sensitivity (67). Our clinical collaborators performed BAD 

immunohistochemistry staining on 180 formalin-fixed primary breast tumor 

specimens from patients who had been treated with adjuvant docetaxel 

chemotherapy. BAD staining was scored semi-quantitatively by a breast cancer 

pathologist and stratified into either high or low protein expression levels. Results 

were plotted on a Kaplan Meier survival curve (Figure 1.4). This study 

demonstrated that high BAD protein levels (>0.57) were prognostic for improved 

disease-free and overall survival of breast cancer patients treated with docetaxel. 

Altogether, the results of clinical studies were supportive of our in vitro 

data: BAD confers sensitivity to taxanes. These promising findings rationalized 

further investigation of the mechanisms of BAD function in breast cancer cells in 

response to paclitaxel treatment. 
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Figure 1.3 BAD gene expression correlates with docetaxel sensitivity in 

breast cancer patients. 

Gene expression data obtained from (76) was analyzed for the expression of 

BCL-2 family proteins. This study analyzed gene expression data from 

primary breast tumors from 24 patients receiving neoadjuvant docetaxel 

chemotherapy. Red signals indicate higher gene expression levels; green 

signals indicate lower gene expression levels. Image adapted from (67). 
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Figure 1.4 BAD protein levels correlate with docetaxel sensitivity in 

breast cancer patients. 

BAD immunohistochemistry was performed on breast tumor samples from 

180 primary breast cancer patients receiving adjuvant docetaxel 

chemotherapy. Kaplan-Meier curves show that BAD expression is 

prognostic for disease-free survival (A) and overall survival (B). Image 

adapted from (67). 
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1.11 BAD (BCL-2 antagonist of cell death) 

1.11.1 Identification and characterization 

BAD was first isolated as a BCL-2 interacting protein using a yeast two-

hybrid screen and λ expression cloning (99). The primary sequence of murine 

BAD bears only highly conserved amino acids within the BH1 and BH2 domains 

and contains a highly conserved BH3 domain that confers its pro-death activity 

(100) and classifies the protein as a BH3-only member of the BCL-2 family. The 

BH3 domain in human BAD was independently mapped and encompasses amino 

acids 108-123 (101). The BH3 domain forms an amphipathic α-helix that engages 

the hydrophobic groove of an anti-apoptotic protein to exert the pro-death 

phenotype (102,103). In response to an apoptotic stimulus, BAD pro-apoptotic 

activity is activated by dephosphorylation. When the hBAD BH3 domain is 

dephosphorylated, BAD can engage BCL-XL, migrate to the mitochondria and 

induce apoptosis (reviewed in (104)) (see also section 1.15.1). 

 

1.11.2 Physiological roles 

 BAD is an important apoptotic sensitizer with tumor suppressor activity in 

lymphocytes and lymphocytic precursors. BAD knock-out mice are 

developmentally normal with only mild abnormalities in B-cells bearing modestly 

reduced proliferation rates and significantly reduced production of IgG with LPS 

stimulation (105). With aging, however, additional phenotypes become evident 

including reduced survival of the BAD -/- mice compared to BAD WT mice. It 

was found that BAD -/- mice have increased mortality with incidence of diffuse 
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large B cell lymphoma (105). BAD -/- mice also develop lymphomas of the B and 

T cell lineages at higher rates than wild type counterparts when challenged with 

sublethal doses of γ-irradiation (105). Overall, studies of the BAD deficient 

mouse model suggest an important tumor suppressor function for BAD in the 

lymphoid system.  

 While there are no defects in T cell development in BAD deficient mice 

(105), an important role for BAD has nonetheless been elucidated in thymocytes 

(106). BAD expression is upregulated in thymocytes undergoing apoptosis in 

response to dexamethasone or γ-irradiation (106). Furthermore, transgenic mice 

that harbor T cell-specific overexpression of BAD have reduced numbers of T 

cells and enhanced T cell sensitivity to apoptotic stimuli. Overall, these studies 

suggest a critical tumor suppressor role for BAD in B-cells and an important 

physiological role for BAD in regulating T cell homeostasis and apoptosis. 

 BAD protein is widely expressed in human tissues, with highest 

expression levels in the testes, breast, spleen and tonsil (107). 

Immunohistochemistry analysis for BAD revealed cytosolic localization as well 

as localization with discrete organelles in columnar epithelium of breast tissue 

(107). Physiologically, BAD expression is upregulated in mammary epithelial 

cells during lactation and involution (108,109), a remodeling of mammary glands 

to a pre-pregnancy like state characterized by extensive apoptosis (reviewed in 

(110)). Metcalfe et al suggest that BAD and BAK elevation primes epithelial cells 

for apoptosis when the levels of anti-apoptotic BCL-W decline during involution 
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(109). Thus, BAD may have a pro-apoptotic function in vivo in eliminating 

unneeded mammary epithelial cells.  

 

1.11.3 BH3 domain 

The BH3 domain was initially characterized in BAK, including amino 

acids 67-94, as a domain that was necessary and sufficient for inducing cell death 

activity and for binding BCL-XL (111). Chittenden et al also identified a 

homologous amino acid sequence in BAX, and found that the pro-death function 

of this domain was conserved. The BH3 domain in hBAD was first elucidated in 

binding assays using BAX and BAK BH3 peptides to compete a BAD:BCL-XL 

interaction (101). Peptides of the predicted hBAD BH3 sequence were also able 

to compete BAD:BCL-XL and BAX:BCL-XL interactions, indicating the critical 

role for the BH3 domain in establishing these interactions (101).  

NMR structural studies indicated that the BAK BH3 peptide forms an 

amphipathic alpha helix that interacts with BCL-XL through hydrophobic and 

electrostatic interactions, dependent on conserved residues within the BH3 

domain (102). Figure 1.5 demonstrates an alignment of BH3 domains from a 

selection of both pro-apoptotic and anti-apoptotic BCL-2 family members (112). 

Important hydrophobic side chains of BAK residues that interact with the BCL-

XL hydrophobic cleft include Val
74

, Leu
78

, Ile
81

 and Ile
85

 (102). Alanine 

substitutions at any of these sites dramatically reduces binding affinity with BCL-

XL. Important electrostatic interactions were formed with charged BAK residues, 

Arg
76

, Asp
83

, and Asp
84

, which are stabilized by oppositely charged residues 
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within the BH3 binding pocket of BCL-XL (102). Figure 1.5 illustrates the 

conservation of some of these critical residues in other BCL-2 family members. 

Notably, Leu
78

 and Asp
83

 at BH3 domain core residues 1 and 6 are highly 

conserved in both pro- and anti-apoptotic BCL-2 family subsets. However, Ile
81

 at 

core residue 4 is conserved only in some pro-apoptotic members and is substituted 

by alanine in anti-apoptotic members (112). It may be that the positions of key 

amino acid residues with either charged or hydrophobic side chains may dictate 

the hierarchical binding between BH3 domain pro-apoptotic proteins and their 

cognate anti-apoptotic binding partners. 
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Figure 1.5 BH3 domain sequence alignment.  

BH3 domain sequences of pro-apoptotic proteins (upper) and anti-

apoptotic proteins (lower) are indicated, with critical residues indicated by 

grey boxes. BH3 domain core residues 1-8 are indicated including highly 

conserved leucine and aspartate residues. Adapted from Kelekar et al 

(112). 
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1.12 Thesis objective 1 – To investigate mechanisms of BAD mediated 

paclitaxel sensitivity of breast cancer cells 

Overall, previous studies suggested an important role for BAD in 

paclitaxel mediated cell death of breast cancer cells in vitro. BAD expression also 

correlated with positive clinical outcomes of breast cancer patients treated with 

taxanes. In cell based assays, BAD siRNA-mediated depletion led to significant 

reductions in apoptosis of breast cancer cells MCF-7, SKBR-3 and MDA-MB-

468 (67). Given the well characterized pro-apoptotic role for BAD, we 

hypothesized that paclitaxel would induce pro-apoptotic BAD dependent cell 

death characterized by i) enhanced interactions of BAD with anti-apoptotic BCL-

2 family members, and ii) translocation of BAD from the cytosol to the 

mitochondria. Therefore, our first objective in this project was to investigate the 

role of BAD in the paclitaxel induced cell death pathway in MCF-7 cells by 

looking for biochemical indications of proapoptotic BAD activity. This work is 

described in Chapter 3.1. 

 

1.13 Non-apoptotic BAD functions 

1.13.1 Novel pro-growth role for BAD in breast cancer cells 

Ongoing studies in the laboratory demonstrated a novel, nonapoptotic role 

for BAD in breast cancer cells. BAD depletion studies in MCF-7 and SKBR-3 

cells led to reduced cell numbers in proliferation assays (67). Additionally, MDA-

MB-231 cells that stably expressed BAD reached higher cell numbers (~1.5 fold 

higher) than MDA-MB-231 vector control stable cell line and parental controls in 
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proliferation assays (113). The BAD pro-growth characteristic was also consistent 

with in vivo studies. Mouse tumor xenografts using 231.BAD stable cells grew to 

significantly larger tumor volumes than 231.vector controls cells, at least four-

fold larger (113). Furthermore, the in vitro and in vivo studies suggested an 

important role for BAD Serine 118 in modulating the overall phosphorylation 

state of BAD, and in turn, the pro-growth effects of BAD. To our knowledge, this 

is the first report of BAD-modulated pro-growth activity that has been linked to 

the Serine 118 site, although the mechanisms of pro-growth activity modulated by 

BAD or BAD S118D remains unknown. 

 

1.13.2 BAD proliferative capacity in breast cancer cells 

The role of BAD in breast cancer cells in relation to cell proliferation 

remains controversial. For example, our work suggests that BAD contributes to 

proliferation of MCF-7 cells ((67) and Figure 3.2), while an independent group 

published that BAD inhibited proliferation of this cell line (114). Specifically, 

work by Fernando et al determined that BAD localizes to the nucleus of MCF-7 

cells and complexes with AP1 and c-Jun at the promoter of the cyclin D1 gene to 

repress its transcription. Cyclin D1 expression is important for G1/S transition as 

part of the cyclin D1/cdk4 complex (115). BAD mediated repression of cyclin D1 

transcription prohibits S phase progression and reduces proliferation of MCF-7 

cells (114). On the contrary, we have observed cytosolic staining patterns for 

BAD in MCF-7 cells without nuclear staining (data not shown) and have shown 

that BAD siRNA knock-down reduces cell numbers in proliferation assays (67). 
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Clearly, more work is required to clarify the effect of BAD on the cell cycle 

regulation of MCF-7 breast cancer cells. Additionally, our study did not 

determine whether increased cell counts of MCF-7 cells in proliferation assays 

was due to accelerated cell cycle progression or diminished cell death (67). 

 

1.13.3 Role of BCL-2 family members in cell cycle progression 

 Several BCL-2 family members have been demonstrated to regulate cell 

cycle progression in addition to apoptosis. Baxα overexpression in T cells 

correlates with reduced cdk inhibitor p27 levels and leads to enhanced S phase 

entry in cycling cells (116). BCL-2 and BCL-XL are anti-proliferative by 

prolonging G0 and delaying cell cycle entry in response to serum stimulation or 

Myc expression in NIH3T3 cells and Rat1MycER fibroblasts (117). Under these 

conditions, levels of the cdk inhibitor p27 are elevated which inhibits 

cyclinE/cdk2 and cyclinD/cdk4/6 and contributes to BCL-XL and BCL-2 

mediated delay of cell cycle progression (117). The role for p27 in cell cycle 

delay is essential because BCL-2 and BCL-XL did not delay S phase entry in p27 

-/- MEFs in response to serum deprivation and re-stimulation (117), and this 

essential role for p27 has been elsewhere documented (118). An independent 

study in fibroblasts also found an essential role for elevated p130 in BCL-2-

retarded cell cycle entry (118), where p130 purportedly interacts with E2F4 to 

repress E2F1 expression critical for G0 exit (118).  

 Follow-up studies elucidated an important role for Bax and Bak in 

sustaining the BCL-2/BCL-XL mediated G0 quiescent state (119). In wt cells, it is 
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thought that BCL-2 and BCL-XL induce G0 arrest through activation of G0 

kinase Mirk, that phosphorylates p27 and stabilizes it (119). BAX and BAK 

normally repress p27 levels and their presence is required for BCL-2 and BCL-

XL modulation of cell cycle arrest (119). BAX/BAK -/- cells already have high 

levels of p27 and exhibit cell cycle arrest that cannot be further exacerbated by 

BCL-2 or BCL-XL (119). Therefore, the effects of BCL-2 family members on 

control of cell cycle progression, arrest and reentry, are interdependent. 

Notably, BAD can overcome cell cycle delay induced by BCL-2 and 

BCL-XL (120,121). Fibroblasts that overexpress BAD and BCL-XL fail to cell 

cycle arrest in growth arrest conditions due to low serum or confluence (121). 

Moreover, this study suggested that BAD:BCL-XL heterodimers could induce 

aberrant cell cycle progression and overcome the G0/G1 checkpoint in growth 

arrest conditions (121). We postulated that a similar pro-proliferative mechanism 

of action may exist for BAD in breast cancer cells, where BAD:BCL-XL 

heterodimerization meets a critical threshold that may allow for unrestrained 

cellular proliferation, similar to effects observed in fibroblasts (121). 

Alternatively, BAD may promote proliferation via novel protein interactions. Our 

studies to try and identify these BAD interacting proteins are described in 

Chapter 3.2. 

 Other studies implicate a role for phosphorylated BAD in cellular 

proliferation and/or transformation. For instance, mBAD-transfected primary 

cells, chicken embryo fibroblasts, are capable of anchorage-independent growth 

in serum rich conditions in a manner dependent on S136 phosphorylation (122). 
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mBAD transfected cells with S136 phosphorylation also reach higher saturation 

densities in focus forming assays without significant differences in cell cycle 

profiles from S136A BAD mutants (122). These studies suggest that 

phosphorylated BAD promotes transformation of primary cells without 

measurable effects on cell cycle progression. In prostate cancer cells, BAD 

overexpression and knock-down studies have elucidated a pro-proliferative 

function for BAD (123). In vitro this was determined as increased numbers of 

BAD-expressing prostate cancer cells compared to controls in proliferation assays 

(123). In vivo, BAD-expressing prostate cancer cells also showed increased tumor 

growth when xenografted into mice (123). While this work also supports a pro-

proliferative or pro-growth role for BAD in prostate cancer cells, these authors 

did not attempt to assess cell cycle profiles of BAD expressing cells versus 

controls. Nor did they assess relative levels of cellular death in the proliferation 

assays, although the authors did claim the proliferation results were consistent 

with MTT assays. Overall, this evidence suggests that BAD may confer growth 

advantages to cells in a phosphorylated, anti-apoptotic state and may explain the 

upregulation of BAD observed in prostate cancer cells (123,124). 

 Pro-growth BAD functions have been linked not only to the 

aforementioned phosphorylation site mBAD S136, but also to another C-terminal 

phosphorylation site, mBAD S170. Phosphorylation at S170 attenuates apoptosis 

and modulates cell cycle progression by shortening cellular doubling time and 

promoting progression through S phase in a hematopoietic progenitor cell line 

(125). Notably, cell synchronization experiments found that BAD S170A cells 
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had a significantly prolonged S phase and were significantly delayed in G2 onset 

compared to BAD S170D or BAD expressing cells (125). Furthermore, the 

activity of CaMKII-γ, the kinase responsible for S170 phosphorylation, was 

elevated in S phase, indicating an important role for BAD phosphorylation 

modulation in cell cycle progression (125). This phosphorylation site is conserved 

in human BAD at S134, and was independently found to promote proliferation in 

human tumor cell lines in response to active B-RAF (126).  

Collectively, these studies suggest that control of BAD phosphorylation at 

the C-terminus is critical in dictating either the apoptotic or pro-growth mediated 

BAD phenotype. However, it is not clear from these studies how phosphorylated 

BAD mechanistically mediates transformation or proliferation. In addition, it is 

unclear what dictates the cell type specific differences that lead to either increased 

death or increased proliferation with cellular transfection of BAD. For example, 

in breast cancer cells we have observed increased cell numbers in proliferation 

assays in cells that overexpress BAD (113). However, BAD transfected HeLa 

cells or HEK293 cells show reduced cell numbers in a proliferation assay 

indicative of death (126). Overall, it is important to more clearly define how 

upstream kinase activity modulates BAD function, how BAD affects cell cycle 

dynamics at G0/G1 and G1/S boundaries in cancer cells, and how BAD 

perpetuates pro-growth effects above control levels in vitro and in vivo. 
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1.14 Regulation of BAD activity 

1.14.1 BAD phosphorylation  

 BAD is an apoptotic sentinel that is highly regulated by phosphorylation 

in response to trophic factors. Survival signaling pathways from factors such as 

IL-3 or IGF-1, lead to activation of BAD Serine 75, 99 and 118 kinases and 

inhibition of BAD pro-apoptotic function (104). There are currently nine 

phosphorylation sites that have been characterized in human BAD (Table 1.1, 

Figure 1.6). Phosphorylation of BAD at Serine 75, 99 and 118 is anti-apoptotic 

by inhibiting binding with BCL-XL and promoting cytosolic sequestration with 

14-3-3 proteins. It is likely that phosphorylation at Serine 124 and 134 is also 

anti-apoptotic in nature since Serine to Alanine mutations at these sites promote 

serum-induced apoptosis in HeLa cells above that induced by wild type BAD 

(126). The effect of the Serine 25, 32 and 34 sites on cell survival are less clear 

(126) and have not been studied in detail.  

Studies with mBAD suggest that phosphorylation of critical sites is a 

tiered process. Phosphorylation of the predominant 14-3-3 binding site, mBAD 

Serine 136, is an apical event that precedes Serine 155 phosphorylation (127). It is 

thought that phosphorylation at Serine 112/136 that promotes 14-3-3 binding may 

result in conformational changes in BAD that increase accessibility of survival 

kinases to the Serine 155 site in the BH3 domain (104,127). 
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Table 1.1  BAD phosphorylation sites and kinases 
 

Phosphorylation site Kinases References 

Human Murine 

Serine 25 --- --- (128) 

Serine 32/34 --- --- (128) 

--- Serine 111 PAK (129) 

Serine 75 Serine 112 PIM, PAK, PKA, 

p90RSK, RAF 

(128,130-136) 

Serine 91 Serine 128 Cdc2, JNK (126,137,138) 

Serine 97 --- --- (128) 

Serine 99 Serine 136 PIM, PAK, p70S6K, 

AKT, RAF 

(128,130,131,139,140) 

Serine 118 Serine 155 Chk1, PIM, PKA, RAF (128,130,136,141-143) 

Serine 124 --- --- (128) 

Serine 134 

 

Serine 170 PAK, B-RAF, Chk1, 

PIM, CaMKII-γ 

(125,126,128,130,141,

144) 

--- Threonine 117 CK2 (145) 

--- Threonine 201 JNK (146,147) 

 

--- not identified 
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BAD phosphorylation status is also regulated by phosphatases: PP1 (148), 

PP2A (149,150) and calcineurin (151). It has been suggested that BAD 

dephosphorylation is also a tiered process, since PP2A mediated 

dephosphorylation of mBAD pSer112 is an apical event that precedes 

dephosphorylation of pSer136 (150). 

Overall, BAD phosphorylation status at key sites is important for 

regulation of BAD apoptotic activity. Phosphorylation at Serine 75, 99 and 118 of 

hBAD promotes 14-3-3 binding and inhibits apoptotic activity. 

Dephosphorylation at Serine 118 is important in allowing hBAD to engage its 

anti-apoptotic binding partner, BCL-XL, to induce apoptosis (152). 

 

1.14.2 Lipid binding properties 

The C-terminal 47 amino acids of hBAD are critical for interaction with 

membranes (153). This primary sequence possesses two distinct lipid binding 

properties: association with cholesterol rich lipids mediated by LBD1 and 

association with negatively charged lipids mediated by LBD2 (153). LBD1 

comprises hBAD amino acids 120-131 and includes part of the BH3 domain 

(153). LBD2 is comprised of hBAD amino acids 131-168 (153) (Figure 1.6). An 

intact FKK motif embedded with LBD1 is important for efficient binding of BAD 

to both cholesterol-rich and acidic membranes (153). Interestingly, Hekman et al 

found that wt BAD could promote the binding of BCL-XL to liposomes while a 

BAD mutant lacking LBD2 could not (153). This indicates that BAD may act as a 

receptor that helps translocate BCL-XL to the mitochondrial membrane. Binding 
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of BAD to membranes is independent of its phosphorylation state, although 

phosphorylated BAD can be readily extracted by 14-3-3 proteins from 

mitochondrial liposomes, and may be redistributed to cholesterol-rich membranes 

(153). 

 

1.15 BAD-interacting proteins 

1.15.1 BAD:BCL-2, BCL-XL and BCL-W interactions 

  BAD promotes cell death by specifically engaging a subset of anti-

apoptotic BCL-2 family members: BCL-2, BCL-XL and BCL-W (99,101,154). 

Neutralization of these anti-apoptotic proteins can relieve inhibition of both 

BAX/BAK and direct activators of BAX and BAK to promote apoptosis. BAD 

does not engage other anti-apoptotic proteins (A1 or MCL-1) or BAX or BAK 

(155).  

 Interactions with anti-apoptotic proteins are modulated by the BAD BH3 

domain, an amphipathic helix that is thought to engage a hydrophobic pocket 

within a cognate binding partner (101,153) by means of hydrophobic and 

electrostatic interactions (reviewed in (157)). Mutations of highly conserved 

residues within the hydrophobic groove of the anti-apoptotic protein or mutations 

within the BH3 domain of a pro-apoptotic protein diminish binding affinity 

(102,156).  

 The major anti-apoptotic BAD binding partner in the MCF-7 cell line is 

BCL-XL (67). BCL-XL exists in the cytosol as soluble homodimers, where the 

hydrophobic transmembrane domains are thought to lie buried within the 
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hydrophobic cleft of the cognate dimer (158). Binding of the BAD BH3 domain is 

thought to displace the C-terminus of BCL-XL, exposing the transmembrane 

domain and promoting translocation of the heterodimer to the mitochondrial 

membrane (158). BAD:BCL-XL membrane translocation also requires LBD2 of 

BAD (153). 

 

1.15.2 14-3-3 proteins 

14-3-3 proteins are a family of phosphoserine/threonine binding proteins 

that are ubiquitously expressed in all eukaryotic cells (159,160). Seven human 

isoforms of the 14-3-3 protein family have been documented: α/β, γ, ε, ζ/δ, η, σ 

and τ (also denoted θ), so-named by their reversed-phase HPLC elution profiles 

(161,162). In cells, 14-3-3 proteins exist as homo or heterodimers (163) where the 

N-terminal domain is used for dimerization (164). The propensity of different 14-

3-3 isoforms to form homo or heterodimers varies; for example, human 14-3-3σ 

primarily homodimerizes (165) while 14-3-3ε primarily heterodimerizes (166). 

Each monomer within the 14-3-3 dimer forms a conserved amphipathic ligand-

binding cleft, which allows the dimer to bind two phosphoserine/threonine sites 

on the same substrate or serve as an adaptor to bridge two different substrates 

(167,168). As 14-3-3 proteins lack inherent enzymatic activity, their diverse 

functions largely result from modulation of their protein targets involved in signal 

transduction pathways. 14-3-3 binding can either mask critical protein sequences 

or structures, induce conformational changes in the protein target, or serve to 

scaffold target proteins in close proximity (reviewed in (169)). In this way, 14-3-3 
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proteins exert wide-spectrum effects on the control of cell cycle progression, 

cellular growth signaling and apoptosis (reviewed in (170)).  

 

1.15.3 BAD:14-3-3 interactions 

Using phosphoserine-oriented peptide library screening methods, two 14-

3-3 consensus binding motifs have been established: RSXpSXP (mode I) and 

RXY/FXpSXP (mode II) (171). The majority of 14-3-3 targets contain one or 

more of these consensus motifs, whereby basic residues of the amphipathic 14-3-3 

binding cleft interact with the phosphopeptide (172). However, 14-3-3 proteins 

can also interact with targets in a phosphorylation-independent manner (173-175) 

or in a phosphorylation-dependent manner atypical of the consensus motifs (176). 

Two 14-3-3 binding sites were originally identified in murine BAD at Serine 112 

and Serine 136 (152) embedded within RXRXXSXP sites. Zha et al compared 

these sites to two overlapping 14-3-3 consensus sites previously identified in 

RAF1: RSXpSXP and RXRXXpS sites. Serine 136 abides by a typical 14-3-3 

consensus motif, RSXpSXP (actual sequence RSRpSAP), while Serine 112 

differs at the -2 position of this motif (RHSpSYP) (152) and is therefore an 

atypical site. Further reports suggest that Serine 136 may be the primary 14-3-3 

binding site that is most responsive to survival signaling and is sufficient for 14-3-

3 binding (177). These murine 14-3-3 binding sites are conserved in hBAD at 

Serine 75 and Serine 99 (Figure 1.6). 

Functionally, survival signaling that leads to BAD phosphorylation 

abrogates binding to BCL-XL and promotes binding to 14-3-3 proteins (152). 
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This leads to cytosolic sequestration of BAD and an inhibition of BAD pro-

apoptotic function (152). Accordingly, BAD:14-3-3 complexes are widely 

considered non-functional complexes that serve to sequester inactive BAD. All 

seven 14-3-3 isoforms have previously been shown to bind to BAD and inhibit 

BAD mediated apoptosis (178,179). However, the 14-3-3 isoforms are thought to 

differ with respect to their affinity for BAD. Hekman et al demonstrated that 14-

3-3ζ, η and τ are most efficient at extracting BAD from mitochondrial liposomes, 

while 14-3-3 σ, β, γ and ε have either greatly reduced or no measurable ability to 

extract BAD (153). Additionally, association-dissociation studies with purified 

proteins in the absence of membranes found an 11-fold higher affinity of 14-3-3ζ 

for BAD than 14-3-3γ (153). 

In our study we wanted to quantify the extent of the binding of different 

14-3-3 isoforms to BAD wt and BAD S118D in breast cancer cells to further 

characterize relevant BAD binding partners. These results are described in 

Chapter 3.2.8. 

 

1.15.4 BAD:Glucokinase interaction 

 BAD and glucokinase interact in a mitochondrial complex with WAVE-1, 

PP1c and PKA in mouse liver and pancreatic cells (180,181). BAD is essential for 

assembly of this complex and for regulating glucokinase activity, since BAD 

depleted hepatocytes have reduced glucokinase activity, O2 consumption and ATP 

production (180). The presence of BAD is also important for glucose 

homeostasis, since BAD -/- mice have impaired blood glucose clearance after a 
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glucose tolerance test (180). In response to glucose, mitochondrial mBAD in 

hepatocytes is phosphorylated at Serine 112 (180). This phosphorylation event is 

critical for stimulation of GK and also correlates with BAD conferred protection 

from apoptosis in response to glucose deprivation (180). In pancreatic islets, 

phosphorylation of mBAD Serine 155 is critical for glucose stimulated insulin 

secretion (181). The BH3 domain alone is sufficient for stimulating insulin 

release, since BAD BH3 SAHB peptides restore glucose stimulated insulin 

secretion of BAD -/- beta cells to wild type levels (181). A phosphomimetic BAD 

BH3 SAHB peptide enhances insulin release above that of wt BAD SAHB 

peptide at higher glucose concentrations. Furthermore, these authors found that 

glucokinase was a direct target of the BAD BH3 domain in pancreatic β cells 

(181). 

 

1.15.5 BAD:Phosphofructokinase-1 interaction 

 Studies in the hematopoietic cell line FL5.12 showed that JNK 

phosphorylates mBAD at Threonine 201 in response to IL-3 to inactivate BAD 

pro-apoptotic function and reduce binding to BCL-XL (182). However, JNK1 is 

also required for IL-3 stimulated or serum stimulated glycolysis, and Deng et al 

queried whether BAD was involved in the JNK1 mediated glycolytic pathway 

(147). A novel BAD:PFK-1 interaction was identified by coimmunoprecipitation 

studies from FL5.12 cells and verified in vitro using purified GST-BAD (147). 

While the BAD:PFK1 interaction is independent of BAD phosphorylation by 

JNK1, this phosphorylation event at the Threonine 201 site is required for BAD 
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stimulation of PFK-1 glycolytic activity (147). PFK-1 catalyzes the conversion of 

fructose-6-phosphate to fructose-1,6-bisphosphate, a critical committed step in the 

glycolytic pathway. While mBAD Thr 201 is not conserved in hBAD, this study 

does provide an interesting link between mBAD and stimulation of glycolysis. 

 

1.16 Hypothesized BAD:Hexokinase interactions 

1.16.1 The Warburg Effect 

 Normal tissues derive most of their cellular ATP from mitochondrial 

oxidative phosphorylation in the presence of oxygen. Glucose taken up by cells is 

metabolized to pyruvate in glycolysis; pyruvate then enters the citric acid cycle to 

produce reducing equivalents, NADH and FADH2 which form the substrates of 

oxidative phosphorylation to produce ATP in the presence of oxygen. Under 

hypoxic conditions, cells anaerobically convert glucose to lactic acid as a 

temporary means of sustaining ATP production. Otto Warburg first noted the 

abnormal metabolism of tumor cells in the 1920s that contradicted the Pasteur 

Effect. Tumor cells demonstrated enhanced glycolysis and lactate production in 

the presence of oxygen (183). It was found that tumor cells could obtain up to 

50% of their ATP requirements by converting glucose to lactate (184). This 

aerobic glycolytic phenotype of cancer cells later became known as the Warburg 

Effect (185).  

 



 

 

42 

 

1.16.2 Hexokinase involvement in the Warburg Effect and cancer promotion 

 Cancer cells with high glycolytic rates have elevated levels of 

mitochondria-associated hexokinase activity (186) compared with normal tissues. 

At the mitochondria, hexokinases have preferred access to a mitochondrial pool of 

ATP which may accelerate G-6-P production (187) in the absence of oxygen, 

therefore conferring metabolic advantages to tumor cells. Aerobic glycolysis is 

clearly less efficient than oxidative phosphorylation, with 2 ATP vs 36 ATP 

generated respectively from the metabolism of one molecule of glucose (188). 

However, the likely advantages of the Warburg Effect are that increased G-6-P 

production may act as a precursor to nucleic acid synthesis via the pentose 

phosphate pathway and can be used to generate NADPH for lipid biosynthesis 

(188,189). Glycolytic intermediates also provide precursors for amino acid 

biosynthesis. Altogether, increased production of macromolecules necessary for 

proliferation may allow for accelerated tumor growth. Lactic acid produced by 

tumor cells also acidifies the microenvironment to protect against immune system 

attacks and better allow for tumor cell growth and invasion (189). 

In cancer cells, HKII is the hexokinase isoform widely overexpressed 

(190,191), although HK I overexpression has also documented to a smaller extent 

(192,193). In addition to enhanced glycolysis, hexokinase overexpression also 

protects against apoptosis by binding to VDAC (194-196). It remains unclear how 

modulation of VDAC protects against apoptosis (196), although one hypothesized 

mechanism is that HK favors closure of the permeability transition pore (197). 
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1.16.3 Hexokinases: isoforms and functions 

 We hypothesized that the pro-proliferative phenotype of BAD 

overexpressing breast cancer cells required metabolic changes conducive to 

accelerated growth. We speculated that BAD initiated a metabolic pathway 

through interaction with hexokinase isoforms, in a manner analogous to its 

interaction with glucokinase, to exert its pro-growth effect.  

 There are four mammalian hexokinase isoforms: HK I, II, III and IV that 

each catalyze the conversion of glucose to glucose-6-phosphate. These isoforms 

differ somewhat in their tissue specific expression and subcellular localization in 

normal tissues. HK I is ubiquitously expressed in all cell types, but is especially 

prevalent in the brain (198). HKI localizes to the outer mitochondrial membrane 

(199) where it is heavily involved with promoting glycolytic metabolism. HK I 

associates with mitochondria by integrating into the mitochondrial outer 

membrane (199) using its N-terminal hydrophobic sequence (200,201) and 

through association with VDAC (194). 

 HK II is predominantly expressed in insulin-sensitive tissues including 

skeletal muscle, cardiac muscle and adipose tissue (202) where it represents the 

dominant hexokinase activity (203). Unlike HK I, HK II localizes to both 

mitochondrial and cytosolic compartments (198). At the mitochondria, HK II also 

interacts with VDAC (204) and competes for mitochondrial binding (205) but 

with lower affinity than HK I (206). HK II dynamically translocates between 

subcellular compartments. In response to glucose, HK II association with the 

mitochondria increases where it directs glucose towards the glycolytic pathway 
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(207). In response to G-6-P accumulation, HK II translocates to the cytosol where 

it promotes G-6-P directed glycogen synthesis or lipid synthesis (207). 

 HK III is mainly expressed in lung, liver and kidney (202,208). HK III 

lacks the N-terminal hydrophobic sequence that allows HK I and II to associate 

with mitochondria (198). Accordingly, HK III localizes to the cytosol and has 

been found to loosely associate with the nuclear periphery (209). HK III 

expression is regulated by hypoxia, and protects against oxidative stress-induced 

cell death (208). All three HK isoforms have reportedly reduced ROS levels in 

H2O2-stressed cells and retained mitochondrial membrane potential (208,210). 

 HK IV (also known as glucokinase) differs from HK I-III in terms of 

glucose affinity, product inhibition and molecular weight. HK I-III are all 100 

kDa low Km, high glucose affinity isoforms that are product inhibited by G-6-P 

(198). By contrast, HK IV is a 50 kDa isoform with low glucose affinity and is 

insensitive to G-6-P inhibition. HK IV is expressed in the liver and pancreas (211) 

as well as in glucosensing neurons of the hypothalamus (212). Glucokinase 

resides in the nuclear and cytoplasmic compartments, and is typically sequestered 

in the nucleus with GKRP (213). While this isoform lacks the N-terminal 

hydrophobic sequence that allows HK I and II to bind membranes, GK and GKRP 

have also been reported in hepatocyte mitochondrial fractions (214). In pancreatic 

β cells GK localizes to insulin granules and mitochondria (215). These cells lack 

GKRP, but GK is found to fractionate with another binding partner PFK2, which 

may act as a scaffold (215). 
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1.16.4 Hexokinases as potential BAD-interacting proteins 

 Hexokinase activity has been reported as widely upregulated in primary 

and metastatic breast tumors compared with normal breast tissue or benign tumors 

(216,217). Specifically HK I, II and III upregulated activity has been documented 

in malignant human breast tumors compared to non-pathological breast tissue 

using NADPH fluorescence assays and tetrazolium dye reduction methods (218), 

although there is one report that documents similar levels of HK II expression by 

immunostaining in both normal breast tissue and primary untreated breast tumor 

(219). Overall, given the prevalence of upregulated hexokinase activity in human 

cancers including breast cancer, and that glucokinase is not expressed in breast 

tissue, we decided to investigate whether BAD pro-growth activity was mediated 

through modulation of HK I or II. We therefore tested for BAD:HK I/II protein 

interactions. These experiments are described in Chapter 3.2.1. 

 

1.17 Thesis objective 2 – To investigate the mechanisms of BAD pro-growth 

activity in breast cancer cells by studying BAD protein interacting partners 

Ongoing studies in our laboratory continued to reveal evidence for a pro-

growth BAD function both in vitro and in vivo (113). However, the molecular 

mechanisms of BAD mediated proliferation/pro-growth activity in breast cancer 

cells remains unknown. We hypothesized that this pro-growth BAD function was 

mediated by a novel pathway involving BAD protein-interacting partners. 

Previously, yeast two-hybrid assays have been used to identify BAD interactions 

with BCL-XL, BCL-2 and 14-3-3 isoforms (99,220). We decided to undertake 
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unbiased protein-interaction screens using GST-tagged BAD to define BAD-

interacting proteins in MDA-MB-231 breast cancer cells, where much of the BAD 

pro-growth characterization was performed (113). The purpose of this study was 

to gain insight into molecular interactions of BAD in breast cancer cells that may 

dictate mechanisms of BAD pro-growth activity. The goals of the protein 

interaction study were three-fold: 

i) To identify any novel BAD:protein interactions in breast cancer cells 

ii) To further document BAD interactions with known BAD-binding 

partners, BCL-XL and 14-3-3 isoforms. 

iii) To investigate BAD interactions with hypothesized binding partners, 

Hexokinase I and II. 

However, during the development of this work, further characterization of 

BAD pro-growth activity was performed. Unlike studies in non-transformed cells 

that demonstrated a role for BAD:BCL-XL heterodimers in cell cycle 

progression, our laboratory found that BAD stimulated growth in breast cancer 

cells did not correlate with increased BAD:BCL-XL binding (113). Instead, BAD 

S118A and BAD S118D mutants differed inversely in their propensity to 

stimulate growth activity. BAD S118D showed enhanced cell numbers in 

proliferation assays and significantly enhanced tumor growth in mouse xenograft 

studies with less BCL-XL binding compared to BAD S118A. Analysis of the 

phosphorylation state of the BAD S118D stably-expressed protein revealed 

hyperphosphorylation on multiple sites compared with BAD S118A mutant (113). 

Interestingly, some previous studies have shown that BAD phosphorylation state 
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influences its binding partners in a yeast two hybrid assay. For example, wild type 

BAD interacts with BCL-XL, BCL-2 and 14-3-3 isoforms (99,220) while 

underphosphorylated BAD mutated at one or both 14-3-3 binding sites interacts 

indiscriminately with anti-apoptotic proteins (BCL-2, BCL-W, BCL-XL, BFL-

1/A1, MCL-1) (221) and with P11, a neurite extension factor that could also 

attenuate BAD apoptotic activity (220). We hypothesized that there might also be 

a different protein interactome for hyperphosphorylated BAD S118D compared to 

wild type BAD or BAD S118A. In particular, we hypothesized that BAD S118D 

would have an increased propensity for binding to 14-3-3 isoforms due to its 

hyperphosphorylated state. Therefore we undertook additional protein interaction 

screens using GST-BAD S118D and GST-BAD S118A with two specific aims: 

i) To determine any unique binding partners for BAD S118D and 

BAD S118A in MDA-MB-231 breast cancer cells 

ii) To quantify the extent of 14-3-3 binding to BAD S118D and BAD 

S118A. 

Overall, these studies were designed to further our understanding of the 

novel, non-apoptotic BAD mechanisms of activity in breast cancer cells by 

pinpointing important protein molecular players. 
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Chapter 2:  Materials and Methods  
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2.1 Cell lines 

Table 2.1  Cell lines and propagation 

Cell line Designation Provider Propagation 

MCF-7 MCF-7 MD Anderson 

Cancer Centre 

RPMI 1640  

+ 10% FCS 

SKBR-3 SKBR-3 MD Anderson 

Cancer Centre 

RPMI 1640  

+ 10% FCS 

MDA-MB-231 MDA-MB-231 MD Anderson 

Cancer Centre 

RPMI 1640  

+ 10% FCS 

HEK293T/17 HEK293T/17 ATCC  

(cat CRL-11268) 

DMEM 11965  

+ 10% FCS 

BAD-

overexpressing 

MDA-MB-231 

stable cell line 

 

231.BAD Generated by 

Goping lab 

(113) 

RPMI 1640  

+1 mg/mL Geneticin® 

(Invitrogen)  

+ 10% FCS 

BAD S118D-

overexpressing 

MDA-MB-231 

cell line 

231.BAD S118D 

 

Generated by 

Goping lab 

(113) 

RPMI 1640  

+1 mg/mL Geneticin® 

(Invitrogen)  

+ 10% FCS 

GST-BAD 

overexpressing 

MDA-MB-231 

stable cell line 

 

231.GST-BAD Generated by 

Goping lab 

(113) 

RPMI 1640  

+1 mg/mL Geneticin® 

(Invitrogen)  

+ 10% FCS 

GST-

overexpressing 

MDA-MB-231 

stable cell line 

231.GST Generated in this 

work 

RPMI 1640  

+1 mg/mL Geneticin® 

(Invitrogen)  

+ 10% FCS 

 

2.2 Propagation 

Cell lines were propagated in RPMI 1640 (Invitrogen) or DMEM 11965 

(Invitrogen) with 10% FCS (Sigma-Aldrich). Cells were passaged using 0.05% 

Trypsin-EDTA (Invitrogen) and split at approximately 1:5 or 1:10 ratios.  Cells 

were grown in T-75 flasks maintained in a humidified tissue culture incubator at 

37°C with 5% CO2. 
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2.3 Buffers and commonly used solutions 

1% CHAPS lysis buffer. 1% CHAPS, 150 mM NaCl, 50 mM Tris pH 7.4, 2 mM 

EDTA pH 8.0 supplemented with 1x Complete EDTA free protease inhibitor 

(Roche ). 

 

1% CHAPS GST-pull down buffer. 1% CHAPS (w/v), 150 mM NaCl, 50 mM 

Tris pH7.4, 2 mM EDTA pH8.0, 2 mM DTT. 

 

Glutathione elution buffer. 10 mM reduced glutathione (Sigma), 50 mM Tris-

HCl pH8, 10 mM NaCl, 0.1% Triton X-100. 

 

2X laemmli buffer. 0.1 M Tris-HCl pH 6.8, 16% Glycerol, 3% sodium dodecyl 

sulfate (SDS), 8% β-mercaptoethanol, 0.004% bromophenol blue. 

 

6X laemmli buffer. 375 mM Tris-HCl pH 6.8, 9% SDS, 50% glycerol, 9% β-

mercaptoethanol, 0.03% bromophenol blue. 

 
 
0.2% NP-40 IVTT buffer. 0.2% NP-40, 142.5 mM KCl, 5 mM MgCl2, 1 mM 

EGTA, 20 mM Hepes pH 7.5 supplemented with 1x complete protease inhibitor 

(Roche, cat. 11873580001). 

 

1% NP-40 lysis buffer. 1% NP-40, 150 mM NaCl, 50 mM Tris pH 7.4, 2 mM 

EDTA pH 8.0, 1x complete protease inhibitor (Roche, cat. 11873580001). 

 

10X PBS. 27 mM KCl, 15 mM KH2PO4, 1380 mM NaCl, 81 mM 

Na2HPO4.7H2O pH 7.4. 

 

Propidium iodide stain. 0.1% Triton X-100, 2 mg/mL RNase and 20 ug/mL  

propidium iodide (Invitrogen) in PBS. 

 

SDS-PAGE running buffer. 3.5 mM SDS, 25 mM Tris, 192 mM Glycine 

 

1x TAE buffer. 40 mM Tris-acetate, 1 mM EDTA. 

 

10X TBS. 20 mM Tris, 137 mM NaCl pH 7.6 with HCl. 
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1x TBS-T. 2 mM Tris, 13.7 mM NaCl, 0.1% Tween-20. 

 

1xTE buffer. 10 mM Tris pH 7.5, 1 mM EDTA pH 8.0. 

 

Western blot transfer buffer. 192 mM glycine, 25 mM Tris, 20% methanol. 

 

Western blot transfer buffer – low methanol. 192 mM glycine, 25 mM Tris, 

0.05% (w/v) SDS, 16% methanol. 

 

2.4 Antibodies 

2.4.1 Primary antibodies 

Table 2.2  Primary antibodies 

Antibody Source 

(Catalogue #) 

Incubation  

conditions 

Application 

anti-BAD Sigma-Aldrich  

(B0684) 

1:1000  

5% milk/TBS-T 

Western blot 

1:400  

0.2% 

gelatin/PBS 

Immunofluorescence 

 anti-BCL-2 Cell Signaling 

(2872) 

1:1000  

5% BSA/TBS-T 

Western blot 

anti-BCL-W Cell Signaling 

(2724) 

1:1000 

5% BSA/TBS-T 

Western blot 

 anti-BCL-XL Sigma-Aldrich  

(B9429) 

1:1000 

5% milk/TBST 

Western blot 

anti-BubR1 BD 

Biosciences 

(612502) 

--- Immunoprecipitation 

anti-Calnexin Cell Signaling 

(2433P) 

--- Immunoprecipitation 

 anti-Cytochrome c BD 

Biosciences 

(556432) 

1:200  

0.2% 

gelatin/PBS 

Immunofluorescence 

anti-14-3-3ζ Santa Cruz  

(sc-1019) 

1:1000 

5% milk/TBS-T 

Western blot 

Anti-14-3-3 β/α Cell Signaling 

(9636) 

1:1000 

5% BSA/TBS-T 

Western blot 

Anti-14-3-3 γ Cell Signaling 

(9637) 

1:1000 

5% BSA/TBS-T 

Western blot 

Anti-14-3-3 ε Cell Signaling 

(9635) 

1:1000 

5% BSA/TBS-T 

Western blot 

Anti-14-3-3 ζ/δ Cell Signaling 1:1000 Western blot 
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(9639) 5% BSA/TBS-T 

Anti-14-3-3 η Cell Signaling 

(9640) 

1:1000 

5% BSA/TBS-T 

Western blot 

Anti-14-3-3 τ Cell Signaling 

(9638) 

1:1000 

5% BSA/TBS-T 

Western blot 

anti-GAPDH Sigma-Aldrich  

(G8795) 

1:5000 

5% milk/TBS-T 

Western blot 

anti-Granzyme A Santa Cruz 

(sc11434) 

--- Immunoprecipitation 

anti-GST Sigma-Aldrich  

(G7781) 

1:1000 

5% milk/TBS-T 

Western blot 

anti-Hexokinase I Cell Signaling 

(C35C4) 

1:1000 

5% BSA/TBS-T 

Western blot 

anti-Hexokinase II Cell Signaling 

(C64G5) 

1:1000 

5% BSA/TBS-T 

Western blot 

anti-Tom20 Generated by 

Dr. Goping 

(Shore lab) 

1:2000 

5% milk/TBS-T 

Western blot 

anti-α-Tubulin Sigma-Aldrich  

(T5168) 

1:8000 

5% milk/TBS-T 

Western blot 

anti-Lamin A/C Immuquest 

(IQ187) 

1:500 

5% milk/TBS-T 

Western blot 

anti-Myc Dr. Hobman 

(Cell Biology) 

1:1000 

5% milk/TBS-T 

Western blot 

 

1:300 

0.2% 

Gelatin/PBS 

Immunofluorescence 

anti-MYH9 Sigma-Aldrich 

(SAB2101542) 

1:1000 

5% milk/TBS-T 

Western blot 

anti-Vimentin Sigma-Aldrich  

(V8012) 

1:6000 

0.2% 

gelatin/PBS 

Immunofluorescence 

anti-Vimentin Neomarkers 

(MS-129-P1) 

1:1000 

5% milk/TBS-T 

Western blot 

anti-V5 Sigma-Aldrich  

(V8012) 

1:1000 

5% milk/TBS-T 

Western blot 
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2.4.2 Secondary Antibodies 

Table 2.3  Secondary Antibodies 

Antibody Source 

(Catalogue #) 

Incubation  

conditions 

Application 

Goat anti-Rabbit 

HRP 

Bio-Rad 

(170-6515) 

1:3000 

5% milk/TBS-T 

Western blot  

1:3000 

5% BSA/TBS-T 

Western blot 

Goat anti-Mouse 

HRP 

Bio-Rad 

(170-6516) 

1:3000 in 5% 

milk/TBST 

Western blot 

 

1:3000 in 5% 

BSA/TBST 

 

Western blot 

 

Alexa-Fluor 555 

donkey anti-mouse 

IgG 

Invitrogen 

(A-31570) 

1:200 

0.2% gelatin/PBS 

Immunofluorescence 

Alexa-Fluor 488 

donkey anti-rabbit 

IgG 

Invitrogen 

(A-21206) 

1:200 

0.2% gelatin/PBS 

Immunofluorescence 

Alexa-Fluor 555 

Anti-rabbit IgG 

Invitrogen 

(A-31572) 

 

1:200 

0.2% gelatin/PBS 

Immunofluorescence 

Alexa-Fluor 488 

Anti-mouse IgG 

Invitrogen 

(A-21202) 

1:200 

0.2% gelatin/PBS 

 

Immunofluorescence 

 

 

2.5 SDS-PAGE and western blotting 

Polypeptides were separated by sodium dodecyl sulfate polyacrylamide 

gel electrophoresis (222,223) and detected by western blot analysis (224,225).  

Gels were prepared with 10% or 14% polyacrylamide separating gel and 4% 

polyacrylamide stacking gel.  Protein samples were loaded onto gels and 

electrophoresed in SDS-PAGE running buffer at 170 V for 1 hour or until the dye 

front reached the bottom of the separating gel.  Proteins were transferred to 

polyvinylidene fluoride (PVDF) membrane for 1 hour at 400 mA, or overnight at 

15 V at 4°C in western blot transfer buffer.  Membranes were blocked in 5% 
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(w/v) skim milk powder in 1X TBS-T or 5% BSA in 1x TBS-T. Primary 

antibodies were diluted in the respective blocking agent (Table 2.2) and incubated 

with the membrane for 1 hour at room temperature or overnight at 4°C on a 

rocking platform.  Membranes were rinsed 3x10 minutes with 1x TBS-T prior to 

addition of secondary antibody. Species-specific secondary antibodies conjugated 

with horseradish peroxidase (Table 2.3) were diluted 1:3000 in the respective 

blocking agent and incubated with membranes for 1 hour at room temperature. 

Membranes were rinsed 3x10 minutes with 1x TBS-T.  Protein detection was 

accomplished by exposing membranes to enhanced chemiluminescent reagents.  

Membranes were either exposed to ECL (GE Healthcare RPN2106) or ECL plus 

(GE Healthcare RPN2132). Western blots were developed on Amersham 

Hyperfilm ECL (cat. 28-9068-38) or HyBlot CL Autoradiography film (cat. 

E3018) in a dark room and then processed by a Kodak X-OMAT 2000 Processor. 

 

 

2.6 Drugs and treatment 

2.6.1 Paclitaxel 

Paclitaxel (Sigma-Aldrich, cat. T-1912) was prepared as 10 mM stocks in 

anhydrous dimethyl sulfoxide (DMSO) for long term storage in the -86°C freezer. 

For use, 10 mM stocks were diluted in anhydrous DMSO to a stock concentration 

of 1 mM.  Paclitaxel was diluted in RPMI 1640 media to a final working 

concentration of 25 nM immediately prior to use. MCF-7 cells and SKBR-3 cells 

were treated with paclitaxel for 48 hours, or as otherwise specified. 
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2.6.2 Staurosporine 

Staurosporine (Sigma-Aldrich, cat. S4400) was prepared as 2 mM stocks 

in anhydrous DMSO and stored frozen at -20°C. Staurosporine stocks were 

thawed and diluted in RPMI1640 media to a final working concentration of 2.5 

μM immediately prior to use. MCF-7 and SKBR-3 cells were treated with 

staurosporine for 4 hours. 

 

2.7 BAD coimmunoprecipitation study in MCF-7 cells 

2.6x10
6
 MCF-7 cells were plated in each of four 10-cm dishes. Two dishes 

of cells were treated with 25 nM paclitaxel for 48 hours, one dish of cells was 

treated with 2.5 μM staurosporine for 4 hours and one dish was left untreated. 

Fresh media was replaced on untreated dishes at the time of drug application. 

Treatments were terminated at the time of cell harvesting. All media was 

collected to retain floating or loosely attached apoptotic cells, and the remaining 

adherent cells were removed from the dish with trypsin. Cells were quantified by 

diluting an aliquot of cell suspension with an equal volume of 0.1% eosin/PBS 

and counting on a haemocytometer. 6x10
6
 cells of each treatment were collected 

by centrifugation at 500xg for 5 minutes at room temperature. Cells were lysed in 

1% CHAPS lysis buffer with EDTA-free protease inhibitor (Roche, cat. 

11873580001) at a concentration of 10x10
6
 per mL for 10 minutes on ice. Lysates 

were cleared by centrifugation at 10,000xg for 5 minutes at 4°C to remove 

membrane debris. 100 μL of input samples were boiled with 20 μL of 6x laemmli 

buffer and stored at -20°C.  BAD immunoprecipitation was performed by adding 
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1 μg of anti-BAD antibody to 100 uL of cell lysate followed by overnight 

incubation at 4°C. The following day, Protein A Sepharose
™

 CL-4B beads (GE 

Healthcare, cat. 17-0780-01) were equilibrated three times in 1% CHAPS lysis 

buffer. 20 μL of 50% bead slurry was added to each sample and incubated for 1 

hour at 4°C. Protein A Sepharose
™

 beads were subsequently pelleted by 

centrifugation at 500xg for 5 minutes at 4°C and rinsed three times in lysis buffer. 

Finally, beads were resuspended in 60 μL of 1x laemmli buffer and boiled. 

Protein samples were resolved by SDS-PAGE and western blot with 30% IP 

input. 

 

2.8 MCF-7 subcellular fractionation 

2.6x10
6
 MCF-7 cells were plated in each of four 10-cm dishes and treated 

with 25 nM paclitaxel for 48 hours or 2.5 μM staurosporine for 4 hours. 5x10
6
 

cells of each treatment were pelleted by centrifugation and washed twice with 

cold PBS. Subcellular fractionations were subsequently performed using the 

Qproteome
®
 Cell Compartment Kit (Qiagen, cat. 37502). Fractionations were 

performed as outlined by the manufacturer’s protocol using the provided 

extraction buffers. Briefly, extraction Buffer CE1 was used to isolate the cytosolic 

fraction; Buffer CE2 was used to isolate the membrane fraction; Buffer CE3 was 

used to isolate the nuclear fraction and Buffer CE4 was used to isolate the 

cytoskeletal fraction. Proteins were precipitated from each buffer fraction by 

adding 4 volumes of -20°C acetone and incubating overnight at -20°C. The next 

day, samples were centrifuged at 12,000xg for 10 minutes at 4°C. Pellets were 

dried then redissolved in 80 μL ddH2O and boiled with 16 μL of 6x laemmli 
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buffer. Equal proportions of each fraction were resolved by SDS-PAGE and 

analyzed by western blot. 

 

2.9 BAD siRNA knock-down 

RNA interference was used to knock-down gene expression in cultured 

cells (226).  Experimentally validated BAD siRNA (Hs_Bad_3 FlexiTube
®
 

siRNA cat. SI00299348) and AllStars Negative Control siRNA (Qiagen, cat. 

1027281) were purchased from Qiagen.  siRNA was resuspended with sterile 

RNase-free water provided by the manufacturer to a stock concentration of 10 

μM, and stored at -20°C.  BAD siRNA knock-downs were performed in a 24-well 

format.  MCF-7 cells were plated at 50,000 cells per well of a 24-well dish. 0.5 

μL of 10 μM siRNA stock was added to 100 μL of Opti-MEM Reduced Serum 

Medium (Invitrogen, cat. 31985) and incubated for 5 minutes. 3 μL of HiPerFect
®
 

transfection reagent (Qiagen, cat. 301705) was added and incubated for 15 

minutes at room temperature to allow transfection complexes to form.  400 uL of 

fresh media was replaced in each well. 100 uL of transfection complexes were 

added drop-wise to dilute the siRNA to a final working concentration of 10 nM. 

Cells were subsequently incubated with the transfection reagent for 24 hours.  

 

2.10 DNA content analysis 

DNA content analysis of cell populations was performed using propidium 

iodide staining procedures (227).  MCF-7 cells were seeded at 50,000 cells per 

well in 24-well dishes.  Cells were treated with BAD siRNA or negative control 

siRNA as previously described.  24 hours post-transfection, cells were either 
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treated with 25 nM paclitaxel or left untreated.  Fresh RPMI media was replaced 

on drug-free cells. Cells were harvested at 6, 12 and 24 hours of paclitaxel 

treatment.  All media was collected and pooled with trypsinized adherent cells. 

Cell pellets were washed once with PBS, then resuspended in 200 μL ice-cold 

70% ethanol and transferred to a 96-well V-bottom polypropylene dish.  Samples 

were fixed overnight at -20°C.  The next day, the 96-well plate was centrifuged at 

500xg for 5 minutes in an eppendorf Centrifuge Model 5810 R.  Fixed cells were 

washed once with PBS, then resuspended in 200 μL of freshly prepared 

propidium iodide stain and incubated at 37°C for 15 minutes.  Samples were 

analyzed by flow cytometry on a FACScan instrument (BD) or on a FACSCalibur 

instrument (BD) in the FL-2 channel. Results were analyzed using CellQuest Pro 

software (BD Biosciences). 

 

2.11 Mitotic shake-off assay 

MCF-7 cells were plated at 160,000 cells per well of a 12-well tissue 

culture dish.  The next day, cells were treated with BAD siRNA and negative 

control siRNA using twice the volumes of reagents described for a knock-down in 

24-well format.  The day after transfection, cells were treated with 25 nM 

paclitaxel or left untreated.  At 39 hours of paclitaxel treatment, the dish was 

knocked to lift rounded mitotic cells.  Media containing the mitotic cells was 

transferred to a separate sterile well and media containing 25 nM paclitaxel was 

replaced on adherent cells.  At 48 hours of paclitaxel treatment, all cells were 

harvested and washed once with PBS.  Cells were then resuspended in 100 μL of 



 

 

59 

 

100 nM tetramethylrhodamine, ethyl ester (TMRE) (Invitrogen, cat. T669) to 

measure mitochondrial membrane potential (228,229).  Cells were stained at 37°C 

for 15 minutes then rinsed with 100 μL of PBS.  Cell pellets were isolated by 

centrifugation and resuspended in a final volume of 200 μL PBS before 

transferring to 5 mL polystyrene tubes. Samples were analyzed by flow cytometry 

in the FL-2 channel. 

 

2.12 Molecular subcloning 

2.12.1 Plasmids 

Table 2.4  Plasmid sources and applications 

Plasmid construct Notes Source Application 

pDEST
™

27 Empty vector Invitrogen 

(cat.11812-013) 

Gateway
®

 cloning of 

GST-BAD construct 

GST-pDEST27 GST control 

vector 

Goping lab 

 

Generation of stable cell 

lines in MDA-MB-231 

cells 

BAD-pDEST27 N-terminal 

GST tagged 

BAD 

Goping lab 

 

Generation of stable cell 

lines in MDA-MB-231 

cells 

pEBG GST 

backbone 

vector 

Dr. Hobman 

(Dept. Cell 

Biology) 

GST control for pull-

down in HEK293T/17 

cells 

BAD-pEBG N-terminal 

GST-tagged 

BAD 

Goping lab  

 

GST-BAD pull down in 

HEK293T/17 cells 

BAD S118A-

pEBG 

N-terminal 

GST-tagged 

BAD mutant 

generated in 

this work 

GST-BAD pull down in 

HEK293T/17 cells 

BAD S118D-

pEBG 

N-terminal 

GST-tagged 

BAD mutant 

generated in 

this work 

GST-BAD pull down in 

HEK293T/17 cells 

pcDNA
™

3.2/V5-

DEST 

Vector alone Invitrogen 

(cat.12489-019) 

Gateway
®

 cloning of 

BAD and vimentin 

constructs 

BAD-

pcDNA3.2/V5-

DEST 

untagged 

BAD  

generated in 

this work 

In vitro transcription-

translation reactions 
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Vimentin-

pcDNA3.2/V5-

DEST 

untagged 

Vimentin 

generated in 

this work 

In vitro transcription-

translation reactions 

Myc-BAD-

pcDNA3.2 

V5/DEST 

N-terminal 

Myc tag 

generated in 

this work 

Cotransfection and 

coimmunoprecipitation 

Vimentin-V5-

pcDNA3.2/ V5-

DEST 

C-terminal 

V5 tag 

generated in 

this work 

Cotransfection and 

coimmunoprecipitation 

mEmerald-

Vimentin 

Fluorescently 

tagged 

Gift from Dr. 

Michael  

Davidson 

(Florida State 

University)  

Template for vimentin 

PCR 

Hexokinase I-V5-

pcDNA3.2/V5-

DEST 

C-terminal 

V5 tag 

Goping lab 

(Erin Austen) 

Cotransfection and 

coimmunoprecipitation 

Hexokinase II-

V5-pcDNA3.2/ 

V5-DEST 

C-terminal 

V5 tag 

Goping lab 

(Erin Austen) 

Cotransfection and 

coimmunoprecipitation 
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2.12.2 Primers 

Table 2.5  Primers used in cloning 

Plasmid construct  Forward primer  Reverse primer  Application 

BAD S118A-

pEBG 

5’-CGA GCT CCG 

GAG GAT GGC 

TGA CGA GTT 

TGT GGA C-3’ 

5’-GTC CAC AAA 

CTC GTC AGC 

CAT CCT CCG 

GAG CTC G-3’ 

BAD S118 site-

directed 

mutagenesis 

BAD S118D-

pEBG 

5’-CGA GCT CCG 

GAG GAT GGA 

TGA CGA GTT 

TGT GGA C-3’ 

5’-GTC CAC AAA 

CTC GTC ATC 

CAT CCT CCG 

GAG CTC G-3’ 

BAD S118 site-

directed 

mutagenesis 

BAD-

pcDNA3.2/V5-

DEST 

5’-CAC CAT GTT 

CCA GAT CCC 

AGA GTT TGA 

GCC-3’ 

5’-TCA CTG GGA 

GGG GGC GGA-

3’ 

Gateway
®

 

cloning of 

BAD 

Vimentin-

pcDNA3.2/V5-

DEST 

5’-CAC CAT GTC 

CAC CAG GTC 

CGT GTC-3’ 

5’-TTA TTC AAG 

GTC ATC GTG 

ATG CTG-3’ 

Gateway
® 

cloning of 

Vimentin 

Myc-BAD-

pcDNA3.2/V5-

DEST 

5’-CAC CAT GGA 

GCA AAA GCT 

CAT TTC TGA 

AGA GGA CTT 

GTT CCA GAT 

CCC AGA G-3’ 

5’-TCA CTG GGA 

GGG GGC GGA 

GCT TCC CCT G-3’ 

Gateway
®

 

cloning of 

Myc-tagged 

BAD 

Vimentin-V5-

pcDNA3.2/V5-

DEST 

5’-CAC CAT GTC 

CAC CAG GTC 

CGT GTC-3’ 

5’-TTC AAG GTC 

ATC GTG ATG 

CTG AGA-3’ 

Gateway
®

 

cloning of V5-

tagged 

vimentin 

Italics denote the myc-tag sequence 

 

2.12.3 PCR amplification 

BAD and Vimentin cDNA sequences were PCR amplified Phusion
®
 High 

Fidelity DNA Polymerase kit (Fermentas, cat. F-530).  Reactions contained: 4.0 

μL 5x Phusion
®
 Buffer, 0.4 μL of 10 mM dNTPs, 1.0 μL of 10 μM forward 

primer, 1.0 μL of 10 μM reverse primer, 1.0 μL of 10 ng/μL plasmid template, 0.2 

μL of 2U/μL Phusion
®
 DNA Polymerase enzyme, and 12.4 μL ddH2O for a final 

volume of 20 μL.  Plasmids used as DNA templates include BAD-pENTR/D-

TOPO and mEmerald-Vimentin. PCR amplifications were performed as follows:  
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1. 98°C for 30 seconds for initial denaturation 

2. (98°C for 10 seconds denaturation, X°C for 30 seconds annealing, 72°C 

40 seconds extension) x 30 cycles 

X = 58°C for full length vimentin amplification 

X = 61°C for vimentinΔTAA amplification 

X = 67°C for BAD amplification 

3. 72°C for 10 minutes extension 

 

2.12.4 Agarose gel electrophoresis 

PCR amplified products were separated on 0.8% agarose gels prepared in 

1XTAE buffer supplemented with 0.5 μg/mL ethidium bromide to detect DNA.  

DNA bands were excised using a clean razor blade, and extracted using a 

GeneJET
™

 Gel Extraction Kit (Fermentas, cat. K0691). 10 μL of gel-extracted 

DNA was run on 0.8% agarose gels for DNA quantification against GeneRuler
™

 

1kb DNA Ladder Plus (Fermentas). 

 

2.12.5 Gateway
®

 Cloning 

Blunt-end PCR products were cloned using Gateway® Cloning 

Technology (Invitrogen).  Entry cloning was performed with the pENTR
™

/D-

TOPO
®
 directional TOPO cloning kit (Invitrogen, cat. K2400-20) and a 1:1 molar 

ratio of PCR product:entry vector.  Destination vectors pcDNA
™

 3.2/V5-DEST 

and pDEST
™

27 were purchased from Invitrogen.  Destination vector cloning was 
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performed using The Gateway
®

 LR Clonase
®
 II Enzyme mix (Invitrogen, cat. 

11791-020) with 75 ng of entry vector and destination vector. 

 

2.12.6 Bacterial Transformation 

2 μL of cloning reaction (above) was added to 50 μL of subcloning 

efficiency DH5α (Invitrogen cat. 18265-017). The mixture was stirred with a 

pipette tip and incubated on ice for 20 minutes. The bacteria were then heat-

shocked at 42°C for 30 seconds then replaced on ice. 250 μL of S.O.C. media was 

added and the bacteria were incubated for 1 hour at 37°C in a shaking incubator at 

200 rpm. 50-100 μL of the transformation reaction was then plated LB agar plates 

containing appropriate antibiotic. Entry clones were plated on 30 μg/mL 

Kanamycin LB agar plates and destination vector clones were plated on 100 

μg/mL Ampicillin LB agar plates. 

 

2.12.7 Restriction enzyme digests 

Entry clones were screened for the presence of insert by restriction 

enzyme digestion.  BAD entry clones were digested with PvuII restriction 

enzyme.  Restriction digests were set up by mixing 0.5 μg DNA, 2.0 μL of 

10xNEB2 buffer (New England Biolabs), 0.5 μL of 10U/μL PvuII (New England 

Biolabs) and ddH20 to 25 μL. Vimentin entry clones were restricted with HincII 

enzyme and reactions were prepared using 10xReact 4 buffer (Invitrogen). 

Restriction digests were performed at 37°C for 1 hour. DNA fragments were 

separated by agarose gel electrophoresis and compared with predicted fragment 
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sizes calculated using Vector NTI Advance
®

 10 software (Invitrogen). Entry 

vectors were verified by DNA sequencing using M13 forward or M13 reverse 

primer. Destination vector clones were sequenced with T7 primer. 150-225 ng 

plasmids were submitted with 0.53 μM sequencing primer to The Applied 

Genomics Centre at the University of Alberta for sequencing. 

 

2.12.8 Site-directed mutagenesis 

BAD S118A and S118D mutations were created in the BAD/pEBG vector 

using QuikChange
®
 Lightning Site-Directed Mutagenesis Kit (Stratagene, cat. 

210518) and Phusion
®
 DNA Polymerase (Fermentas). Reactions were prepared 

with 2.5 μL of 10x reaction buffer, 25-50 ng DNA template, 62.5 ng forward 

primer, 62.5 ng reverse primer, 0.5 μL of 10 mM dNTP mix, 0.75 μL of 

QuikSolution reagent and 0.5 μL of Phusion
®
 High Fidelity DNA Polymerase 

(Fermentas). Thermal cycling was performed as follows: 

1. 98°C for 2 minutes for denaturation 

2. (95°C for 20 seconds, 60°C for 10 seconds, 68°C for 3.5 minutes) x 18 

cycles 

3. 68°C for 5 minutes for extension 

1 μL DpnI enzyme provided in the kit was added to each amplification reaction, 

and incubated for 5 minutes at 37°C prior to transformation of DH5α. 
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2.13 Generation of stable cell lines 

To generate the GST-stably expressing MDA-MB-231 cell line 

(231.GST), 50,000 MDA-MB-231 cells were plated per well of a 24-well dish.  

pDEST
™

27 control vector was transfected using Lipofectamine
™

 2000 

(Invitrogen, cat. 11668-027) according to the manufacturer’s protocol.  Briefly, 

0.8 μg of plasmid DNA was diluted in 50 μL Optim-MEM Reduced Serum 

Medium and mixed. 2 μL of Lipofectamine
™

 2000 was diluted in a separate tube 

containing 50 μL Optim-MEM. The two mixtures were incubated separately for 5 

minutes; then diluted DNA and diluted Lipofectamine
™

 were mixed and 

incubated for 20 minutes at room temperature. 100 μL of transfection complexes 

were then added dropwise to the cells. 

After 2 days of growth in culture media, transfected cells were trypsinized 

and plated in 10 cm dishes in RPMI1640 media supplemented with 1 mg/mL 

Geneticin
®
 (Invitrogen). Transfected cells were positively selected in this media 

and grew to form colonies.  20 sizeable colonies were trypsinized with 2 μL 

trypsin and transferred to a 96-well plate into 100 μL of RPMI with 1 mg/mL 

Geneticin
®
 media. Clones that continued to grow in the 96-well plate were 

trypsinized and reseeded in a 24-well plate, and then a 6-well plate.  Finally, the 

clones were transferred to T-25 flasks. The G418 resistant clones were screened 

for GST expression by western blotting. Cell lysates were prepared by pelleting 

~1x10
6
 cells and boiling in 100 μL 1x laemmli buffer. Clones that were positive 

for GST expression were frozen at 2x10
6
 to 4x10

6
 cells in 1.5 mL of RPMI1640 
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media with 10% FCS (v/v) and 10% DMSO (v/v) in cryovials. Vials were cooled 

to -86°C then transferred to liquid nitrogen for long term storage. 

 

2.14 Screen for GST-BAD interacting proteins in MDA-MB-231 cells 

2.14.1 GST pull-down assay 

BAD was expressed as a fusion protein with an N-terminal GST tag for 

glutathione sepharose pull-down as a method of detecting interacting proteins.  

Large-scale pull-downs for protein identification were performed by harvesting 

50 confluent 150 mm dishes of each of 231.GST and 231.GST-Bad cells. 1.6x10
9
 

cells were counted and centrifuged at 500xg for 5 minutes. Cell pellets were 

washed three times with PBS then stored at -86°C.  For the GST pull-down assay, 

cell pellets were thawed on ice then lysed at 10x10
6
 cells per mL in freshly 

prepared 1% CHAPS GST pull-down lysis buffer with freshly added DTT and 

protease inhibitor. Cells were lysed at 4°C with gentle agitation for 45 minutes. 

Insoluble material was pelleted by centrifugation at 13,000xg for 5 minutes at 

4°C.  200 μL of Glutathione Sepharose
™

 4B beads (GE Healthcare, cat. 17-0756-

01) were prepared by rinsing once in 0.1% Triton X-100 in PBS, then rinsing 

three times in 1% CHAPS lysis buffer.  100 μL beads were incubated with each of 

the 231.GST and 231.GST-BAD cell lysates overnight at 4°C with gentle 

agitation. The next day, the beads were washed three times with 1% CHAPS lysis 

buffer.  Finally, the beads were eluted twice sequentially with 210 μL of freshly 

prepared glutathione elution buffer.  Eluate was boiled with 42 μL of 6x laemmli 

buffer and stored at -86°C before loading on SDS-PAGE gels.  Samples were 
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electrophoresed on two 1.5 mm 14% polyacrylamide gels until the dye front 

reached the bottom of the gel. One gel was colloidal coomassie-stained, while the 

other gel was silver-stained.  

 

2.14.2 Gel Staining 

All reagents used in the preparation of SDS-PAGE gels and staining 

procedures were prepared using newly purchased reagents and clean HPLC grade 

submicron filtered water (Fisher Scientific, CAS 7732-18-5).  Glass plates and 

containers were rinsed 30% methanol and clean ddH2O prior to use.  Containers 

were covered and nitrile gloves were worn throughout to reduce keratin 

contamination. 

 

2.14.2.1 Colloidal Coomassie Staining 

Blue-silver staining protocol was obtained from Dr. Fahlman (Dept of 

Biochemistry, University of Alberta) and was based on the staining protocol of 

Neuhoff et al., modified by Candiano et al (230,231).  This staining protocol 

modifies the Neuhoff colloidal coomassie staining protocol by increasing the 

concentration of Coomassie Brilliant Blue G-250 and phosphoric acid (231).  

First, samples were run by SDS-PAGE then the separating gel was fixed in 50% 

ethanol and 2% phosphoric acid for 2 hours. The gel was washed 2x20 minutes in 

ddH2O then stained overnight with Colloidal Coomassie G-250 stain: 0.12% 

(w/v) Coomassie Brilliant Blue G-250 (ThermoFisher Scientific), 10% 
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phosphoric acid (v/v), 10% ammonium sulfate (w/v) and 20% methanol (v/v) 

(231).  The next day the gel was rinsed with ddH2O. 

Visible protein bands were excised with a clean razor blade. For each band 

excised from the GST-BAD pull-down lane, an adjacent band was excised from 

the GST control pull-down lane.  Each excised band was diced into approximately 

2mm
3
 cubes and transferred to 100 μL of ddH2O in a 96-well plate.  The sample 

plate was covered and stored at -86°C prior to submission for mass spectrometry. 

 

2.14.2.2 Silver Staining 

Silver staining was performed as outlined by the Short Silver Nitrate 

staining protocol of Chevallet et al (232).  The protocol is reproduced here in 

brief.  All solutions were prepared fresh immediately prior to use.  The SDS-

PAGE separating gel was fixed in 30% (v/v) ethanol and 10% (v/v) acetic acid for 

30 minutes.  The gel was rinsed 2x10 minutes in 20% (v/v) ethanol, then 2x10 

minutes in ddH2O.  After rinsing, the gel was sensitized by soaking in 0.02% 

(w/v) sodium thiosulfate for one minute.  The gel was then rinsed 2x1 minute in 

ddH2O.  The gel was impregnated with 12 mM silver nitrate for 20 minutes, 

rinsed in ddH2O for 10 seconds then developed until no new protein bands 

appeared, ~30 minutes.  Developer solution was prepared with 3% (w/v) 

potassium carbonate and addition of 250 μL formalin and 125 μL of 10% (w/v) 

sodium thiosulfate per litre.  After developing, the gel was transferred to stop 

solution containing 4% (w/v) Tris and 2% (v/v) acetic acid for 30 minutes. Finally 

the gel was rinsed 2x30 minutes in ddH2O.  The entire GST-BAD and GST pull-
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down lanes were excised as individual bands, cut into 2 mm
3
 cubes and 

transferred to individual wells of a 96-well plate for mass spectrometry, as 

previously indicated. 

 

2.14.3 Mass Spectrometry 

Samples were analyzed by liquid chromatography-tandem mass 

spectrometry (LC-MS/MS) using an LCQ Deca XP ion trap mass spectrometer in 

collaboration with Dr. Richard Fahlman and Dr. Jack Moore at the Institute for 

Biomolecular Design (IBD), University of Alberta. Protein identification was 

performed using the Mascot search engine (Matrix Science). 

 

2.15 MDA-MB-231 subcellular fractionation 

Subcellular fractionations of MDA-MB-231, 231.GST-BAD, 231.GST 

and 231.BAD cells were performed using the Qproteome
®
 Cell Compartment Kit 

(Qiagen, cat. 37502) as previously described.  Cells were grown to confluency in 

10 cm dishes prior to harvesting.  Equal proportions of non-precipitated fractions 

were analyzed by western blotting. 

 

2.16 BAD coimmunoprecipitation  

For BAD coimmunoprecipitation experiments, MDA-MB-231 cells and 

231.BAD cells were harvested at confluency and counted with a haemocytometer.  

Cells were pelleted by centrifugation at 500xg for 5 minutes at room temperature.  

Cell pellets were rinsed once with PBS and resuspended at 10x10
6
 cells/mL in 1% 
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CHAPS lysis buffer as indicated, supplemented with Complete protease inhibitor 

cocktail, EDTA-free (Roche, cat. 11 873 580 001).  BAD coimmunoprecipitations 

testing for interactions with vimentin were performed with sodium chloride-free 

1% NP-40 lysis buffer.  Cells were lysed on ice for 15 minutes then centrifuged at 

10,000xg for 5 minutes at 4°C to pellet insoluble material.  Approximately 400 

μL of soluble lysate was incubated with 1 ug of rabbit anti-BAD IgG for BAD 

coimmunoprecipitation. Negative control immunoprecipitation reactions were 

performed with 0.5 μg of rabbit anti-Granzyme A or equivalent volumes of rabbit 

anti-Calnexin or mouse-anti BubR1 antibodies.  Incubations were performed 

overnight at 4°C with gentle mixing to allow immune complexes to form.  The 

next day, Protein A Sepharose
™

 beads (GE Healthcare) were equilibrated 3x5 

minutes with lysis buffer.  40 μL of 50% slurry beads were added to each IP to 

recover immune complexes.  Beads were rinsed 3x5 minutes with lysis buffer, 

boiled in 50 μL 1x laemmli buffer and analyzed by western blotting.  For 

dectection of NMHC II-A/MYH9, a 220 kDa protein, samples were resolved by 

electrophoresis on 8% polyacrylamide gels at 100 V for 3-4 hour then transferred 

to PVDF membrane in 16% methanol Western blot transfer buffer, overnight at 

30V at 4°C. The next day, the voltage was increased to 90V for 1 hour. 

 

2.17 Immunofluorescence 

Cells were grown on ethanol-sterilized, 12 mm #1.5 glass coverslips 

(Electron Microscopy Sciences, cat. 72230-01) in 24-well dishes.  To visualize 

mitochondria, cells were stained live with 200 nM MitoTracker
®
 Red CMXRos 
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(Invitrogen, cat. M-7512) at 37°C for 15 minutes.  Cells were fixed with 4% 

formaldehyde/PBS for 15 minutes and permeabilized with freshly prepared 0.1% 

Triton X-100/PBS for 2 minutes.  Cells were rinsed 4 times over 5 minutes with 

PBS then blocked with 0.2% gelatin/PBS for 1 hour at room temperature.  

Primary antibody was diluted in 0.2% gelatin/PBS (Table 2.2) and incubated 

overnight at 4°C.  The next day, coverslips were washed four times over 5 

minutes with PBS prior to application of secondary antibody. Species-specific 

Alexa-Fluor conjugated secondary antibodies (Invitrogen) (Table 2.3) were 

diluted 1:200 in blocking agent and incubated 1 hour in the dark at room 

temperature. Coverslips were rinsed four times with PBS then mounted in 

mounting media (Dako, cat. S3023).  Fluorescent images were acquired on a 

Leica TCS SP5 laser scanning confocal microscope (Leica Microsystems).  

Images were acquired using Argon and HeNe543 lasers and a 100X magnification 

objective lens (numerical aperture 1.44).  Images were viewed using Leica 

Microsystems LAS AF Lite software (Leica Application Suite, Advanced 

Fluorescence Lite 2.3.5 build 5379). 

 

2.18 Myc-BAD coimmunoprecipitaiton 

MDA-MB-231 cells were cotransfected with 15 μg total Myc-BAD and 

Vimentin-V5-pcDNA3.2/V5-DEST vectors at 1:2 molar ratios using TransIT
®
-

LT1 Transfection Reagent (Mirus, cat. MIR 2300).  Cells were harvested and 

lysed at 4°C in sodium chloride-free 1% NP-40 lysis buffer supplemented with 1x 

complete protease inhibitor and 1x PhosSTOP
®
 phosphatase inhibitor (Roche, cat. 
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04906837001). 30 μL of Myc and V5-antibody cross-linked Protein A Sepharose 

beads were added to 250 μL of lysate and incubated overnight at 4°C.  After 

washing the beads, immunoprecipitated proteins were eluted with 50 μL of 0.1 M 

Glycine pH 2.5. Beads were pelleted at 500xg, then the eluate was pipetted into a 

separate microfuge tube for neutralization with 5 μL of 1M Tris pH 9.5. Finally, 

the eluate was boiled with 11 μL of 6x laemmli buffer. 

 

2.19 Vimentin fractionation 

The solubility of vimentin was compared in 1% NP-40 lysis buffers that 

either contained 150 mM NaCl or no NaCl (+/- salt). MDA-MB-231 cells were 

lysed in 1% NP-40 lysis buffer (+/- NaCl) supplemented with protease and 

phosphatase inhibitor at 10x10
6
 cells/mL. All subsequent steps were performed at 

4°C. The lysate was centrifuged at 500xg for 5 minutes, and the supernatant was 

recentrifuged at 10,000xg for 5 minutes then 16,000xg for 5 minutes. 500xg and 

16,000xg pellets were resuspended in 100 μL 1x laemmli buffer and boiled for 

SDS-PAGE. 500xg, 10,000xg and 16,000xg soluble fractions were boiled with 6x 

laemmli buffer. Equal proportions of each fraction (1/10
th

 input) were analyzed 

for vimentin content by western blotting. 

 

2.20 In vitro transcription translation coupled-coimmunoprecipitation assays 

In vitro transcription-translation (IVTT) coupled reactions were performed 

using the TNT
®
 T7 Coupled Reticulocyte Lysate System kit (Promega, cat. 

L4610) according to the manufacturer’s protocol. 
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2.20.1 BAD-Vimentin coimmunoprecipitation study 

BAD and vimentin proteins were synthesized by IVTT reactions using 

BAD/pcDNA3.2 V5-DEST, Vimentin/pcDNA3.2 V5-DEST and pcDNA3.2 V5-

DEST (empty vector) were used as plasmid templates. 50 μL reactions were set 

up (or scaled accordingly) at 4°C containing: 25.0 μL of rabbit reticulocyte lysate, 

2.0 μL TNT reaction buffer, 1.0 μL T7 RNA Polymerase, 1.0 μL amino acid 

mixture minus methionine (1 mM), 2.0 μL methionine (1 mM) (Promega, cat. 

L118A), 1.0 μL RNasin
®

 Ribonuclease Inhibitor (40 U/μL) (Promega, cat. 

N211A), 1.0 μg of plasmid template and made up to final volume with nuclease-

free ddH2O. Reactions were incubated at 30°C for 90 minutes for protein 

synthesis. 

Coimmunoprecipitation was performed at room temperature. First 10 μL 

of each IVTT reaction to 50 μL of 0.2% NP-40 IVTT buffer (233).  Mixtures 

were incubated for 1 hour with gentle agitation prior to addition of antibody. The 

mixture was incubated with 1 μL of antibody for 1 hour then immune complexes 

were recovered with Protein A Sepharose
™

 beads. Beads were washed four times 

in IVTT buffer and boiled in 2x laemmli buffer to recover proteins. 

 

2.20.2 BAD-Hexokinase coimmunoprecipitation study with cross-linking 

BAD and Hexokinase I and II were synthesized in 50 μL IVTT reactions 

employing BAD/pcDNA 3.2 V5-DEST, Hexokinase I/pcDNA 3.2 V5-DEST and 

Hexokinase II/pcDNA 3.2 V5-DEST as plasmid templates for protein synthesis. 

50 μL IVTT reactions were set up as above, except 0.5 μL of amino acid mixture 
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minus leucine (1 mM) and 0.5 μL of amino acid mixture minus methionine (1 

mM) were mixed.  All subsequent steps were performed at room temperature. 

Following protein synthesis 10 μL of each of two IVTT reactions was added to 50 

μL of detergent-free buffer IVTT buffer. The samples were incubated for 1 hour 

prior to protein cross-linking. Protein cross-linking was performed with 1% 

formaldehyde for 10 minutes at room temperature.  Cross-linking was quenched 

with 0.25 M glycine for 5 minutes.  Coimmunoprecipitations were performed by 

adding 1 μL of antibody to each sample with one hour incubation followed by one 

hour incubation with 20 μL protein A sepharose beads.  Finally, immune 

complexes were recovered and protein cross-links were reversed by boiling the 

beads for 20 minutes in 1x laemmli buffer.  Immunblotting for BAD and 

Hexokinases was performed with 14% and 10% SDS-PAGE gels respectively. 

 

2.21 Screen for GST-BAD Serine 118A/D interacting proteins 

2.21.1 GST pull-down assay in HEK 293T/17 cells 

HEK293T/17 cells were seeded at 2x10
6
 cells in 10-cm dishes.  48 hours 

after seeding, cells were transfected with pEBG, BAD/pEBG, BAD S118A/pEBG 

or BAD S118D/pEBG using calcium phosphate transfection method (234). 15 μg 

of plasmid DNA was diluted in sterile water to a total volume of 450 μL. 50 μL of 

2.5 M CaCl2 was added and the mixture was vortexed. 500 μL of 2x HBS pH 7.3 

was added to the mixture while vortexing. The transfection mixture was 

immediately added dropwise to the cells. 24 hours post-transfection, the cells 

were harvested and lysed in 1% CHAPS GST pull-down buffer with freshly 
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added DTT and protease inhibitor.  GST-pull downs were performed as 

previously described. 

 

2.21.2 In gel trypsin digestion 

Samples were electrophoresed on 1.5 mm 14% polyacrylamide gels until 

the dye front had just run into the separating gel. The gel was then stained with 

colloidal coomassie G-250.  A single band was excised from each of the non-

transfected, GST, GST-BAD, GST-BAD S118A or GST-BAD S118D lanes. The 

protocol for in gel trypsin digestion was obtained from Dr. Richard Fahlman 

(Dept of Biochemistry, University of Alberta) and is reproduced here in brief.  

Each band was cut into 1 mm
3
 cubes and placed in a 1.5 mL tube.  Gel pieces 

were rinsed with 300 μL of water.  Coomassie dye was extracted by drying the gel 

with 300 μL acetonitrile, followed by rehydration with 300 μL of freshly prepared 

100 mM ammonium bicarbonate, pH 8.0.  The gel was dried with 100 μL 

acetonitrile, the supernatant was discarded. 50 μL of 10 mM DTT was added to 

the gel for 1 hr at 60°C, the supernatant was discarded.  The gel was washed with 

300 μL of 100 mM ammonium bicarbonate for 5 min, then 50 μL 50 mM 

iodoacetamide was added and incubated in the dark for 30 minutes. The gel was 

washed twice with 300 μL 100 mM ammonium bicarbonate and dried with 100 

μL acetonitrile. 40 μL of sequencing grade modified trypsin (Promega V511A) 

was added with enough 50 mM ammonium bicarbonate to cover the gel.  Samples 

were trypsinized overnight at 37°C.  140 μL of water was added to the gel and 

vortexed and the supernatant was collected.  Peptides were twice extracted from 
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the gel with 50% acetonitrile and 1% formic acid. All three supernatants were 

pooled and dried in a speed vac.  Dried peptides were resupsended in 10% 

acetonitrile and 1% formic acid. 

 

2.21.3 Mass Spectrometry 

Mass spectrometry protein identification was conducted as in section 

2.14.3 using LC-MS/MS with an LTQ Orbitrap XL mass spectrometer (Thermo 

Fisher Scientific) that allows more sensitive detection of low abundant peptides. 

Proteome Discoverer v1.2 software (Thermo Fisher Scientific) was used to search 

complete proteome databases using Mascot Search Engine (Matrix Science) and 

SEQUEST serach engine (ThermoFisher Scientific). 

 

2.22 GST-BAD transient transfections 

MDA-MB-231 cells were transfected with pEBG, BAD/pEBG, BAD-

S118A/pEBG and BAD S118D/pEBG using TransIT
®
-LT1 (Mirus, cat. MIR 

2300) according to the manufacturer’s protocol. GST pull-downs from transfected 

cells were used to assess interactions with 14-3-3 proteins and BCL-XL. 

 

2.23 Miscellaneous Procedures 

2.23.1 Antibody cross-linking 

BAD, Vimentin, Myc and V5 antibodies were cross-linked to Protein A 

Sepharose
™

 beads (GE Healthcare) and protein antigen complexes were eluted 

with glycine to reduce contamination of immunoprecipitated complexes with 
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antibody heavy chain and improve detection of vimentin. 0.2 g of Protein A 

Sepharose
™

 beads (GE Healthcare) were rinsed three times with ddH2O then 

rinsed twice with PBS. 100 μL of packed beads were diluted in 1 mL of PBS and 

incubated with 10 μL of antibody overnight with gentle mixing. The following 

day, beads were rinsed 3x with 1 mL of PBS to remove unbound antibody.  

Cross-linking reactions were performed with freshly prepared dimethyl 

pimelimidate (DMP) (Sigma-Aldrich, cat. D8388) at 5.2 mg/mL in 0.1 M sodium 

borate pH 9.0 for 30 minutes at room temperature.  Beads were subsequently 

washed with 1 mL of 0.1 M sodium borate pH 9.0, and the cross-linking and wash 

steps were repeated. Cross-linking was quenched twice with 50 mM 

ethanolamine/PBS for 5 minutes followed by 2 washes with PBS.  Finally, excess 

antibody was removed by rinsing twice with 1 mL of 50 mM glycine pH 2.5 for 5 

minutes.  Beads were rinsed 3 times with PBS and stored at 4°C in PBS. 
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Chapter 3: Results 
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3.1 BAD mediates paclitaxel cytotoxicity through a nonapoptotic pathway 

Our laboratory previously demonstrated an important role for BAD in 

paclitaxel induced death of breast cancer cell lines (67). The BAD-dependent 

death pathway was demonstrated in MCF-7 cells, where siRNA-mediated BAD 

depletion largely attenuated paclitaxel-induced cell death. Given the well 

characterized role for BAD as an indirect activator of mitochondrial apoptosis, we 

hypothesized that paclitaxel would stimulate pro-apoptotic BAD function to 

induce cell death. With our knowledge of the dynamics of typical pro-apoptotic 

BAD function, we hypothesized that paclitaxel treatment would:  i) stimulate 

BAD interactions with anti-apoptotic BCL-2 family members, and ii) stimulate 

translocation of BAD from the cytosol to the mitochondria. We decided to assess 

these two facets of BAD activity under conditions of paclitaxel treatment and 

compare results with staurosporine treatment, a known apoptotic inducer (91) of 

MCF-7 cells (79,97).  

 

3.1.1 BAD:BCL-XL interactions are diminished in paclitaxel-treated MCF-7 

cells 

First, we assessed BAD interactions with anti-apoptotic BCL-2 family 

member binding partners, BCL-XL, BCL-2 and BCL-W with paclitaxel treatment 

(Figure 3.1 A). MCF-7 cells were treated with 25 nM paclitaxel for 48 hours in 

this assay to induce apoptotic cell death as previously determined (67).  Studies 

have shown that treatment of monolayer cultured cells with clinically relevant 

concentrations of paclitaxel, 10-1000 nM, results in metaphase arrest and 
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Figure 3.1 Paclitaxel does not induce typical pro-apoptotic BAD activity. 

(A) Paclitaxel does not induce association of BAD with anti-apoptotic BCL-2 

family members. MCF-7 cells were untreated (-), treated with 25 nM paclitaxel for 

48 hours (+Pac) or treated with 2.5 µM staurosporine for 4 hours (+STS). The 

cells were then lysed in 1% CHAPS buffer and immunoprecipitated with anti-

BAD antibody (BAD IP) or negative control antibody for Granzyme A (GrA IP).  

Western blots were probed for BAD, BCL-XL, BCL-2 and BCL-W.  (B) 

Paclitaxel does not induce translocation of BAD from the cytosol to the 

mitochondria. MCF-7 cells were treated as in (A) and subcellular fractions were 

isolated using the Qproteome
®
 kit (Qiagen). Cytosolic (Cyt.), membrane (Mem.), 

nuclear (Nuc.) and cytoskeletal (Csk.) fractions were probed by western blot for 

cytosolic marker GAPDH, mitochondrial membrane marker Tom20, nuclear 

marker Lamin A/C and for the presence of BAD. Image from (67). 
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apoptotic cell death (62). MCF-7 cells were also treated with 2.5 μM 

staurosporine for 4 hours as a positive control for apoptosis induction.  We 

performed BAD coimmunoprecipitation with treated and untreated cells followed 

by western blot analysis with anti-BAD and anti-BCL-XL antibodies.  In 

untreated cells (-), basal BAD:BCL-XL interactions were revealed. Treatment 

with staurosporine (+STS) maintained and possibly enhanced BAD:BCL-XL 

interactions.  Additionally, we observed a downward shift in the BAD 

immunoblotted band with staurosporine treatment, consistent with 

dephosphorylation of BAD.  Treatment with paclitaxel (+Pac), however yielded a 

surprising result as BAD:BCL-XL interactions were greatly diminished in these 

cells. This replicate of the experiment was reproducible in MCF-7 cells in work 

demonstrated by other laboratory members (67). Furthermore, western blot 

analysis for additional anti-apoptotic proteins, BCL-2 and BCL-W, revealed no 

detectable interaction with BAD under any treatment condition. These results 

demonstrate that: 

i) BCL-XL is the predominant anti-apoptotic BAD-binding partner in MCF-

7 cells, and 

ii) paclitaxel treatment does not stimulate BAD interactions with anti-

apoptotic BCL-2 family members. 

 

3.1.2 BAD remains localized to the cytosol in paclitaxel-treated MCF-7 cells 

We decided to assess the second facet of BAD function: BAD subcellular 

localization in MCF-7 cells in untreated, paclitaxel and staurosporine-treated cells 
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(Figure 3.1 B).  Drug treatments were performed consistently with the previous 

assay; Paclitaxel was applied to MCF-7 cells at a concentration of 25 nM for 48 

hours and staurosporine was applied at a concentration of 2.5 μM for 4 hours. 

MCF-7 cells were fractionated using the Qproteome
®
 Cell Compartment Kit 

(Qiagen) into four subcellular fractions, including a cytosolic, membrane, nuclear 

and cytoskeletal fraction. Antibodies against GAPDH, Tom20 and Lamin A/C 

were used as markers of the cytosolic, membrane and nuclear fractions 

respectively. Finally, anti-BAD western blots revealed the anticipated cytosolic 

localization of BAD in untreated cells. Staurosporine treatment induced partial 

translocation of BAD from the cytosolic fraction to the membrane fraction which 

includes the mitochondrial membrane. This result is consistent with the 

mitochondrial translocation of BAD reported in other cell lines (SKBR-3 and 

MDA-MB-468 cells) (67) and supports a proapoptotic role for BAD in response 

to staurosporine, consistent with results of Figure 3.1 A. Interestingly, we 

observed that BAD remained localized to the cytosolic fraction with paclitaxel 

treatment, with no evidence of mitochondrial translocation. This single 

experiment in MCF-7 cells was reproducible by other laboratory members. These 

results demonstrated that:  

i) BAD is localized to the cytosol of MCF-7 cells under basal conditions, 

and 

ii) Paclitaxel does not stimulate mitochondrial translocation of BAD as 

we would expect with induction of a BAD-mediated pro-apoptotic 

pathway.  
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Taken together, we reasoned that BAD pro-apoptotic activity is not 

stimulated with paclitaxel treatment. Instead, BAD is required for paclitaxel-

induced breast cancer cell death through a novel, nonapoptotic pathway. 

 

3.1.3 Investigating BAD pro-proliferative function 

Ongoing studies in our laboratory demonstrated a pro-proliferative role for 

BAD in MDA-MB-231 cells (113). Specifically, we observed that a BAD-stably 

expressing cell line (231.BAD), reached higher cell numbers in a proliferation 

assay compared with 231.vector control cells and the MDA-MB-231 parental cell 

line (113). We then queried whether BAD also stimulated cell proliferation in 

other breast cancer cell lines, MCF-7 and SKBR-3 cells. These cell lines express 

relatively high levels of endogenous BAD compared with the MDA-MB-231 cell 

line (67), so we investigated the role of BAD in proliferation of these cell lines 

through depletion studies. siRNA-mediated BAD knock-down decreased cell 

numbers in a proliferation assay of MCF-7 and SKBR-3 cells, consistent with the 

notion of a pro-proliferative or anti-apoptotic role for BAD in breast cancer cell 

lines (67). 

Given that paclitaxel leads to metaphase arrest of mitotically dividing 

cells, we hypothesized that BAD may contribute to taxane sensitivity through 

stimulation of cell proliferation, thus increasing the population of taxane-affected 

cells. We decided to investigate BAD-conferred sensitivity to paclitaxel in 

relation to its putative cell cycle effects in MCF-7 cells with two specific aims in 

mind:  
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i) to investigate how BAD modulates the cell cycle of MCF-7 cells, and  

ii) to determine whether BAD depletion reduces MCF-7 cell apoptotic 

cell death in cycling vs mitotically arrested cells treated with 

paclitaxel. 

 

3.1.4 BAD stimulates cell cycle progression in MCF-7 cells 

To address the first aim, we performed cell cycle analysis over a time 

course with BAD siRNA or non-specific siRNA-treated MCF-7 cells (Figure 

3.2).  Paclitaxel was used to stall cells at G2/M phase.  Cells were harvested at 6, 

12 and 24 hour time-points and fixed in 70% ethanol overnight.  Cellular DNA 

was subsequently stained with propidium iodide and analyzed by flow cytometry. 

We observed a consistently higher proportion of BAD siRNA-treated cells in G1 

phase of the cell cycle compared with N.S. siRNA-treated cells.  This difference 

is most pronounced by 24 hours of paclitaxel treatment, where 80% of N.S. 

siRNA treated cells were arrested at G2/M phase compared with only 56% of 

BAD siRNA treated cells. This experiment was also conducted at 12, 24 and 36 

hour time points and a similar pattern was observed where the BAD siRNA 

treated cells demonstrated an increased proportion of cells in G1 relative to the 

negative control cells (data not shown), indicating delayed G2/M phase 

progression. Overall, the data suggests an important role for BAD in mediating 

cell cycle progression in MCF-7 cells. Specifically, BAD may be important for 

mediating the G1/S phase transition of the cell cycle. 
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3.1.5 The proliferative role of BAD confers paclitaxel sensitivity  

We previously determined that BAD pro-apoptotic function was not 

activated in response to paclitaxel treatment (Figure 3.1), and that BAD therefore 

mediates paclitaxel cytotoxicity through a novel, nonapoptotic pathway.  We also 

determined that BAD plays a role in promoting cell cycle progression (Figure 

3.2). We therefore hypothesized that the proliferative role of BAD, and not the 

apoptotic role of BAD, is responsible for conferring paclitaxel sensitivity. To 

investigate this idea we employed a mitotic shake-off assay to investigate the 

effects of BAD-depletion on the apoptotic rates of paclitaxel-treated mitotically 

arrested cells or cycling cells (Figure 3.3). We reasoned that if the apoptotic 

activity of BAD was uninvolved in paclitaxel cytotoxicity, mitotically arrested 

cells exposed to paclitaxel would exhibit similar amounts of cell death with or 

without BAD depletion. In the mitotic shake-off experiment, MCF-7 cells were 

treated with either BAD specific or non-specific siRNA then treated with 

paclitaxel to induce apoptosis. At 39 hours of paclitaxel treatment, cells were 

subjected to mitotic shake-off. Lifted mitotic cells (+shake off) were replated and 

paclitaxel treatment was reapplied to the remaining adherent cells (-shake off). At 

48 hours of paclitaxel treatment, all cells were harvested and stained with TMRE 

for flow cytometry analysis. As we had previously shown (67), BAD-depleted 

MCF-7 cells not enriched for M-phase were significantly protected from 

paclitaxel induced cell death (Figure 3.3B, left panel –shake off, and Figure 

3.3C). Interestingly, however, we observed that the mitotically enriched fraction 

displayed similar loss of Δψ with or without BAD depletion (Figure 3.3B, right  



 

 

86 

 

 

  

Figure 3.2 BAD stimulates cell cycle progression. 

MCF-7 cells were treated with non-specific (N.S.) or BAD siRNA then 

treated with 25 nM paclitaxel (+Paclitaxel) for 6, 12 or 24 hours. 

Subsequently, the cells were fixed and stained with propidium iodide. DNA 

content was assessed by flow cytometry. Cells treated with BAD siRNA 

showed delayed accummulation at G2/M phase with paclitaxel treatment, 

compared with the N.S. siRNA. A greater proportion of BAD siRNA treated 

cells were present in G1, indicating a putative role for BAD in cell cycle 

progression, likely at the G1/S transition. Image from (67). 
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Figure 3.3 BAD sensitizes MCF-7 cells to paclitaxel induced cell death via 

its proliferative role, and is not essential for death of M phase arrested 

cells. 

(A) MCF-7 cells were transfected with non-specific (N.S.) siRNA or BAD 

siRNA and treated with 25 nM paclitaxel. After 39 hours of treatment, cells 

were subjected to mitotic shake-off. Cells lifter during shake off (+shake off) 

were replated. At 48 hours of paclitaxel treatment, both + and -shakeoff cells 

were stained with TMRE and analyzed by flow cytometry.  Representative 

images are shown. (B) Histogram overlay of BAD siRNA treated cells (black 

line) with N.S. siRNA treated cells (grey line) for results shown in (A). Image 

from (67). 
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Figure 3.3 BAD sensitizes MCF-7 cells to paclitaxel induced cell death 

via its proliferative role, and is not essential for death of M phase 

arrested cells.  

(C)  Bar graph for results shown in Fig 3. (A) and (B), with n=3.  Error 

bars represent mean +/- s.d.  * indicates P<0.05 compared with N.S. 

siRNA -shakeoff cells. Image from (67). 
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panel, +shake off, and Figure 3.3C). We concluded that while BAD depletion 

confers some protection to cycling MCF-7 cells against paclitaxel cytotoxicity, 

cells that have already entered mitotic arrest do not benefit from BAD depletion. 

This data supports our hypothesis that the BAD-proliferative role, not the BAD-

apoptotic role, is important for paclitaxel induced cell death. 

 

3.2 Defining BAD interacting proteins 

Studies in our laboratory determined a novel pro-proliferative role for 

BAD in breast cancer cell lines through BAD overexpression studies in MDA-

MB-231 cells and BAD knock-down studies in MCF-7 and SKBR-3 cells. Human 

BAD has been previously shown to promote cellular proliferation of prostate 

cancer cells (123), but this pro-proliferative function for BAD has not been 

previously demonstrated in breast cancer cells. Furthermore, the mechanisms for 

BAD-mediated proliferation in human cancer cells have not been investigated. 

However, murine BAD has been shown to have a pro-proliferative 

capacity in nontransformed fibroblasts (121) and in thymocytes (106). Both these 

studies implicated BAD-stimulated S phase progression from G0/G1 phase. In 

thymocytes, S phase progression was likely the result of enhanced IL-2 

production by BAD transgenic thymocytes. However, in fibroblasts, BAD was 

found to inappropriately stimulate S phase entry in the context of anti-growth 

signals in a manner dependent on BCL-XL. In the context of anti-growth signals 

led by serum deprivation, BAD:BCL-XL heterodimerization led to bypass G0/G1 

phase. 
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Our laboratory initially hypothesized a similar pro-proliferative 

mechanism for BAD in MDA-MB-231 breast cancer cells. Paradoxically, these 

studies found that BAD pro-growth activity actually correlated with decreased 

BAD:BCL-XL binding (113). 

The mechanism of BAD-mediated proliferation in breast cancer cells 

remains enigmatic. Given the clinical relevance of BAD in taxane-treated breast 

cancer and our elucidation of a novel pro-growth BAD pathway, we wanted to 

define precisely the mechanisms of the pro-survival, BAD proliferative pathway 

in the MDA-MB-231 cells. We hypothesized that BAD mediates its pro-growth 

activity through a novel pathway that requires protein-protein interaction with 

novel protein binding partners. To more fully define the molecular dynamics of 

BAD activity in MDA-MB-231 cells, we undertook protein interaction studies 

with three prominent aims: 

i) to investigate a putative interaction of BAD with hexokinase isoforms 

I and II 

ii) to perform unbiased screens to identify any novel BAD-interacting 

proteins, and  

iii) to characterize BAD interactions with known binding partners, BCL-

XL and 14-3-3 protein isoforms. 

 

3.2.1 BAD:Hexokinase putative interaction study 

BAD was reported to associate with Glucokinase (also known as 

hexokinase IV) in a mitochondrial complex that includes PP1c, PKAc, WAVE-1 
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and AKAP-1 in mouse hepatocytes (180) and pancreatic beta cells (181). In both 

cell types, the mitochondrial BAD-nucleated complex was essential for 

stimulation of glucokinase activity and mitochondrial-driven respiration and for 

glucose homeostasis. Much of the initial characterization of the BAD/GK core 

complex through techniques such as 3-dimensional native complex isolation, 

BAD and GK coimmunoprecipitations and microcystin sepharose affinity pull-

downs did not demonstrate at direct interaction between the two proteins. 

However, in 2008 Danial et al used a BAD SAHB phospho-serine peptide 

containing a photoactivatable benzophenone moiety to covalently capture BAD 

SAHB peptide targets upon UV light exposure (181). The BAD SAHB peptide 

captured glucokinase in vitro, indicating a likely direct physiological interaction 

between BAD and glucokinase in vivo. 

Published work presents evidence of a BAD metabolic role in specific cell 

types (180,181). Glucokinase expression, however, is restricted to hepatocytes, 

pancreatic beta cells, and hypothalamic neurons (104). It is unknown whether 

BAD maintains a metabolic role in other cell types where glucokinase expression 

is lacking, and other hexokinase isoforms are expressed. 

We hypothesized that the enhancement of proliferation in BAD-

overexpressing MDA-MB-231 cells was the result of a BAD-stimulated 

metabolic pathway that required BAD interaction with hexokinase isoforms 

expressed in breast cancer cells. Hexokinase I and II have been reportedly 

upregulated in human breast cancers (235), with one report also documenting 

upregulation of hexokinase III activity (218).  Hexokinase I is a ubiquitously 
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expressed isoform in human tissues (198), while most tissues express low levels 

of hexokinase II (196).  During cancer progression, there is an upregulation of 

mitochondrial bound hexokinase activity (189,236,237) that contributes to the 

Warburg effect.  In human cancers this Warburg activity has been attributed to 

upregulated mitochondrial-bound hexokinase II, consistent with earlier studies 

widely reporting hexokinase II upregulation in human cancers (193,235,238).  

Given the prevalence of hexokinase I and II activity in human cancers, we 

decided to test whether BAD could interact with either of these hexokinase 

isoforms. 

First, we tested for a putative BAD:Hexokinase I/II interaction by BAD  

coimmunoprecpitation experiments in MDA-MB-231 cells and 231.BAD cells. 

Since the 231.BAD cells reach higher cell numbers in a proliferation assay than 

the parental MDA-MB-231 cell line (113), we postulated that the 231.BAD cells 

would therefore have a higher level of BAD stimulated metabolism than MDA-

MB-231 cells. However, BAD coimmunoprecipitation analysis from confluent 

cells did not reveal any detectable interaction of BAD with hexokinase I or 

hexokinase II (Figure 3.4). 

We also performed coimmunoprecipitation experiments on Myc-BAD and 

HKI-V5 cotransfected HEK293T/17 cells (Figure 3.5) or Myc-BAD and HKII-

V5 cotransfected cells (Figure 3.6) to determine whether an interaction could be 

revealed with robust protein expression levels. Coimmunoprecipitation analysis 

and western blotting revealed that the Myc IP in either case did not 

coimmunoprecipitate with the V5 epitope.  Similarly, the V5 IP did not  
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Figure 3.4 BAD does not detectably coimmunoprecipitate with HK I or 

HK II. 

MDA-MB-231 cells or 231.BAD cells were harvested in 1% CHAPS lysis 

buffer and immunoprecipitated with anti-BAD antibody (BAD IP) or 

negative control Granzyme A antibody (GrA IP). Western blot analysis 

shows 6% IP input and equivalent amounts of unbound fraction. 
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Figure 3.5 Myc-BAD does not detectably coimmunoprecipitate with HK 

I-V5. 

HEK293T/17 cells were cotransfected with Myc-BAD/pcDNA3.2 V5-

DEST and Hexokinase I-V5/pcDNA3.2 V5-DEST plasmid constructs at 1:2 

molar ratios. Cells were lysed in 1% CHAPS lysis buffer 24 hours 

posttransfection. Immunoprecipitations were performed with either anti-

Myc or anti-V5 antibody cross-linked beads for the construct transfected in 

lowest molar amount. 
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Figure 3.6 Myc-BAD does not detectably coimmunoprecipitate with HK 

II-V5. 

HEK293T/17 cells were cotransfected with Myc-BAD/pcDNA3.2 V5-

DEST and Hexokinase II-V5/pcDNA3.2 V5-DEST plasmid constructs at 

1:2 molar ratios. Cells were lysed in 1% CHAPS lysis buffer 24 hours post-

transfection. Immunoprecipitations were performed with either anti-Myc or 

anti-V5 antibody cross-linked beads for the epitope-tagged construct 

transfected in lowest molar amounts. 
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coimmunoprecipitate with the Myc epitope. Thus, no interaction between 

hexokinases I or II and BAD was detectable with this method. 

In their characterization of the specificity of the BAD:glucokinase 

interaction, Danial et al were able to reconstitute the interaction in vitro (181). 

BAD and glucokinase proteins were synthesized using an in vitro transcription- 

translation (IVTT) system, and glucokinase antibody was used to 

coimmunoprecipitate BAD from the mixture. We hypothesized that the 

BAD:Hexokinase interaction was analogous to the BAD:Glucokinase interaction. 

We therefore decided to use an in vitro system similar to that employed by Danial 

et al. to alternatively assess the purported interaction where high levels of protein 

expression could be achieved. Equal quantities of each IVTT reaction (BAD, 

Hexokinase I-V5 or Hexokinase II-V5) were mixed and incubated for one hour 

prior to coimmunoprecipitation with either anti-BAD antibody or anti-V5 

antibody.  There was no detectable interaction between BAD and HK I-V5 

(Figure 3.7 A) or BAD and HK II-V5 (Figure 3.7 B) with this method. 

Studies by Danial et al further defined a direct interaction between 

phosphorylated BAD BH3 peptide and gluokinase in vitro (181). Crosslinking to 

glucokinase was performed using a UV-photoactivatable benzophenone moiety 

incorporated in a synthetic BAD BH3 peptide with a 3.1 A° reactive radius.  We 

tested whether a short bifunctional crosslinking reagent, formaldehyde, would 

enable detection of a BAD:Hexokinase interaction. Formaldehyde is reactive 

towards primary amino groups spanning distances of 2.3-2.7 A° (239), and 

therefore closely mimics the reactive length of the intrinsic benzophenone   
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Figure 3.7 BAD does not detectably coimmunoprecipitate with HK I-V5 

or HK II-V5 in vitro. 

BAD, Hexokinase I-V5, Hexokinase II-V5 and pcDNA3.2 V5-DEST (empty 

vector) were transcribed and translated in vitro using the TNT
®
 T7 Coupled 

Reticulocyte Lysate System (Promega). 10 uL of each IVTT reaction were 

coincubated with 50 uL of detergent-free IVTT buffer for 1 hour at room 

temperature. Control immunoprecipitations were performed by coincubating 

BAD or hexokinase I or II with pcDNA
™

 empty vector. 

Coimmunoprecipitations (coIP) were performed with anti-BAD or anti-V5 

antibody. 
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crosslinker used by Danial et al.  We performed IVTT protein synthesis as 

previously indicated, and incubated BAD IVTT protein with either Hexokinase I-

V5 or Hexokinase II-V5 IVTT synthesized protein. After incubation, crosslinking 

was performed with 1% formaldehyde and quenched with 0.25 M glycine. The 

effectiveness of formaldehyde crosslinking was assessed with anti-BAD western 

blotting (Figure 3.8 B). Higher molecular weight BAD species were revealed in 

formaldehyde cross-linked samples (-boil), that collapsed to a single band with 

cross-link reversal by boiling (+boil). Cross-linking of BAD alone in the absence 

of HK was not performed (Figure 3.8 B). Western blotting indicated that BAD 

did not detectably coimmunoprecipitate with either HK I-V5 or HK II-V5 (Figure 

3.8 A) under these conditions. We did observe a background level of BAD 

immunoreactive bands by western blot in antibody-free (no IP) control lanes and 

in negative control (GrA IP) lanes, indicating an affinity of the protein A 

sepharose beads for BAD. However, BAD immunoprecipitated protein (BAD IP) 

lanes were clearly above these background levels (Figure 3.8 A). There was no 

coimmunoprecipitation of HK I above background levels in the GrA IP lane, and 

no observed coimmunoprecipitation with HK II. This experiment demonstrated 

that an interaction between BAD and Hexokinases isoforms I or II could not be 

captured in vitro despite the use of an effective concentration of cross-linker. 

There are two repetitions of this experiment. 

Similarly, 1% formaldehyde cross-linking was employed on 231.BAD 

cells and 231.BAD S118D cells harvested for coimmunoprecipitation (Figure 

3.9). Cross-linking was again observed by anti-BAD western blot as higher  
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Figure 3.8 Formaldehyde cross-linking does not reveal an interaction 

between BAD and HK I-V5 or HK II-V5 in vitro. 

(A) BAD, Hexokinase I-V5, Hexokinase II-V5 and pcDNA3.2 V5-DEST 

(empty vector) were transcribed and translated in vitro using the TNT
®
 T7 

Coupled Reticulocyte Lysate System (Promega). 10 uL of each IVTT reaction 

were coincubated with 50 uL of detergent-free IVTT buffer for 1 hour at 

room temperature. Samples were cross-linked with 1% formaldehyde for 10 

minutes at room temperature. Coimmunoprecipitations were then performed 

with anti-BAD antibody and all samples were boiled to reverse cross-links 

prior to SDS-PAGE. (B) Demonstration of formaldehyde cross-linking. Anti-

BAD western blot reveals higher order BAD complexes formed by cross-

linking that are effectively reversed by boiling for 20 minutes. 
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Figure 3.9 Formaldehyde cross-linking does not reveal an interaction 

between BAD and HK I-V5 or HK II-V5 in cells. 

(A) 231.BAD and 231.BAD S118D cells were cross-linked with 1% 

formaldehyde for 10 minutes. Cells were subsequently lysed in 1% CHAPS 

lysis buffer and coimmunoprecipitated with anti-BAD antibody (BAD IP). 

Calnexin antibody was used as a negative control (Calnexin IP). Western 

blotting was performed with anti-BAD, anti-HK I and anti-HK II antibodies. 

10% input was loaded. (B) Formaldehyde cross-links were reversed by 

boiling in laemmli buffer for 20 minutes. Anti-BAD western blot reveals 

higher order BAD complexes formed by cross-linking that are eliminated by 

boiling. 
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molecular weight BAD species (-boil) that largely collapsed with cross-link 

reversal by boiling (Figure 3.9 B).  BAD coimmunoprecipitation did not reveal 

an interaction with endogenous HK I or HK II in cells (Figure 3.9 A). Altogether, 

these results do not demonstrate a positive interaction between BAD and 

Hexokinases I and II isoforms with these methods. 

 

3.2.2 GST-BAD pull-down assay as a screen for BAD- interacting proteins 

Our results demonstrate that the hypothesized BAD:Hexokinase 

interaction was not detectable using coimmunoprecipitation methods. On the basis 

of our original hypothesis, that BAD directs a pro-survival pathway by binding 

novel protein partners, we decided to pursue unbiased protein interaction screens 

to define the BAD binding partners in MDA-MB-231 cells. First, MDA-MB-231 

cell lines stably expressing GST-BAD (231.GST-BAD) or GST control 

(231.GST) were generated (Figure 3.10 A). Preliminary GST pull-down assays 

revealed effective elution of GST from 231.GST cells and GST-BAD from 

231.GST-BAD cells (Figure 3.10 B). Furthermore, GST-BAD co-eluted with a 

known interacting protein, BCL-XL (Figure 3.10 B). Since this approach could 

be used to detect known BAD binding partners like BCL-XL, we decided it would 

be appropriate to pursue GST-BAD pull-down assays as an unbiased screening 

method for interacting proteins. 
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Figure 3.10 Validating GST-BAD pull-down assay in MDA-MB-231 cells. 

(A) Western blot panel showing the expression levels of GST- and GST-BAD in 

stably expressing MDA-MB-231 cell lines. (B) Small-scale GST-BAD pull-down 

assays.  Approximately 10x106 cells from stable cell lines were harvested for 

glutathione sepharose pull-down.  Beads were eluted twice with glutathione 

buffer (Elution 1 & 2).  Western blots indicate elution of GST-BAD and known 

BAD interacting partner BCL-XL (lower panel). 
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3.2.3 GST-BAD localizes to membrane subfractions with endogenous BAD 

Before using GST-BAD pull-downs as a screen, we wanted to determine 

whether GST-tagged BAD has similar properties to endogenous BAD in terms of 

its subcellular localization. Subcellular fractionation revealed membrane 

localization for endogenous BAD in MDA-MB-231 cells (Figure 3.11 A),  

231.GST cells (Figure 3.11 B) and 231.GST-BAD cells (Figure 3.11 C). GST-

BAD also localized to the membrane fraction (Figure 3.11 C), which includes the 

mitochondrial membrane as indicated by the mitochondrial marker Tom20. The 

similar localization of GST-tagged BAD with endogenous BAD supports the use 

of GST-BAD as bait for physiologically relevant interacting proteins. 

 

3.2.4 The GST-BAD interactome in MDA-MB-231 cells  

A large-scale GST pull-down assay from 231.GST cells and 231.GST-

BAD cells was performed to screen for interacting proteins.  SDS-PAGE gels 

were stained with colloidal coomassie stain (Figure 3.12 A) or silver stain 

(Figure 3.12 B) and visible protein bands were excised for protein identification 

by mass spectrometry.  Proteins identified in the GST-BAD eluate included: 

glutathione S-transferase, BAD, vimentin, BCL-X short, 14-3-3 ζ/δ and non-

muscle myosin heavy chain 9 (Figure 3.12 C).  

BCL-XS and BCL-XL are alternatively spliced forms of the BCL-X gene 

(240) and are translated to protein products of 178 amino acids and 241 amino 

acids respectively. The peptides identified by mass spectrometry localized to the 

N-terminus common to the primary sequence of both isoforms. However, on the  
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Figure 3.11 GST-BAD and endogenous BAD both localize to membrane 

fractions. 

MDA-MB-231 cells, 231.GST and 231.GST-BAD cells were fractionated using 

the Qproteome
®
 Cell Compartment Kit (Qiagen). Equal fraction proportions were 

analyzed by western blot for the presence of BAD, GST-BAD, cytosolic marker 

GAPDH and mitochondrial membrane marker Tom20. 
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Figure 3.12 GST-BAD pull-down assay to isolate interacting proteins in 

MDA-MB-231 cells.  

Eluate from a 1.6x10
9
 cell pull-down from 231.GST and 231.GST-BAD 

cells was run on SDS-PAGE. The gel was stained with colloidal coomassie 

G-250 (A) or silver stained (B) to visualize protein.  Indicated protein bands 

were excised from the gel and identified by LC-MS/MS. 
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Figure 3.12 GST-BAD pull down assay to isolate interacting proteins in 

MDA-MB-231 cells.  

(C) Proteins excised in (A) and (B) identified by mass spectrometry using 

the Mascot search engine (Matrix Science). Number of peptides and % 

sequence coverage are indicated. (D) Western blot analysis validates the 

presence of identified proteins in pull-downs, including vimentin, 14-3-3ζ/δ 

and BCL-XL. 
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basis of molecular weight, we reasoned that the BCL-XL was actually detected in 

the GST-BAD pull-down.  We further verified the presence of vimentin, 14-3-

3ζ/δ and BCL-XL in the GST-BAD pull-down by western blot (Figure 3.12 D).  

Given the interaction of these proteins with GST-tagged BAD, we wanted 

to verify whether these protein interactions could also be detected with untagged 

BAD.  BAD coimmunoprecipitation analysis from MDA-MB-231 cells and 

231.BAD cells revealed an interaction with BCL-XL (Figure 3.13 A) and 14-3-3ζ 

(Figure 3.13 B). BAD coimmunoprecipitation from 231.BAD cells did not reveal 

an interaction with MYH9 (Figure 3.13 C). Vimentin interaction was not 

detected in 1% CHAPS buffer, but a suspected vimentin band was detected in 

BAD coimmunoprecipitation from 231.BAD cells in 1% NP-40 buffer (Figure 

3.13 D). This result was observed three times. It was later found that the vimentin 

band was not consistent in further coimmunoprecipitations, particularly when 

antibody-crosslinked beads were used (Figure 3.20). Given that vimentin 

appeared to be the only novel interacting partner for BAD identified in this 

screen, we decided to further investigate a putative BAD:vimentin interaction. 

 

3.2.5 Pursuing vimentin as a putative BAD interacting partner 

We decided to further assess a putative BAD:vimentin interaction through:  

i) characterizing protein (co)localization through subcellular fractionation and 

immunofluorescence techniques and ii) coimmunoprecipitation studies. 

Towards the first aim, we began by exploring vimentin expression levels in breast 

cancer cell lines by western blotting (Figure 3.14). We found that vimentin was  
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Figure 3.13 BAD interacting targets verified by 

coimmunoprecipitation in MDA-MB-231 cells and 231.BAD cells. 

Cells were harvested in 1% NP-40 buffer and BAD 

coimmunoprecipitations were performed. Western blots detected 

coimmunoprecipitation of BCL-XL (A) and14-3-3ζ (B), but not MYH9 

(C).  For vimentin detection cells were harvested in 1% CHAPS (C) or 

1% NP-40 (N) buffer (D). 
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Figure 3.14 Vimentin expression in breast cancer cell lines.  

MDA-MB-231 and MCF-7 cell lysate was analyzed by western blot for 

vimentin expression. 
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expressed in the MDA-MB-231 cells, and not in the MCF-7 cells, in accordance 

with previous reports (241). Subcellular fractionation of MDA-MB-231 cells 

(Figure 3.15 A) and 231.BAD (Figure 3.15 B) cells demonstrated predominant 

localization of BAD to the membrane fraction in these cells. Vimentin was 

predominantly localized to the cytoskeletal fraction, with only a small proportion 

of total vimentin localizing to the membrane fraction (Figure 3.15). Given that at 

least a low proportion of vimentin is found in the membrane fraction with BAD, 

an interaction between these proteins may be permissible. 

Next, we verified the protein localization results with 

immunofluorescence. In MDA-MB-231 cells and 231.BAD cells, BAD staining 

largely colocalized with cytochrome c staining (Figure 3.16 A), indicating a 

mitochondrial localization for BAD. There was no clear colocalization, however, 

between the filamentous vimentin staining and mitochondrial BAD staining in 

MDA-MB-231 cells (Figure 3.16 B). Taken together, these experiments attribute 

major subcellular localization of BAD and vimentin to different subcellular 

compartments: to mitochondria and cytoskeletal fractions respectively. 

Towards the second aim, we wanted to assess whether vimentin was a 

bona fide BAD interacting partner. We pursued BAD:vimentin 

coimmunoprecipitation experiments using an alternative in vitro approach.  IVTT 

synthesized BAD and vimentin proteins were mixed and coimmunoprecipitated 

with anti-BAD antibody. Western blot analysis demonstrated that BAD did not 

visibly coimmunoprecipitate with vimentin (Figure 3.17). 
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Figure 3.15 BAD localizes to membrane fractions and may be the site of 

interaction with multiple proteins.  

MDA-MB-231 cells (A) and 231.BAD cells (B) were fractionated using the 

Qproteome
®
 Cell Compartment kit (Qiagen) into cytosolic (Cyt.), membrane 

(Mem.), nuclear (Nuc.) and cytoskeletal (Csk.) fractions.  Western blots 

were probed for cytosolic marker GAPDH and mitochondrial marker 

Tom20.  Distributions of 14-3-3ζ, BCL-XL and vimentin are indicated. 
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Figure 3.16 BAD localizes to mitochondria in MDA-MB-231 cells. 

(A) Immunofluorescence images of MDA-MB-231 cells and 231.BAD cells 

probed for BAD and cytochrome c. Merge indicates colocalization. (B) 

Immunofluorescence images for vimentin and BAD detection in MDA-MB-231 

cells showed no significant colocalization of these proteins. 
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Figure 3.17 BAD and vimentin do not interact in vitro. 

BAD, vimentin and pcDNA3.2 V5-DEST (empty vector) plasmids were 

transcribed and translated in vitro using the TNT
®
 T7 Coupled Reticulocyte 

Lysate System (Promega). 10 uL of each IVTT reaction were incubated in 50 uL 

of 0.2% NP-40 IVTT buffer. Coimmunoprecipitations were performed with anti-

BAD antibody (BAD IP). Western blot analysis indicates the detection of 

vimentin as a higher band than IgG antibody heavy chain. 
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3.2.6 Determination of vimentin solubility in the presence or absence of NaCl 

Vimentin is a type III intermediate filament protein which exists in cells as 

a filamentous polymer in continuous exchange with a small pool of soluble 

tetrameric subunits (230,242,243). In vitro experiments have demonstrated 

assembly of vimentin monomers to stable tetrameric subunits at low ionic 

strength (50 mM salt) which polymerize into filaments at high ionic strength (150 

mM salt) (244,245). Previous reports have employed the addition of 150 mM 

NaCl to vimentin preparations in non-ionic detergents to induce polymerization, 

or have eliminated NaCl to increase vimentin solubility (246).  Given that the 1% 

NP-40 lysis buffer used in the initial BAD:vimentin coimmunoprecipitation 

(Figure 3.13 D) contained 150 mM NaCl, we decided to determine whether salt 

depletion would enable increased solubility of vimentin in the lysis buffer, and 

therefore increase the propensity for BAD:vimentin detection.  

MDA-MB-231 cells were harvested and lysed in the presence of 150 mM 

NaCl (+salt) and 0 mM NaCl (-salt).  Fractionation was performed by 

centrifuging lysate at 500xg, 10,000xg and 16,000xg.  Western blot analysis of 

the 16,000xg fractions revealed that in the presence of salt, vimentin segregated 

predominantly to the insoluble pellet fraction (16,000xg pellet) with only a low 

level detectable in the soluble fraction (16,000xg sup) (Figure 3.18).  However, in 

the absence of salt, vimentin segregated predominantly to the soluble fraction 

(16,000xg sup) compared to the insoluble fraction (16,000xg pellet). These results 

indicate that omitting salt from the lysis buffer increases the soluble pool of 

vimentin that could subsequently be used for coimmunoprecipitation.  
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Figure 3.18 Salt depletion increases solubility of vimentin in lysis buffer. 

MDA-MB-231 cells were lysed in 1% NP-40 buffer containing 150 mM NaCl 

(+salt) or without salt (-salt).  The lysate was centrifuged at 500xg, 10,000xg and 

16,000xg for 5 minutes.  Equal proportions of each fraction were loaded for SDS-

PAGE.  Western blots were probed with vimentin. Vimentin solubility in the 

10,000xg and 16,000xg supernatant is increased in -salt compared to +salt 

conditions.   
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3.2.7 BAD:vimentin coimmunoprecipitations in the absence of NaCl 

 We decided to test whether omission of NaCl in the lysis buffer would 

result in BAD:vimentin coimmunoprecipitation by increasing the soluble pool of 

vimentin. Epitope-tagged constructs Myc-BAD and Vimentin-V5 were cloned for 

this purpose.  First, we verified whether Myc-BAD would mimic the subcellular 

localization of endogenous BAD.  MDA-MB-231 cells were transfected with 

Myc-BAD plasmids and stained with MitoTracker
®
 Red.  Anti-Myc 

immunofluorescence subsequently revealed colocalization of transfected Myc-

BAD with MitoTracker staining, indicating a mitochondrial localization for Myc-

BAD (Figure 3.19 A).  This mimics the mitochondrial localization of endogenous 

BAD in MDA-MB-231 cells (Figure 3.16 A). Next, MDA-MB-231 cells were 

cotransfected with Myc-BAD and Vimentin-V5 using 1:3 molar ratios. 

Coimmunoprecipitations were performed for the epitope tagged construct 

transfected in the lowest molar amount in 1% NP-40 in the absence of NaCl. 

Western blots revealed that Myc-BAD did not coimmunoprecipitate with 

Vimentin-V5; similarly, Vimentin-V5 did not coimmunoprecipitate with Myc-

BAD (Figure 3.19 B). 

Coimmunoprecipitations for endogenous BAD and vimentin were 

repeated in +salt and –salt conditions in MDA-MB-231 cells (Figure 3.20). The 

yield of immunoprecipitated vimentin (Vim IP) was greatly enhanced in –salt 

compared to +salt conditions, however there was no coimmunoprecipitation with 

BAD in either case. Similarly, BAD coimmunoprecipitation in +salt and –salt 

conditions did not reveal any interaction with vimentin. However, BAD:BCL-XL   
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Figure 3.19 Myc-BAD does not coimmunoprecipitate detectably with 

Vimentin-V5 in cotransfected cells. 

(A) Myc-BAD localizes to mitochondria. MDA-MB-231 cells were 

transfected with Myc-BAD/pcDNA3.2 V5-DEST plasmid. 24 hours post-

transfection, cells were stained with MitoTracker
®

 Red CMXRos. Cells 

were then fixed, permeabilized and stained with anti-Myc antibody. Merge 

indicates mitochondrial localization of Myc-BAD. (B) Myc-BAD and 

Vimentin-V5 were cotransfected in MDA-MB-231 cells at a 1:3 molar 

ratios. Cells were harvested 24 hours post-transfection and 

immunoprecipitated with anti-Myc antibody or anti-V5 antibody.  

Immunoprecipitated proteins were eluted twice (Elu1, Elu2) with 0.1 M 

glycine pH 2.5. Anti-BubR1 immunoprecipitation was included as a 

negative control IP. 
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Figure 3.20 Salt depletion does not enable detection of BAD:vimentin 

interactions. 

MDA-MB-231 cells (A) or 231.BAD cells (B) were harvested in 1% NP-40 

buffer in the presence (+) or absence (-) of 150 mM NaCl. BAD 

immunoprecipitation in + and -salt buffers revealed interaction with BCL-

XL but not vimentin. Vimentin immunoprecipitation was enhanced in -salt 

buffer but did not reveal interaction with BAD. Granzyme A 

immunoprecipitation (GrA IP) was included as a negative control. 
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interactions were maintained in both conditions, indicating that this experiment 

was able to detect known BAD binding partners. Taken together, these 

experiments were unable to replicate the BAD:vimentin interaction initially 

detected in the GST-BAD pull down screen (Figure 3.12). 

 

3.2.8 Screening for GST-BAD S118A/D interacting proteins 

Ongoing studies in the laboratory continued to characterize BAD pro-

growth activity.  Proliferation assays and mouse tumor xenograft studies 

elucidated a pro-growth role for wild type overexpressed BAD (113).  As 

previously mentioned, we had initially hypothesized that BAD mediated 

proliferation would correlate with increased BAD:BCL-XL binding.  This 

hypothesis was tested by assessing the proliferation of MDA-MB-231 stable cell 

lines that express either BAD S118A or BAD S118D.  It was verified that 

BAD:BCL-XL interactions are enhanced in 231.BAD S118A cells and 

diminished in 231.BAD S118D cells (113).  While 231.BAD S118D cells reached 

higher cell numbers in a proliferation assay than 231.BAD S118A, in vitro studies 

indicated no differences in cell cycle progression between 231.BAD S118D and 

231.BAD S118A cells (113).  Instead, these studies suggested that observed 

enhanced growth of the 231.BAD S118D cells was likely due to decreased cell 

death compared with enhanced apoptotic phenotype of the 231.BAD S118A cells 

(113).  

Given the unexpected phenotypes of the 231.BAD S118D cells and the 

vastly different propensities of the 231.BAD S118A and S118D cells for in vitro 
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and in vivo growth, we queried whether these differences correlated only with a 

difference in BAD:BCL-XL binding.  To determine if other qualitative 

differences existed amongst protein binding partners for the BAD S118A and 

BAD S118D mutants, we pursued GST-BAD pull-down studies using these 

mutants. 

HEK293T/17 cells were transfected with GST, GST-BAD wt, GST-BAD 

S118A or GST-BAD S118D plasmids. GST pull-downs were performed as 

previously described and isolated proteins were subjected to SDS-PAGE. Proteins 

were excised as a single band from the gel and extracted as peptide fragments 

digested with trypsin. Eluted peptides were identified by LC-MS/MS and 

searched against a human protein database using the SEQUEST search engine. 

Protein identification results revealed that 14-3-3 isoforms were detected in GST-

BAD, GST-BAD S118A and GST-BAD S118D pull-downs in addition to GST 

and BAD controls (Figure 3.21).  GST-BAD wt, S118A and S118D all eluted 

with 14-3-3 isoforms ε, γ and ζ/δ. Additionally GST-BAD S118A and S118D 

interacted with α/β and η isoforms. Carbonyl reductase is known to bind to 

cytosolic GST (247) and Hsp71 has previously been found to elute in GST control 

(data not shown), therefore these hits were not further explored.   

While there were no qualitative differences in 14-3-3 isoform binding between 

GST-BAD S118A and GST-BAD S118D, we decided to examine if there were 

any quantitative differences in the binding of different isoforms.  Studies had 

shown that stably expressed BAD S118D in MDA-MB-231 cells was 

hyperphosphorylated on multiple sites (113). We predicted that a possible  
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Figure 3.21 GST-BAD Serine 118 mutants interact with multiple 14-3-3 

isoforms. 

HEK293T/17 cells were transfected with GST-BAD, GST-BAD S118A, 

GST-BAD S118D or GST (pEBG empty vector). Cells were harvested in 

1% CHAPS pull-down buffer for glutathione sepharose pull-down. Beads 

were boiled in 1xlaemmli buffer and run on SDS-PAGE until the dye front 

reached the separating gel. Proteins were excised in a single band and 

subjected to tryptic digestion. Peptides were identified by LC-MS/MS and 

proteins matched using SEQUEST to search complete human proteome 

databases. 
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increase in phosphorylation of Serine 75 and 99 on GST-BAD S118D would 

allow for increased 14-3-3 binding compared to GST-BAD S118A.  

 To test this hypothesis, we repeated GST-BAD S118A/D pull-down  

assays in both HEK 293T/17 cells (Figure 3.22) and MDA-MB-231 cells (Figure 

3.23) and assessed interactions with a panel of six 14-3-3 isoforms by western  

blot. In HEK293T/17 cells, no major differences were observed in the interactions 

between GST-BAD S118A and GST-BAD S118D with each of the 14-3-3 

isoforms tested: α/β, γ, ε, ζ/δ, η and τ (Figure 3.22).  However, in MDA-MB-231 

cells GST-BAD S118D had enhanced interactions with several 14-3-3 isoforms 

(including α/β, γ, ζ/δ and η) compared with GST-BAD S118A (Figure 3.23), in 

support of our hypothesis. 

 

3.3 Summary 

In summary, no novel interacting proteins were identified that could 

describe the BAD pro-growth phenotype. However, we verified BAD interactions 

with known binding partners, BCL-XL and 14-3-3 in MDA-MB-231 cells. We 

also determined that the BAD S118D mutant, which correlates with increased 

growth in vitro and in vivo relative to vector control, has increased propensity for 

14-3-3 isoform interaction in MDA-MB-231 cells. 
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Figure 3.22 BAD Serine 118 phosphorylation site mutants interact 

equivalently with 14-3-3 isoforms in HEK293T/17 cells. 

HEK293T/17 cells were transfected with GST control (empty vector) or 

GST-BAD constructs (wt BAD, BAD S118A or BAD S118D). Glutathione 

sepharose beads were used to capture GST-tagged bait and interacting 

proteins. 14-3-3 interacting partners were identified by western blot. 

 



 

 

124 

 

 

 

  

Figure 3.23 BAD S118D interacts preferentially with 14-3-3 isoforms 

compared with BAD S118A in MDA-MB-231 cells. 

MDA-MB-231 cells were transfected with GST control (empty vector) or GST-

BAD constructs (wt BAD, BAD S118A or BAD S118D). Glutathione sepharose 

beads were used to capture GST-tagged bait and interacting proteins. 14-3-3 

interacting partners were identified by western blot. 
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Chapter 4:  Discussion & Future Directions 
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4.1 Role of BAD in paclitaxel induced cell death 

4.1.1 BAD is involved in paclitaxel induced cell death through a novel, non-

apoptotic pathway 

 Low concentrations of paclitaxel (200 nM or less) induce cellular mitotic 

arrest by binding to β-tubulin, stabilizing microtubules and activating the spindle 

assembly checkpoint (reviewed in (42)). Prolonged mitotic arrest ultimately leads 

to cell death, however the molecular mechanisms that activate the apoptotic 

program remain unclear. In previous work, our laboratory established a 

correlation between BAD protein levels in breast cancer cell lines and sensitivity 

to paclitaxel. Higher BAD levels correlated with enhanced cell death (67), and 

siRNA BAD depletion reduced cell death in breast cancer cell lines (75). This 

result is consistent with BAD overexpression and enhanced sensitivity to 

paclitaxel in ovarian cancer cells (248). We therefore postulated that BAD was a 

key player in activating the pro-apoptotic pathway in response to paclitaxel 

treatment. 

We assessed the role of BAD in MCF-7 cells by looking for biochemical 

indications of pro-apoptotic BAD activity, including i) BAD interactions with 

anti-apoptotic members BCL-XL, BCL-2 and BCL-W, and ii) translocation of 

BAD from the cytosol to the mitochondria in response to 25 nM paclitaxel. In 

agreement with previous reports, we found that BCL-XL was the major anti-

apoptotic binding partner for BAD (99). Surprisingly, we found that paclitaxel 

greatly diminished BAD:BCL-XL interactions (Figure 3.1 A), in contradiction to 

studies in ovarian cancer cells where the authors suggested paclitaxel sensitivity 
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correlates with enhanced BAD:BCL-XL interactions (248). Additionally, BAD 

stayed in the cytosolic fraction in response to paclitaxel, but translocated to the 

mitochondria in response to staurosporine (Figure 3.1 B). These determinants 

suggest that paclitaxel does not induce BAD pro-apoptotic activity; rather, BAD 

pro-apoptotic activity may be inactivated by diminished interaction with BCL-

XL. Our research group and others have reported that BCL-XL is phosphorylated 

(249) and degraded following paclitaxel treatment (250), which may explain why 

these BAD:BCL-XL interactions are depleted. On the other hand, we cannot rule 

out a more direct effect of paclitaxel on the modulation of BAD which may 

actively disrupt BAD:BCL-XL complexes.  

Overall, it would be interesting to further test whether paclitaxel treatment 

induces BAD phosphorylation and correlates with increased BAD:14-3-3 

interactions, which would be consistent with inactivation of BAD apoptotic 

activity previously documented (251). Mabuchi S et al found that chemoresistant 

ovarian cancer cells treated with paclitaxel activated the Akt and ERK cascades to 

phosphorylate mBAD at Serine 136 and Serine 112 respectively (251). 

Furthermore, inhibition of BAD phosphorylation by Serine to Alanine 

substitutions at these sites sensitized these cells to paclitaxel (251). Therefore it 

may be possible that similar kinase cascades are activated in MCF-7 cells that 

lead to BAD phosphorylation, abrogate BAD:BCL-XL binding and inhibit pro-

apoptotic BAD function. If BAD:14-3-3 interactions are not increased in 

paclitaxel treated MCF-7 cells, it may be that phosphorylated BAD binds to a 

novel protein partner under these conditions. Characterization of BAD binding 
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partners in paclitaxel treated breast cancer cells may therefore shed light on these 

possible mechanistic behaviors. 

 

4.1.2 BAD stimulates cell cycle progression 

 Previously, our studies have shown that siRNA mediated depletion of 

BAD reduced cell numbers in proliferation assays of breast cancer cell lines, 

MCF-7 and SKBR-3 (67). We pursued further study of the role of BAD in cell 

cycle progression using propidium iodide staining to monitor cellular DNA 

content and paclitaxel to induce G2/M phase arrest (Figure 3.2). We found that 

BAD-depleted cells were retarded in G1/S phase transition and had delayed 

accumulation in G2/M phase compared to control cells. Overall, these results 

support a pro-proliferative role for BAD in MCF-7 cells. To our knowledge, we 

are the first group to report a pro-proliferative role for BAD in breast cancer cells. 

However, further studies in the laboratory found that BAD stimulation of cell 

cycle progression was not consistent in other cell lines, including MDA-MB-231 

cells, where no discernible differences in cell cycle profiles between BAD-

overexpressing MDA-MB-231 cells and control cells were found (113).  

 Overall, it is important to investigate the mechanisms of BAD stimulation 

of proliferation and its cell line specific effects. Specific directions could include: 

i) Documenting the phosphorylation state of BAD at specific sites in both 

MCF-7 cells and MDA-MB-231 cells to determine whether differential BAD 

phosphorylation correlates with enhanced cell cycle progression. This may shed 
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light on whether the pro-growth role of BAD is responsive to activation of 

specific pro-survival kinase cascades. 

ii) Determining the mechanisms for increased cell numbers in 231.BAD cells 

relative to controls in proliferation assays without changes in cell cycle profiles. 

Interestingly, BAD pro-growth activity has also been documented in vitro 

and in vivo in prostate cancer cells (123). With an emerging pro-growth role for 

BAD in cancer cells, it is imperative for us to determine how BAD toggles 

between apoptotic and pro-growth roles. Additionally, we need to precisely define 

the BAD pro-growth roles in terms of cell cycle changes and acquired 

transformative characteristics. 

 

4.1.3 BAD is required for paclitaxel induced cell death in cycling cells but not 

in G2/M phase arrested cells 

 Our results demonstrate that BAD plays a critical role in paclitaxel 

induced cell death prior to G2/M phase arrest (Figure 3.2), consistent with a non-

apoptotic role for BAD in the paclitaxel mediated cell death pathway. Taken 

together, our results suggest that BAD confers sensitivity to paclitaxel by 

promoting cell cycle progression and increasing the target population of mitotic 

cells susceptible to paclitaxel mediated arrest. If the sole function of BAD in this 

context is to promote cell cycle progression, we would expect BAD expression 

levels to also influence the sensitivity of breast cancer cells to other microtubule 

targeting drugs (eg epothilones, nocodazole) that may also activate the spindle 

assembly checkpoint during mitotic block and converge with the apoptotic cell 
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death pathway (252,253). Such future studies would help elucidate the importance 

of the BAD proliferative role towards chemotherapeutic sensitivity. 

 Altogether, the clinical implications of BAD mediated proliferation are 

interesting. We have previously seen that BAD expression correlates with 

docetaxel sensitivity and tumor regression (Figure 1.3) and with overall patient 

survival (Figure 1.4). We found that high BAD protein levels are prognostic of 

improved therapeutic outcomes for docetaxel treated breast cancer patients. 

Currently, randomized control trials are underway to determine whether BAD 

may also serve as a clinically predictive marker of taxane responsiveness in breast 

cancer patients. These advances are significant in terms of taxane research since 

there are currently no clinically used predictive markers of taxane responsiveness 

in patients (254). Predictive markers would allow clinicians to select for patient 

populations most likely to respond to treatment and spare other patients from the 

toxic side-effects of docetaxel. 

 

4.2 BAD interacting proteins study 

4.2.1 Discussion of Hexokinases 

 Since BAD plays an important role physiologically in stimulating 

glucokinase activity in mouse liver and pancreatic β cells (180,181), we 

hypothesized that cancer cells may be able to hijack BAD metabolic activity to 

promote growth. Specifically, we wanted to address possible interactions of BAD 

with HK isoforms I and II which have not been previously explored (104). 

Coimmunoprecipitation studies with endogenous protein in MDA-MB-231 cells 
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did not reveal a BAD:HK I or BAD:HK II interaction (Figure 3.4). Additionally, 

we were unable to detect interactions between Myc-BAD and HK I-V5 or HK II-

V5 in cotransfected HEK293T/17 cells (Figure 3.5, Figure 3.6).  

 Danial et al were able to demonstrate an interaction between BAD and GK 

in the presence or absence of cross linker using multiple methods, including BAD 

and GK coimmunoprecipitation from solubilized mitochondrial fractions, 

microcystin sepharose affinity pull-down of PP1-interacting proteins from 

mitochondrial fractions, and coimmunoprecpitation of BAD and GK using IVTT 

synthesized protein (180,181). Additionally, Danial et al demonstrated a direct 

interaction between BAD and GK using a photoactivatable crosslinker as part of a 

BAD SAHB peptide that permeabilizes pancreatic islet cells (181). If the 

interaction between BAD and HK is transient in nature, a protein cross-linker may 

be required to detect the interaction by coimmunoprecipitation. We decided to use 

a comparative IVTT BAD coimmunoprecipitation assay in vitro with the addition 

of 1% formaldehyde protein cross-linker to determine whether transient 

interactions could be detected. However, even in the presence of protein cross-

linker, there was no detection of BAD:HK I-V5 or BAD:HK II-V5 interactions 

(Figure 3.7). 

 Phosphorylation of mBAD at Serine 155 is required for stimulation of 

glucokinase activity in hepatocytes but not required for assembly of BAD:GK 

mitochondrial complex (180). We wanted to determine whether phosphorylation 

of the equivalent site, hBAD S118, would affect our ability to detect BAD:HK 

interactions. In the presence or absence of 1% formaldehyde cross-linker applied 
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to whole cells, 231.BAD or 231.BAD S118D, endogenous BAD:HK interactions 

were not detected (Figure 3.8, Figure 3.9).  

  The molecular interaction between BAD and GK that requires the BH3 

domain has been modeled using murine BID since there is no 3-dimensional 

structural information for BAD (255). Since structural information is also 

available for the 100 kDa HK isoforms HK I and HK II, similar molecular models 

could be computed to determine whether there are likely to be equivalent 

interaction sites between BAD and HK as between BAD and GK. Alternatively, 

GK may be a unique binding partner for BAD that stimulates metabolism only in 

liver and pancreatic cells, and this metabolic function of BAD may not be relevant 

in other cell types or in cancer cells. 

 

4.2.2 Discussion of Vimentin 

 Vimentin is an abundant cytoskeletal component of MDA-MB-231 cells 

(Figure 3.14), and an important intermediate filament protein of mesenchymal 

cells (256). Vimentin is also expressed in cells undergoing the epithelial-to-

mesenchymal transition during normal development of tissues, eg embryogenesis 

(257), as well as during cancer progression (258). Vimentin has important 

implications in cell signaling through modulation of protein kinases (256), and in 

cell-matrix adhesion and cellular motility through modulation of integrins and 

their membrane trafficking (259). Furthermore, vimentin provides important 

structural support to intracellular organelles including the mitochondria (260). 

Overall, studies support a predominant role for vimentin in the EMT. Notably, 
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microinjection or transfection of vimentin in MCF-7 cells is sufficient to induce 

changes in cell shape and enhance motility consistent with EMT (261). 

 Experiments in this thesis demonstrate a mitochondrial localization for 

BAD in MDA-MB-231 cells (Figure 3.15, Figure 3.16). A putative 

BAD:vimentin interaction at the mitochondria may therefore implicate an 

unforeseen structural support role for BAD that bridges mitochondria with the 

intermediate filament network. However, while vimentin was initially identified 

in the GST-BAD pull down screen in MDA-MB-231 cells (Figure 3.12), we were 

unable to replicate the interaction in vitro using IVTT synthesized protein (Figure 

3.17), or in cells cotransfected with Myc-BAD and Vimentin-V5 (Figure 3.19). 

Work on vimentin was therefore discontinued. 

An alternative approach to identifying BAD interacting proteins that may 

increase the yield of relevant positive hits would involve isolating and 

solubilizing the mitochondrial fraction from MDA-MB-231 cells prior to GST-

BAD pull-down, similar to techniques used by Danial et al to isolate the BAD:GK 

mitochondrial complex (180,181). 

 

4.2.3 Discussion of NMHC II-A 

 Non-muscle myosin II is an important component of the actin cytoskeleton 

with contractile properties that regulates cell adhesion (262), cell migration (263) 

and cytokinesis (264,265). There are three isoforms of non-muscle myosin: NM 

II-A, NM II-B and NM II-C. Non-muscle myosin molecules are composed of two 

heavy chains (230 kDa), two light chains (20 kDa) and two essential light chains 
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(17 kDa) (262). The heavy chains of NM II-A, II-B and II-C (NMHC II-A, II-B 

and II-C) are encoded by the MYH9, MYH10 and MYH14 genes respectively 

(262). In this study, NMHC II-A was identified in a GST-BAD pull-down screen 

in MDA-MB-231 cells (Figure 3.12). This was an intriguing result initially since 

NM II-A is an important component of actin stress fibre formation (263) and 

helps regulate retraction of the trailing edge during cell migration (266,267). 

NMHC II-A and vimentin as initial hits seemed to provide a previously 

unforeseen link between BAD and the cytoskeleton. However, we were unable to 

verify a BAD:NMHC II-A interaction in cells (Figure 3.13). 

 

4.3 BAD:BCL-XL interactions 

 The mitochondrial localization of BAD in MDA-MB-231 cells (Figure 

3.11, Figure 3.16) is consistent with an interaction with BCL-XL (Figure 3.13). 

Both the C-terminal transmembrane domain of BCL-XL and BAD LBD2 are 

required for efficient BAD:BCL-XL translocation to mitochondrial membranes 

(153). BCL-XL was consistently detected in GST-BAD pull-downs and BAD 

interaction studies in different breast cancer cell lines, MCF-7 (Figure 3.1) and 

MDA-MB-231 (Figure 3.13). 

Work in our laboratory demonstrates that MDA-MB-231 cells 

overexpressing hBAD S118D have significant pro-growth activities (113). First, 

hBAD S118D-overexpressing cells form larger tumors than hBAD wt-

overexpressing cells when injected into mice. Secondly, hBAD and hBAD S118D 

overexpression both lead to pro-growth effects in cellular proliferation assays in 
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vitro, although hBAD S118D is slightly less effective than hBAD wt in promoting 

growth of MDA-MB-231 cells. The S118D point mutation within the BAD BH3 

domain also correlates with diminished BCL-XL binding, diminished 

mitochondrial localization and an increased cytosolic localization when compared 

with the distinct mitochondrial localization of hBAD wt (113). Future work may 

involve separating these tenets of BAD activity and individually determining the 

importance of BCL-XL binding and mitochondrial binding to the BAD pro-

growth phenotype. We could employ an hBAD S118A ΔLBD2 mutant that 

retains the BH3 domain and BCL-XL binding capacity while disrupting its ability 

to bind mitochondrial membranes to test the importance of these distinct BAD 

properties in proliferation assays in vitro and mouse tumor xenograft studies in 

vivo. Furthermore, these studies may help determine whether BAD pro-growth 

activity is a function of BAD localization to either the cytosolic or mitochondrial 

compartments. 

 

4.4 BAD:14-3-3 interactions 

 Our studies demonstrate interactions of BAD with 14-3-3 isoforms: α/β, γ, 

ε, ζ/δ, η and τ (Figure 3.22), as has previously been reported (179). Interestingly, 

we determined that hBAD S118A had diminished interactions with multiple 14-3-

3 isoforms (α/β, γ, ζ/δ, η) in MDA-MB-231 cells (Figure 3.23) but not in 

HEK293T/17 cells (Figure 3.22) when compared with hBAD S118D. These 

results were surprising because BAD Serine 118 is not a 14-3-3 consensus 

binding site, yet mutation of this site influences the 14-3-3 binding capacity of 
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BAD at Serine 75 and 99. Further work demonstrated that BAD S118D is 

hyperphosphorylated on multiple sites compared with BAD wt in MDA-MB-231 

cells (113). Collectively these results suggest that Serine 118 may act as an apical 

site than can influence the overall phosphorylation status of BAD and 

accommodate changes in 14-3-3 binding. Alternatively, the S118D mutant may 

specifically induce conformational changes that enhance accessibility of Serine 75 

and 99 sites to kinases that are otherwise occluded by the S118A mutant.  

While these studies identify multiple 14-3-3 isoforms as important BAD 

interacting partners, the contribution of 14-3-3 proteins towards cellular 

proliferation has not yet been determined. BAD S99A site mutants could be used 

to abrogate 14-3-3 binding and assess the effect on BAD mediated proliferation in 

vitro and in vivo. Alternatively, BAD:14-3-3 binding may not directly promote 

proliferation per se, but may correlate with enhanced sensitivity to apoptosis at 

different points during the cell cycle. Studies have shown that mBAD and 14-3-3ζ 

form a complex in G1 phase that dissociates in G2/M phase with concordant 

phosphorylation of S128 by Cdc2 (268). The cell cycle dependent dissociation of 

the BAD:14-3-3ζ complex is critical for effectively initiating IL-3 deprivation-

induced apoptosis in FL5.12 cells (268). Likewise, persistent BAD:14-3-3ζ 

complexes in G2/M phase in BAD S128A expressing cells delayed initiation of 

apoptosis (268). It would therefore be interesting to study the cell cycle dependent 

association of BAD:14-3-3 isoform complexes in MCF-7 and MDA-MB-231 

breast cancer cells. Perhaps the hyperphosphorylated state of BAD in MDA-MB-

231 cells in response to survival kinases precludes BAD:14-3-3 complex 
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dissociation and promotes cellular resistance to apoptosis in response to growth 

factor deprivation or nutrient depletion in cellular proliferation assays or tumor 

growth in mice. 

 

4.5 Additional future directions 

4.5.1 Paclitaxel-induced cell death 

 Our studies focused on the contributions of BAD towards paclitaxel 

mediated cell death. However, our clinical studies also support investigation of 

the BH3-only protein, BIK, in paclitaxel mediated cell death. Like BAD, BIK 

gene expression also correlates with docetaxel sensitivity (Figure 1.3). 

Additionally, BIK protein levels in primary breast tumors also correlate with 

overall survival of docetaxel treated breast cancer patients (data not shown). 

Unlike BAD, BIK resides in the endoplasmic reticulum and induces 

mitochondrial apoptosis (269) through calcium release (270). BIK mediated 

calcium release to the mitochondria is thought to stimulate DRP1 recruitment, 

which remodels the mitochondrial membrane cristae and mobilizes cytochrome c 

(271). While the ER is thought to contribute to paclitaxel mediated apoptosis 

through calcium release (272), a role for BIK in the paclitaxel induced cell death 

pathway has not been previously defined, and forms the basis for future study. 

 

4.5.2 The role of BAD in cancer 

 BAD expression has been associated with positive clinical outcomes in 

multiple human cancers. In primary breast tumors, BAD expression is associated 
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with estrogen receptor expression and disease-free survival, but also with 

increased tumor size (273). BAD expression also correlates with improved 

disease-free survival of tamoxifen-treated breast cancer patients (274). Our study 

identified BAD as a strong, independent prognostic factor for overall survival and 

disease-free survival of primary breast cancer patients receiving adjuvant 

docetaxel chemotherapy (67), while BAD expression also correlated with 

enhanced cell growth. In non-small cell lung cancer, BAD expression is 

diminished compared to normal lung tissues, and loss of BAD expression is 

predictive of poor clinical outcomes in patients (275). These correlations between 

BAD expression and survival are typically attributed to the BAD apoptotic effect. 

However, the phosphorylation status of BAD is also important to consider. 

Studies from our laboratory indicate that BAD S118D phosphomimic ultimately 

correlates with accelerated cell growth in vitro and in vivo (113). Furthermore, 

BAD phosphorylation confers resistance of ovarian cancer cells to 

chemotherapeutic drugs such as paclitaxel (251) and cisplatin (276).  

Overall, it is necessary to more precisely define the mechanisms of BAD 

action in tumor cells. It is imperative to determine whether cancer cells selectively 

upregulate or downregulate BAD expression, how BAD mediates its pro-growth 

activities, and how BAD phosphorylation status influences the switch between 

BAD apoptotic vs pro-growth phenotypes.  
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4.6 Summary 

 BAD plays a critical role in the paclitaxel induced cell death pathway of 

breast cancer cells. Our studies found that BAD pro-apoptotic activity was not 

activated in response to paclitaxel, but that BAD expression was required for cell 

death through a novel, non-apoptotic pathway. Collectively, data from our 

laboratory suggests a pro-growth mechanism of BAD action in breast cancer cells. 

In MCF-7 cells, data suggests a role for BAD in promoting cell cycle progression, 

particularly at G1/S phase transition. In MDA-MB-231 cells, phosphorylated 

BAD correlates with enhanced growth in vitro and in vivo without measurable 

differences in cell cycle profiles (113). Overall, the molecular mechanisms of 

BAD mediated growth activity remain enigmatic. This study employed unbiased 

protein interaction screens with the goal of identifying protein factors that may 

mediate the BAD pro-growth pathway. No novel interacting proteins were 

identified; however interactions with known BAD binding proteins, BCL-XL and 

14-3-3 were validated. Given the increased propensity of BAD S118D for growth 

activity and its increased interaction with 14-3-3 isoforms, future studies may 

focus on exploring the relevance of BAD:14-3-3 interactions towards the BAD 

pro-growth phenotype. 
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