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Abstract

In Canada, approximately 40% of the population will be diagnosed with cancer
and 25% will die of this disease. In order to treat cancer more effectively, new
prognostic and therapeutic targets need to be discovered. In breast cancer, the BH3
only protein BAD has been shown to correlate with response to treatment. However,
the role of BAD in cancer is unclear. Although BAD is well characterized as a proapoptotic protein, alternative roles exist that may influence cancer progression. In this
study, we determine that BAD over-expression promotes proliferation and tumor
growth of MDA-MB-231 breast cancer cells. These roles are regulated by serine
phosphorylation, specifically serine 118. Finally, enforced phosphorylation of BAD at
serine 118 promotes apoptotic resistance. This study suggests that in order to use BAD
as a prognostic or therapeutic target, the phospho-status of BAD must also be
examined.
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Chapter 1: Introduction

1.1

Cancer

Cancer is a set of diseases characterized by the deregulated proliferation and
invasiveness of cells. In Canada, approximately 45% of males and 40% of females will
be diagnosed with cancer within their lifetime. Due to the high prevalence and lack of
effective treatments, 1 in 4 Canadians will end up dying of these diseases (Canadian
Cancer Society's Steering Committee on Cancer Statistics, 2011). As a means of
increasing patient survival, extensive research is aimed at increasing treatment
efficacy.

Due to the similarities between cancer cells and surrounding normal tissue,
understanding differences between them can be used for developing treatments. In
2000, Hanahan and Weinberg published a review article which characterized six
“Hallmarks of Cancer” (Hanahan and Weinberg, 2000).

Hallmarks of cancer are

biological capabilities that lead to evasion of anti-cancer defense mechanisms and is
sometimes described as transformation. These hallmarks are: resisting cell death,
sustaining proliferative signaling, evading growth suppressors, activating invasion and
metastasis, enabling replicative immortality and inducing angiogenesis. Recently, two
new hallmarks have been added: avoiding immune destruction and deregulation of
cellular energetics (Hanahan and Weinberg, 2011). Although these hallmarks enable a
greater insight of tumor development, alone they have limited therapeutic use.
Understanding the pathways that lead to these hallmarks is critical for therapy
development.
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Two hallmarks essential for tumor growth are proliferative signaling and
resistance to cell death (Scott, 1970; Skaff et al., 2005). In order for cancer treatment
to be successful, both of these hallmarks must be averted.

Studies have been

conducted on the cellular pathways associated with these hallmarks in an aim to
discover new therapeutic targets.

As the net effect of deregulation of these hallmarks leads to increased cell
number, researchers have looked for overlapping targets. Specifically, research has
focused on gene products (proto-oncogenes) that are mutated or deregulated in
uncontrolled cell proliferation. Proto-oncogenes are tightly regulated in healthy cells
but mutations or chromosomal abnormalities provide deregulated expression.

1.2

Proto-oncogenes

One of the most commonly mutated proto-oncogenes is c-MYC. This gene was
initially discovered by DNA analysis of the avian myelocytomatosis virus (ALV) strain
MC-29 which transformed chicken bone marrow cells (Todorov and Yakimov, 1967).
Similar to a previously discovered retrovirus (Rous sarcoma virus) which contained a
transforming gene product (v-SRC), MC-29 contained v-MYC (Hayward et al., 1981;
Murphy and Rous, 1912; Rous, 1911; Vennstrom et al., 1982). Using a v-MYC DNA
probe, chicken embryo DNA was screened (Radke and Martin, 1979; Swanstrom et al.,
1983; Vennstrom et al., 1982). c-MYC was detected and was later characterized as a
transcription factor that promoted cell cycle progression. In rat fibroblasts, c-MYC null
cells or the addition of c-MYC antibodies inhibited S-phase progression (Mateyak et al.,
1997; Mateyak et al., 1999). In quail embryo fibroblasts, infection with MC-29 led to
3

increased proliferation but did not enhance xenograft growth in BALB/c nude mice
(Palmieri et al., 1983). Surprisingly, 13 of 15 transgenic mice containing deregulated
Eµ-MYC developed lymphoma and died between 6 and 15 weeks of age (Adams et al.,
1985). Based on this evidence, c-MYC was classified as a pro-proliferative protooncogene although it was unclear of its role in transformation.

While the cellular role of c-MYC was being elucidated, the clinical relevance of
c-MYC deregulation remained unknown. To trace on which chromosome c-MYC was
located, rat-human somatic cell hybrids containing specific human chromosomes were
sequentially mapped. Comparing c-MYC DNA probe hybridization via southern blot
analysis to human chromosome numbers, it was deduced that c-MYC was present on
human chromosome 8 (Dalla-Favera et al., 1982). Prior to this study, a chromosome 8
translocation was correlated to Burkitt’s lymphoma progression. This translocation
involved the q branch of chromosome 8 to the q branch of chromosome 14 (Kakati et
al., 1979; Zech et al., 1976). Using restriction enzyme mapping of Burkitt’s lymphoma
cell lines containing the t(8;14), c-MYC was shown to be attached to the
immunoglobulin heavy chain locus (Taub et al., 1982). Depending on the translocation
break point, c-MYC is located in cis with the regulatory region and/or immunoglobulin
heavy chain enhancer region (Eµ). Regardless, translocation to this chromosome was
sufficient for increased expression of c-MYC (Erikson et al., 1983; Yan et al., 2007).
Chromosomal translocation of c-MYC was shown to induce transcriptional
deregulation, cellular proliferation and promote tumorigenesis.

Analysis of other blood cancers showed a different translocation being correlated with
leukemia and lymphoma. Lymph node biopsies of follicular lymphoma patients were
4

analyzed using high resolution chromosome analysis. Of the 19 patients analyzed, 16
contained a translocation of chromosome 18 to chromosome 14 (t(14;18)) (Yunis et al.,
1982). In vitro, karyologic analysis of an acute lymphoblastic leukemia line (380 cell
line) revealed that the q21-qter section of chromosome 18 was translocated to the q
branch of chromosome 14 (t(14;18)) (Billen et al., 2008; Pegoraro et al., 1984;
Tsujimoto et al., 1984). In both the 380 leukemia and LN128 follicular lymphoma cell
lines, a DNA probe specific for chromosome 18 was detected on chromosome 14. This
probe recognized DNA located at human chromosome 18, band q21 and was identified
as B cell lymphoma/leukemia-2 (BCL-2) (Tsujimoto et al., 1984). Analysis of this
translocation showed that the 5’ region of the BCL-2 gene locus was inserted
downstream of the immunoglobulin heavy chain enhancer Eµ (Cleary et al., 1986;
Graninger et al., 1987; Yunis et al., 1982). Similar to the c-MYC translocation results,
increased expression of the BCL-2 transcript was observed (Graninger et al., 1987). A
BCL-2 specific probe was used to compare BCL-2 RNA levels in cells that contained the
t(14;18) versus cells without this translocation. BCL-2 mRNA levels were found to be
elevated in t(14;18) cell lines (Graninger et al., 1987). This data showed that BCL-2
gene expression was correlated to B cell lymphoma and leukemia carcinogenesis.

Although BCL-2 transcripts were elevated as a result of the t(14;18)
translocation, the role BCL-2 had in tumorigenesis was unclear. Studying the protein
product of BCL-2 enabled analysis of the functional role of this gene.

In vitro

transcription and translation (IVTT) of the BCL-2α open reading frame (ORF) produced
proteins ranging from 28 and 30 kilodaltons (kDa) (Tsujimoto and Croce, 1986).
Transfection of FDC-P1 cells, a murine non-transformed bone marrow progenitor cell
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line, was used to examine the transforming potential of BCL-2 (Vaux et al., 1988). In
the presence of factor (IL-3), BCL-2 transfected stable cells had a similar propidium
iodide (PI) profile to mock infected control. When factor was removed, mock and cMYC infected cells died. However, BCL-2 stably transfected cells survived, although
they were mainly quiescent. BCL-2 was capable of rescuing c-MYC as cells expressing
both constructs survived IL-3 withdrawal. Furthermore, Eµ-MYC expressing bone
marrow cells that were cultured with BCL-2 producing fibroblasts survived nonadherent growth. Bone marrow cells that were not cultured with fibroblasts did not
survive (Vaux et al., 1988). These data suggested that BCL-2 was able to prevent cell
death in a non-adherent environment. Based on this data, BCL-2 was the first protooncogene described to not contain a proliferative function.

1.3

Anti-apoptotic family members

As a result of the discovery of BCL-2, a novel anti-apoptotic proto-oncogene,
the scientific community began looking for other members of this family. In ML-1
myeloid leukemia cells, 12‐O‐tetradecanoylphorbol‐13‐acetate (TPA) promoted
expression of a novel early-induction gene, MCL-1. Protein prediction software was
used to model the structure of MCL-1 reverse transcribed cDNA (complementary DNA)
sequences. Based on the predicted amino acid sequence, MCL-1 had a strong Cterminal amino acid identity (35%) and similarity (59%) to BCL-2 (Kozopas et al., 1993).
As had been shown previously with BCL-2, the MCL-1 gene was also disrupted in a
number of neoplastic and preneoplastic cells. The chromosome location of MCL-1
(chromosome 1) was determined by the use of somatic cell hybrids (human/rodent).
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This in combination with in situ hybridization of genomic MCL-1 overlayed with a Gbanded image was used for intra-chromosomal localization (1q21) (Craig et al., 1994).
Clinically, a number of neoplastic diseases had been mapped to this region; e.g.,
myeloproliferative disorders encompassing trisomy of 1q21-25 and q25-32 (Rowley,
1975; Rowley, 1977) as well as diffuse lymphoma patients having decreased remission
and survival length with breaks at 1q21-23 (Offit et al., 1991). Furthermore, long arm
rearrangements of chromosome 1 had been reported in acute monocytic leukemia
(Hawkins et al., 1992).

Functionally, MCL-1 and BCL-2 are similar. In FDC-P1 cells, stable transfection
of human MCL-1 inhibited death caused by Etoposoide (Zhou et al., 1997) which is
consistent with BCL-2 over-expression in the murine mast cell line NSF/N1.H7 cells (Ito
et al., 1997). However, functional redundancy is dependent on the cell type. For
example, human myeloma cell lines (U266, OPM-2 and L363), electroporated with
antisense oligonucleotides (ASO) specific for BCL-2, BCL-XL and MCL-1 had significant
differences in apoptotic sensitivity (Derenne et al., 2002). Surprisingly, only the ASO
specific for MCL-1 showed decreased cell viability (as measured by eosin exclusion),
and increased APO2.7 binding (specific for 7A6 epitope on outer mitochondrial
membrane indicative of apoptotic induction). These results indicate that although
BCL-2 and MCL-1 have similar functions, MCL-1 is critical for myeloma cell survival.

Sequence comparisons to BCL-2 resulted in the identification of three other
members of the anti-apoptotic BCL-2 family members: BCL2A1 (A1), BCL-w and BCL-XL.
Similar to MCL-1, A1 was initially discovered as an early-response gene to a
differentiation factor for hematopoietic cells (granulocyte-macrophage colony
7

stimulating factor (GM-CSF)) (Lin et al., 1993). The predicted peptide sequence of A1
has 80 amino acids in common with MCL-1 and BCL-2 (Lin et al., 1993) and have similar
anti-apoptotic outcomes. IL-3 withdrawal of 32D C13 murine progenitor cells was
equally protected by A1 or BCL-2 transfection (Lin et al., 1996).

BCL-w also has a prominent role in anti-apoptosis although more restricted
than other BCL-2 members (Gibson et al., 1996; Print et al., 1998). Although BCL-w
transcripts are found in a number of mouse tissue (moderate in brain, colon and
salivary gland; low in testis, liver, heart, skeletal muscle and placenta) BCL-w -/- mice
are viable with most tissues unaffected (Print et al., 1998). The main dysfunction is in
testicular development near sexual maturity, leading to incomplete spermatogenesis.
In situ hybridization and western blot analysis of BCL-w +/+ testicular cell lines
determined that BCL-w was elevated in germ cells (sperm producing) and Sertoli cells
(sperm maturation) but not Leydig cells (hormone production). Based on this, BCL-w is
essential for mouse spermatogenesis but seems to have a redundant role in other
tissues.

BCL-XL has the strongest sequence similarity to BCL-2 (44% identity between
mBCL-XL and mBCL-2) and was detected using a BCL-2 cDNA probe (Boise et al., 1993;
Gonzalez-Garcia et al., 1994). This probe detected a novel expressed sequence that
codes for two splice variant cDNAs in murine brain tissue, BCL-XL and BCL-XS (Boise et
al., 1993). The anti-apoptotic variant, BCL-XL, is the predominant cDNA produced in
murine post-natal cells (Gonzalez-Garcia et al., 1994). This was determined using a
quantitative S1 nuclease assay probed with BCL-X and BCL-2 probes. Results showed
increased expression of BCL-XL compared to BCL-XS in brain, kidney, heart, lymph
8

nodes, spleen and liver. Also, in 15.5d whole embryo and 15.5d embryonic tissue, BCLXL was elevated. BCL-XL has a similar function to BCL-2. BCL-XL transfected FL 5.12
cells were equally resistant to IL-3 withdrawal as BCL-2 transfected cells (Boise et al.,
1993).

Due to sequence and functional similarities of the anti-apoptotic family
members, parallels can be drawn between them. The “traditional” anti-apoptotic BCL2 family members (BCL-2, BCL-XL and BCL-w) have five similar regions of sequence
homology. They contain four BCL-2 homology domains (BH1-4) and a C-terminal
hydrophobic segment. The two outliers of this structure are MCL-1 which is missing
the BH4 domain (Kozopas et al., 1993) and A1 which depending on the report is
missing both BH3, 4 and the transmembrane domain or just the transmembrane
domain (Lanave et al., 2004; Lin et al., 1993; Vogler, 2011). The N-terminus of MCL-1 is
not conserved between anti-apoptotic BCL-2 members and includes a prolineglutamate-serine-threonine (PEST) domain. This domain is characteristic of proteins
with short half-lives (Rogers et al., 1986). Unlike traditional BCL-2 anti-apoptotic family
members, MCL-1 and A1 are regulated by degradation (Herold et al., 2006; Yang et al.,
1996). Ultraviolet treatment (UV) of HeLa cells caused a rapid degradation of MCL-1
from both cytosolic and mitochondrial fractions (Nijhawan et al., 2003). This was
shown to be ubiquitin-proteosome dependent by the addition of MG132 (proteosomal
inhibitor) which increased MCL-1 protein levels.

Another sequence similarity of anti-apoptotic family members is the presence
of a C-terminal hydrophobic segment.

This sequence encodes a C-terminal

transmembrane domain which causes binding to intracellular membranes (Nguyen et
9

al., 1993).

Through to this domain, BCL-2, BCL-XL, BCL-w and MCL-1 bind the

mitochondrial membrane (Wilson-Annan et al., 2003; Yang et al., 1995; Yang et al.,
1996). For BCL-w, the C-terminal transmembrane domain occupies the hydrophobic
binding pocket prior to activation; therefore, BCL-w is only loosely associated with the
mitochondria until an apoptotic stimuli is applied. In FDC-P1 cells, apoptotic stimuli
such as staurosporine, IL-3 withdrawal and γ-irradiation induce strong mitochondrial
membrane binding (Wilson-Annan et al., 2003). For A1, it likely does not have a
transmembrane domain although mitochondrial localization is achieved in HMEC
(human mammary epithelial) cells after TNFα stimulation (Duriez et al., 2000). This
localization was determined by immunoelectron microscopy of A1. The protective role
of A1 at this location is transient as prolonged stimulation of tumor necrosis factor-α
(TNFα) decreased viability after 72 hours.

For BCL-2, in vitro mitochondrial membrane insertion is dependent on the
transmembrane domain (Nguyen et al., 1993). This domain was also shown to be
necessary for BCL-2 anti-apoptotic function in KB cells (human oral epidermoid
carcinoma) treated with E1B-defective adenovirus (Nguyen et al., 1994). Based on
these studies, the C-terminal effects of targeting are necessary for function of antiapoptotic BCL-2 family members.

Localization of BCL-XL is similar to BCL-2 due to the hydrophobic sequence
associated with membrane insertion (Chen-Levy and Cleary, 1990); (Hockenbery et al.,
1990). However, both BCL-XL and BCL-2 can homodimerize. BCL-XL has been shown to
form homo-dimeric structures in the cytosol of transfected HeLa cells while BCL-2
homodimerizes in HEK 293T cells (Huang et al., 1998; Jeong et al., 2004). BCL-XL
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cytosolic homodimerization was shown by transfecting HeLa cells with mBCL-XL,
immunoprecipitating hBCL-XL from the soluble (S100) fraction and blotting for mBCLXL. This study also demonstrated through C-terminal truncation mutants that the Cterminal hydrophobic tail of BCL-XL is necessary for homodimer formation.

In summary, anti-apoptotic BCL-2 members are critical in protecting cells from
apoptotic stimuli. These members are mainly found at the mitochondria due to
membrane insertion of their transmembrane domains.

1.4

Multi-domain pro-apoptotic BCL-2 members

Protein interaction studies were carried out with the goal of understanding
how BCL-2 prevents apoptosis. Co-immunoprecipitations of BCL-2 in 35S methionine
labeled RL-7 cells revealed a 21 kiloDalton (kDa) protein defined as BCL-2 associated x
protein (BAX) which binds BCL-2 (Oltvai et al., 1993). This result was recapitulated in
FL5.12 cells (murine pro-B lymphoid cell line) in the presence of IL-3 and the
interaction was diminished when IL-3 was depleted. Sequence comparison of BAX to
BCL-2 revealed 20.8% identity and 43.2% similarity. Although the sequence of BAX is
similar to BCL-2, the apoptotic role is not. FL5.12-BAX stable clones were less viable
upon IL-3 withdrawal than FL5.12-BCL-2 and FL5.12-vector (Oltvai et al., 1993).
Furthermore, the apoptotic function of BAX was dependent on BCL-2 concentrations.
Increased amounts of BCL-2 inhibited BAX homodimer formation and apoptotic
induction. Immunoprecipitation of over-expressed HA-BAX yielded mainly endogenous
BAX with small amounts of BCL-2 binding. Increasing amounts of BCL-2 enhanced BCL-
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2/BAX heterodimer formation and inhibited BAX homodimer formation (Oltvai et al.,
1993).

Another

multi-domain

pro-apoptotic

protein,

the

BCL-2-homologous

antagonist/killer (BAK), was detected using a binding assay of two domain probes
specific for BCL-2 (Kiefer et al., 1995). BAK, like BAX, was shown to induce cell death
upon IL-3 withdrawal (Kiefer et al., 1995). Multi-domain pro-apoptotic proteins are
crucial for development as BAX/BAK double knock-out (DKO) mice have significant
developmental defects and are often embryonic lethal (Lindsten et al., 2000; Wei et
al., 2001). These defects include interdigital webbing, unresponsiveness to auditory
stimuli, increased neuronal accumulation and increased number of lymphoid and
myeloid cells (Lindsten et al., 2000). BAX/BAK DKO thymocytes were also resistant to
UV irradiation and Etoposide yet responded normally to cross-linked Fas receptor. This
suggests that DNA damage induced cell death through a BAX/BAK dependent pathway
while Fas did not (Lindsten et al., 2000). Other stimuli known to induce apoptosis
through the intrinsic mitochondrial pathway were also tested (Wei et al., 2001).
BAX/BAK DKO murine embryonic fibroblasts (MEF) were more resistant to ultraviolet-C
(UVC), staurosporine, Thapsigargin, Tunicamycin. Based on these studies, the multidomain pro-apoptotic BCL-2 family members are critical for mitochondrial dependent
apoptosis and development.

1.5

BH3 only BCL-2 proteins

Protein interaction studies with anti-apoptotic proteins also yielded a novel set
of proteins with limited sequence homology to BCL-2 (Boyd et al., 1995). This BH3 only
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family is characterized by the minimal death domain (BH3). Further classification
separates these proteins based on their binding partners and BH3 domains (Letai et al.,
2002). Direct activator BH3 only proteins (BID, BIM and PUMA), induce apoptosis
through direct activation of BAX and BAK as well as by inhibiting anti-apoptotic BCL-2
members (Kim et al., 2009). Sensitizer BH3 only proteins (eg. BAD, BIK, NOXA and HRK)
are only able to bind anti-apoptotic BCL-2 family members and inhibit their function.
Due to the vast number of apoptotic BH3 only proteins, I will focus on one direct
activator and one sensitizer to demonstrate binding interactions and regulation.

1.5.1

Direct Activator BH3 Only Protein - BID

BID is a direct activator BH3 only protein. BID was discovered in a binding
assay using glutathione-S-transferase conjugated to heart muscle kinase (GST-HMK)BCL-2 and GST-HMK-BAX (Wang et al., 1996). These two proteins were used to screen
an expression library constructed from the murine hybridoma line, 2B4. BID bound
both of these proteins and through sequence analysis was determined to contain a
BH3 domain. Unlike multi-domain pro-apoptotic and anti-apoptotic BCL-2 proteins,
the sequence and structure of BID do not contain a hydrophobic C-terminal domain
(McDonnell et al., 1999). In basal growth conditions, this restricts the localization of
BID mainly to the cytosol (Li et al., 1998; Luo et al., 1998) and to a lesser extent nucleus
(Gajkowska et al., 2004). When an apoptotic stimulus is presented, BID translocates to
the mitochondria to induce apoptosis.

In vitro, this was determined through

purification of a caspase-8 dependent cytochrome c releasing factor (CCRF or BID) (Luo
et al., 1998). Addition of BID to purified caspase-8 produces an 11 kDa and a 15 kDa
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cleavage product of BID. This result was recapitulated in Jurkat T-cells where Fas
activation, a potent inducer of caspase-8, caused cleavage of BID into two fragments.
Furthermore, cell-free analysis showed that caspase-8 induced the C-terminal
fragment of BID (tBID) to localize to mitochondria and induce cytochrome c release.
Mitochondria enriched pellets of HL-60 cells (human promyelocytic leukemia cells)
over-expressing BCL-2 showed a reduction in cleaved tBID induced cytochrome crelease. This data demonstrated that BID was cleaved by caspase-8 in Fas induced cell
death and that the C-terminal cleavage product translocated to the mitochondria and
induced cytochrome c release (Luo et al., 1998).

1.5.2

Sensitizer BH3 only protein - BAD

BAD is a sensitizer BH3 only member of the BCL-2 family (Yang et al., 1995).
Murine BAD (mBAD) was initially discovered in both yeast two-hybrid screening and λ
expression cloning where it bound to BCL-2 and BCL-XL (Yang et al., 1995). In cellulo
confirmation in FL5.12 murine prolymphocytic cells was done using HA
(Haemagglutinin) tagged BAD. Immunoprecipitation (IP) of HA and BCL-2 showed
binding to BCL-2 and BAD, respectively. HA-BAD also bound BCL-XL using a similar
method and was determined to be a stronger interaction based on release of BAX from
BCL-XL but not BCL-2.

This result complemented cell viability results of BAD

transfected cells as release of BAX was correlated to increased sensitivity to IL-3
withdrawal. BAD over-expressing cells were more sensitive to IL-3 withdrawal than
control vector. Based on this initial characterization of BAD, it was shown to interact
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with BCL-2 and BCL-XL which caused a decrease of BAX:BCL-XL heterodimers (Yang et
al., 1995).

1.6

BAD sequence and structure

As BAD was first isolated from mouse brain and thymus libraries, initial studies
focused on mBAD (del Peso et al., 1997; Yang et al., 1995; Zha et al., 1996). After
sequencing the human isoform it was determined that the structure of mBAD is not
identical to hBAD although it has a similar pro-apoptotic function (Ottilie et al., 1997)
(Figure 1). mBAD has a 43 amino acid N-terminal addition that has been shown to act
as a regulatory domain of apoptotic function (Figure 1) (Condorelli et al., 2001; Seo et
al., 2004).

Upon apoptotic stimulation, mBAD can be cleaved at two aspartate

residues (Asp 56 and 61) by caspase-3 (Condorelli et al., 2001). hBAD lacks one of
these sites (mBAD Asp 61, equivalent to hBAD Glu 19) and although one group
reported hBAD could be cleaved which induces a pro-apoptotic protein (Condorelli et
al., 2001) a similar study determined that this cleavage is likely inconsequential (Seo et
al., 2004).

Although the N-terminus of BAD is not evolutionarily conserved there are
similarities in post-translational modification sites. Three conserved serines (human
numbering 75, 99 and 118, Figure 1) are recognized phosphorylation sites (Zha et al.,
1996); (Lizcano et al., 2000; Virdee et al., 2000; Zhou et al., 2000).

Structurally, little is known about BAD which is classified as an innately
unstructured protein (IUP) with a random coil conformation (Hinds et al., 2007). The
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most stable portion of BAD is the BH3 domain which becomes structured upon binding
to anti-apoptotic BCL-2 proteins (Hinds et al., 2007). Unlike the multi-domain proapoptotic protein BAK which requires 16 amino acids of the BH3 domain to bind BCLXL, BAD requires a 25-mer. This domain (residues 140-164 of mBAD) does not form a
stronger binding affinity compared to the 16-mer but rather increases the stability of
the α-helix (Petros et al., 2000). Intriguingly, the BH3 domain consists of residues 151163 [murine numbering, hBAD 103-123 (Ottilie et al., 1997)] which suggests that this
domain is functionally critical yet not sufficient for the interaction of BAD and BCL-XL.
Unlike anti-apoptotic BCL-2 proteins, BAD lacks a transmembrane domain therefore
promoting cytosolic localization. However, BAD can localize to membrane sites such as
the mitochondria through direct binding to BCL-2 and BCL-XL (Ottilie et al., 1997; Zha
et al., 1996).

Alternatively, it has been reported that BAD contains two C-terminal lipid
binding domains (LBD1 and 2) which promote binding to negatively charged lipids
(Hekman et al., 2006; Polzien et al., 2009). These domains have been shown in vitro to
promote BAD interactions with mitochondria although this has not been demonstrated
in intact cells (Hekman et al., 2006). Furthermore, this same group showed that hBAD
phosphorylated at serine 134 was capable of forming pores within

16

Figure 1: Sequence alignment of mouse and human BAD
Coding sequences (CDS) were acquired from NCBI database and aligned using Bioedit software
(Ibis Biosciences). Three well established human serine phosphorylation sites are indicated in
red and surrounded by black boxes.
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synthetic membranes (Polzien et al., 2009). Based on these data, BAD can form
membrane interactions in vitro although this is yet to be confirmed in cells.

1.7

BCL-2 family member interactions

Although BAD and BID have dramatically different modes of regulation, one
shared characteristic is translocation upon apoptotic induction.
translocate to the mitochondria to induce apoptosis.

Both proteins

For BAD, mitochondrial

localization is dependent on binding BCL-2 or BCL-XL (Yang et al., 1995). Solving the
BCL-XL structure provided evidence for domains of the anti-apoptotic proteins to bind
apoptotic members such as BAD (Muchmore et al., 1996). A hydrophobic cleft, formed
by BH1, 2 and 3, was proposed to be a major binding site for pro-apoptotic BH3
domains.

Single mutations to BH1 (G145A) and BH2 (W188A) of BCL-2 (and

homologous mutations in BCL-XL) prevent interactions with multi-domain proapoptotic BAX (Cheng et al., 1996; Yin et al., 1994). Inability of BCL-2/BCL-XL to bind
BAX abrogates the anti-apoptotic effect of this interaction in IL-3 deprived FL5.12 cells
(Sedlak et al., 1995; Yin et al., 1994).

BAX activation is a stepwise process that leads to mitochondria localization and
apoptotic induction. Upon apoptotic activation, BAX translocates from the cytosol to
the mitochondrial membrane. Immunofluorescence shows that GFP-BAX has a diffuse
cytosolic localization in L929 fibroscarcoma cells (Wolter et al., 1997). Addition of
staurosporine caused green fluorescent protein (GFP)-BAX to shift from the cytosol to
the mitochondria.

Upon apoptotic stimulation, BAX undergoes a conformational

change that allows mitochondrial localization. In FL5.12 cells, IL-3 withdrawal caused
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translocation of BAX from the cytosol to mitochondrial membranes. This translocation
promoted protection from alkali induced membrane dissociation therefore suggesting
that BAX localization involves membrane insertion (Goping et al., 1998). Solving the
monomeric BAX crystal structure showed a similar conformation to BCL-w, where the
transmembrane domain is hidden within its hydrophobic cleft (Mizushima, 1968). The
transmembrane domain is exposed upon direct activator BH3 protein binding. Through
the use of BIM-SAHB (stabilized α-helix of BCL-2) BH3 peptide, NMR results showed
that this peptide bound BAX at α-helices 1 and 2 (Suzuki et al., 2000). This interaction
was outside the usual hydrophobic cleft and functionally activated BAX in vitro and in
MEFs to induce cytochrome c release. Further NMR data demonstrated that α-helix 9
(transmembrane domain) was dislodged upon BIM-SAHB binding. The transmembrane
domain is released so is the BH3 domain (Gavathiotis et al., 2008). With the BH3
domain exposed, BAX can form homodimers and heterodimers with BAK and BCL2/BCL-XL at the mitochondria (Gavathiotis et al., 2010).

Using atomic force

microscopy, BAX homodimers have been shown to insert into planar membranes and
through channel studies, form pores (Kim et al., 2009).

Once BAX is localized to mitochondrial membranes, anti-apoptotic BCL-2
family members are then able to interact and inhibit its function. BCL-XL interacts with
BAX and tBID at the mitochondrial membrane to inhibit membrane permeabilization
(Epand et al., 2002).

Immunoprecipitation of purified mouse liver mitochondria

showed that BCL-XL binds to both BAX and tBID. Therefore, BCL-XL inhibits BAX
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Figure 2: Hierarchical structure of BCL-2 family
Multi-domain pro-apoptotic BCL-2 proteins promote apoptosis through pore formation
of the outer mitochondrial membrane. Anti-apoptotic members prevent this from
occurring by directly binding BAX and BAK to prevent pore formation. Direct activator
BH3 only proteins bind multi-domain pro-apoptotic proteins and induce an activating
conformational change. They also bind anti-apoptotic proteins and inhibit their
interactions with BAX and BAK. Sensitizer BH3 only proteins bind to anti-apoptotic
members to promote release of multi-domain pro-apoptotic members. Sensitizer BH3
only proteins are activated by extracellular and intracellular signals that induce
translocation to the mitochondria. [Image modified from (Billen et al., 2008)].
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activation two-fold, first by preventing oligomerization of BAX at the mitochondria and
second by removing the activating signal, tBid (Figure 2).

The role of sensitizer BH3 only proteins is well known when apoptosis is
activated. However, their role when not bound to anti-apoptotic BCL-2 proteins is
poorly understood. For BAD, apoptotic induction promotes translocation from the
cytosol to the mitochondrial membrane (Labi et al., 2008). BAD interacts with 14-3-3
proteins in the cytosol, thus providing a cytosolic mechanism of apoptotic regulation
(Wang et al., 1999).

1.8

14-3-3 interactions with BAD

14-3-3 is a family of ubiquitiously expressed proteins which have a wide range
of functions. Initial nomenclature of this family is derived from the position on DEAE
(Diethylaminoethyl) - cellulose chromatography in combination with migration in gel
electrophoresis (Zha et al., 1996). This family of proteins is composed of 7 different
isoforms (β, ε, γ, η, σ, τ and ζ) which were initially separated by reverse phase HPLC
(High Performance Liquid Chromatography) (Fu et al., 2000; Moore and Perez, 1967).
Two other species α and δ, are phosphorylated forms of β and ζ, respectively.
Although 14-3-3 proteins are expressed in every cell, different isoforms are cell type
specific.

All human isoforms of 14-3-3 structure have been solved showing that each
monomer contains 9 α-helices and forms a dimeric complex (Ichimura et al., 1988;
Martin et al., 1993). Each 14-3-3 monomer contains an amphipathic groove (initially
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determined in 14-3-3ζ) which is responsible for protein binding (Gardino et al., 2006).
Additionally, due to each monomeric unit containing this domain, 14-3-3 proteins
contain the ability to bind two substrates simultaneously (Liu et al., 1995). This dual
binding ability suggests a signal transduction role for 14-3-3 proteins by allowing a
scaffold structure for proteins to interact.

Generally, the role of 14-3-3 proteins is in binding serine phosphorylated
proteins. There are two consensus sequences for this interaction, RXSpSXP (where X
can be any amino acid and pS is the phosphorylated serine) and RXY/FXpSXP (where Y
is an aromatic residue, F is a basic residue, X is any amino acid and pS is the
phosphorylated serine) which were deduced from binding interactions from peptide
libraries (Petosa et al., 1998). Intriguingly, it has also been shown that 14-3-3 proteins
can interact with unphosphorylated proteins. An example of this is 5-phosphatase
which contains a RSESEE motif (Yaffe et al., 1997). This motif is thought to act in a
similar fashion to phosphorylated serines due to the negative charge produced by the
respective glutamic acids.

Through the use of a cell free IVTT and yeast two hybrid binding system, BAD
was shown to bind all seven isoforms of 14-3-3 (Campbell et al., 1997). Interactions
with 14-3-3 proteins inhibit the pro-apoptotic role of BAD (Subramanian et al., 2001).
In serum deprived HeLa (human cervical cancer) cells, BAD induced apoptosis was
inhibited slightly more by σ, γ and η than the other isoforms. In COS 7 cells, 14-3-3β
was the only isoform that resulted in a strong reduction in viability upon BAD induced
cell death (Zha et al., 1996).

Structurally, BAD binds 14-3-3 proteins within the

amphipathic groove as conserved residues within this groove are necessary for
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BAD:14-3-3ζ interactions (Subramanian et al., 2001). BAD binding 14-3-3ζ is also
necessary for AKT induced cell protection in COS-7 cells. Mutation of a lysine residue
(K49E) within the hydrophobic groove prevented AKT induced survival. Although BAD
binding 14-3-3 is a pro-survival mechanism, whether this interaction induces
downstream signaling is unknown.

1.9

Regulation of BAD

BAD was shown to interact with BCL-2/BCL-XL although it was unknown how
this interaction was regulated. Using IL-3 dependent FL5.12 cells over-expressing BAD,
the function of IL-3 on BAD induced apoptosis was tested. λ expression cloning and
HA-BAD immunoprecipitations showed that BAD interacted with 14-3-3τ (Yang et al.,
2001). Intriguingly, BAD migrated as a doublet which collapsed to a single band when
potato acid phosphatase (PAP) was added. BAD was immunoprecipitated from cells
incubated with
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P as a means of looking for specific phosphorylation sites. Tryptic

peptides of BAD were applied to a thin layer chromatography (TLC) plate and
separated by charge in the first dimension and hydrophobicity in the second
dimension. Through Edman degradation and direct TLC comparison to peptides where
serines were replaced with phosphoserines; serine 112 (S112) and serine 136 (S136)
were deduced as BAD phosphorylation sites. By mutating S112, S136 or both sites to
alanine, it was shown that either phosphorylation site was sufficient for 14-3-3β/γ
binding (Zha et al., 1996).

Consistent with many other BCL-2 family members, the apoptotic role of BAD
is regulated mainly by its intracellular location (Zha et al., 1996). The BH3 domain of
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BAD interacting with BCL-XL is critical for BAD localization to the mitochondria.
Deletion mutants of BAD in BL21 (competent E.coli) cells showed that mBAD 141-172 is
necessary and sufficient for BCL-2/BCL-XL binding (Puthalakath and Strasser, 2002).
These residues contain the BH3 α-helix of BAD (mBAD 143-153) thus providing
evidence of the importance of this domain. In fact, a single point mutation, L151A
(L114A in human) is enough to disrupt the interaction with BCL-XL by greater than
90%. This interaction was determined in vitro using co-immunoprecipiation of BCL-XL
combined with IVTT-generated BAD and BADL151A as well as in cells using FL5.12-BCLXL cells transfected with BAD constructs. In FL5.12 cells, BADL151A did not induce
apoptosis upon IL-3 withdrawal.

Although this assay used an artificial approach in manipulating the BH3
domain, one post-translational modification site, serine 118 (hBAD numbering), is
within the BH3 domain (Zha et al., 1997). In the presence epidermal growth factor
(EGF), BAD is phosphorylated at this site (Lizcano et al., 2000; Tan et al., 2000; Virdee
et al., 2000). This phosphorylation site is within the hydrophobic face of the
amphipathic α-helix and directly disrupts the binding of BAD to BCL-XL (Zhou et al.,
2000). At this time, serine 118 is the only site of post-translational modification within
the BH3 domain although it has been shown that other mutations (eg. L114A and
D119G) lead to an inability of BAD to bind anti-apoptotic BCL-2 members (Tan et al.,
2000; Virdee et al., 2000; Zhou et al., 2010).

In order for serine 118 to become phosphorylated, multiple growth promoting
or anti-apoptotic kinases are necessary. The phosphorylation of serine 118 is a cell
type and stimulus dependent event. In vitro and in HEK 293 (Human Embryonic
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Kidney) cells, PKA (Protein Kinase A) and RSK1 (Ribosomal S6 Kinase1) are potent
kinases for serine 155 (mouse numbering, serine 118 in human) (Adachi et al., 2003).
In HEK 293T cells, it was shown that Chk1 phosphorylates mBAD at serine 155 in vitro
and was detected via immunoprecipitation to bind with mBAD in HEK 293T cells (Zhou
et al., 2000). In N1E-115 cells (mouse neuroblastoma line), serine 155 phosphorylation
was induced by PKG (Protein Kinase G) (Han et al., 2004). Other known kinases for
serine 118 include the Pim kinases (Pim-1,2 and 3) which phosphorylate this site with
differing specificities in HEK 293 cells (Johlfs and Fiscus, 2010). Due to this cell type
specific kinase activation, identifying upstream pro-survival signaling pathways is
crucial in understanding the role of BAD in different cells.

Kinases that phosphorylate serine 75 and 99 are also stimuli and cell type
dependent. Initial discovery of these sites demonstrated that extracellular factors (eg.
IL-3) were capable of inducing phosphorylation at both sites (Macdonald et al., 2006).
In primary neurons, IGF-1 (insulin like growth factor-1) stimulation induces specific
activation of phosphatidylinositol 3 kinase (PI3K) and elicits a pro-survival response
(Zha et al., 1996). Activation of PI3K induces a downstream cascade of other kinase
activations including AKT. Transfection of active AKT into granule neuronal cells
induces a pro-survival effect through phosphorylation of mBAD at serine 136 (serine 99
in human). By mutating mBAD at serine 136 to alanine, this protective effect of IGF-1
was ablated (Dudek et al., 1997).

On the other hand, addition of IL-3 induces phosphorylation of mBAD serine
112 (hBAD 75). In vitro immunoprecipitation analysis of FL5.12 lysates determined
that in the presence of IL-3, BAD binds PKA (Datta et al., 1997). Addition of a PKA
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specific inhibitor (H89) prevented serine 112 phosphorylation.

Another kinase

responsible for mBAD serine 112 phosphorylation is pp90 ribosomal 6 kinase-2 (RSK-2).
Activated RSK2 immunoprecipitates with BAD in HEK 293T lysates and induces
BADS112 phosphorylation (Bonni et al., 1999). In cerebral granular neurons grown in
serum free media, co-transfection of RSK-2 and wild-type BAD prevented cell death.
Transfection of BAD S112A or dominant negative RSK-2 still promoted apoptosis (Bonni
et al., 1999).

Unlike the three major phosphorylation sites, serine 91 (mBAD serine 128) has
an opposing role. Through in vitro kinase assays and in vivo pathways stimulation, cJun N-terminal kinase (JNK) was shown to phosphorylate this site (Bonni et al., 1999).
Phosphorylation of mBAD serine 128 promoted cell death in granule neurons that
were insulin deprived. Furthermore, an ischemic brain injury model in mice promoted
increased mBAD serine 128 phosphorylation through JNK activation (Donovan et al.,
2002).

Although serine 128 phosphorylation promoted cell death, this site was

dependent on AKT activation and serine 136 phosphorylation.

Similar in function to mBAD serine 128 phosphorylation, a recent report has
demonstrated that BAD can be methylated on two arginine residues (Wang et al.,
2007). Intriguingly, the AKT consensus sequence (RxRxxS) also contains two Rx motifs
which are consensus sites for protein methyl arginine transferase (PRMT) (Sakamaki et
al., 2011). Through the use of point mutants in HEK 293T cells, arginine 94 and 96
were shown to be methylated by PRMT1 (Wooderchak et al., 2008). Methylation of
these sites inhibits phosphorylation of serine 99 by AKT1.

Furthermore, BAD
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immunoprecipitations from HEK 293T lysates determined that arginine methylation
promoted binding to BCL-XL and inhibited binding to 14-3-3β (Sakamaki et al., 2011).

The phosphatases that dephosphorylate serine 75, 99 and 118 are also site
specific and stimulus sensitive. For example, hBAD serine 75 is dephosphorylated by
protein phosphatase 2A (PP2A) and is thought to be a gatekeeper to the other
phosphorylation sites (Sakamaki et al., 2011). This was shown in FL5.12 cells stably
expressing BAD and BCL-XL. Upon IL-3 withdrawal, cell lysates were prepared at
different time points and were immunoblotted for phosphorylation of mBADS112 and
mBADS136. Based on these data, serine 112 was dephosphorylated prior to serine 136
(Chiang et al., 2003).

The role of phosphatase activation is important for the function of BAD. For
instance, in HEK 293 cells calcineurin induces BAD translocation to the mitochondria
(Chiang et al., 2003). This was shown by transiently transfecting HEK 293 cells with
catalytically active calcineurin, FLAG-BAD and BCL-XL. By immunoprecipitating FLAGBAD, it was determined that calcineurin increased the binding affinity of BAD with BCLXL. Subsequent immunofluorescence experiments showed that increasing cytosolic
calcium [through addition of thapsigargin; known inducer of calcineurin (Wang et al.,
1999)] promoted BAD localization to the mitochondria (Tombal et al., 2000). Later, it
was determined that calcineurin dephosphorylated mBAD at mainly serine 155
(hBADS118) (Wang et al., 1999). This was determined using phospho-specific serine
155 antibodies in the presence of calcineurin inhibitors cyclosporine A and FK506.
However, based on the experiments conducted other sites cannot be ruled out.
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In summary, serines 75, 99 and 118 phosphorylation prevents the apoptotic
function of hBAD. Alternatively, serine 91 (mBAD 128) and methylation of arginine 94
and 96 act in an opposing manner by inducing apoptosis. Although these mechanisms
are critical for the apoptotic role of BAD, their function in non-canonical pathways is
poorly understood.

1.10

Cell cycle effects of BCL-2 family – The role of BAD in cell cycle

BCL-2 family members are critical in regulating apoptosis; however, noncanonical cell cycle roles have emerged. BCL-2 and BCL-XL have been shown to have
direct effects on cell cycle progression. T-cells in transgenic mice expressing the lckBCL-2 transgene exhibited delayed S-phase entry following T-cell activation (Yang et al.,
2004). Consistent with this, IL-3 withdrawal in FDC-P1 cells expressing BCL-2 generated
mainly quiescent cells (Linette et al., 1996; O'Reilly et al., 1996). Intriguingly, the
apoptotic and cell cycle functions of BCL-2 were separated by mutating a conserved Nterminal tyrosine (Y28, within the BH4 domain). In FDC-P1 cells, IL-3 withdrawal
induced equivalent cell death of Y28 mutants as BCL-2 control. However, after IL-3 readdition wild-type BCL-2 cells took approximately 6 days to transition into S-phase
while cells transfected with BCL-2 mutated at Y28 began cycling after 2 days (Vaux et
al., 1988). Consistent with this result, in the WAP-Tag-BCL-2 breast tumor progression
mouse, BCL-2 retained anti-apoptotic function and lost anti-mitotic function (Huang et
al., 1997). Alternatively, in Rat1MycER (fibroblasts expressing a Myc-estrogen receptor
fusion) cells, the role of BclxL/BCL-2 in apoptosis was completely linked to the cell cycle
role and could not be separated by the Y28 mutation (Furth et al., 1999). Due to the
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contradictory nature of these studies, further analysis of Y28 and the BH4 domain is
needed to address their functions.

Further investigation into the cell cycle role of BCL-2 showed that the effect of
BCL-2/BCL-XL expression led to an inhibition of Go/G1 progression (Janumyan et al.,
2003).

The rationale as to how an anti-apoptotic protein can inhibit cell cycle

progression is based on the binding partners BCL-2 and BCL-XL share. In BAX/BAK DKO
MEF cells, over-expression of that BCL-2 and BCL-XL had no effect on cell cycle
progression thus implicating BAX and BAK as mediators of the cell cycle effects. In
these same cells, p27 levels were elevated as was an activating phosphorylation (serine
10). Re-expression of BAX and BAK caused depletion of p27 levels, decreased the
kinase responsible for serine 10 phosphorylation (Mirk) and as a result decreased the
phosphorylation of p27. Based on these data, the authors concluded that BCL-2 and
BCL-XL interrupted cell cycle progression due to their interactions with BAX and BAK
(Chattopadhyay et al., 2001; Janumyan et al., 2003).

BAD has been shown to inhibit this cell cycle effect by directly binding BCL-XL.
Rat1 fibroblast cells stably over-expressing BAD and BCL-XL showed increased cell cycle
progression in 0.1% serum and increased contact conditions compared to BCL-XL overexpressing cells (Janumyan et al., 2008).

Furthermore, Rat1 fibroblasts over-

expressing wild-type BAD or mutant BAD unable to bind BCL-XL (BADL151A),
demonstrated the importance of BAD binding to BCL-XL for progression to S-phase in
0.05% serum conditions (Chattopadhyay et al., 2001).
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Consistent with these results, a report from our group determined a similar
role for BAD in MCF-7 and SK-BR-3 breast cancer cells. In MCF-7 cells, siRNA to BAD
inhibited progression to the G2/M phase of the cell cycle (Chattopadhyay et al., 2001).
Furthermore, siRNA to BAD resulted in decreased overall cell numbers after 48 and 96
hours of growth for MCF-7 and SK-BR-3 cells, respectively.

Alternatively, BAD has also been shown to inhibit cell cycle by a novel DNA
binding mechanism. In MCF-7 breast cancer cells, BAD over-expression caused a
decrease in cyclin D1 protein (Craik et al., 2010). Through electrophoretic mobility
shift assay (EMSA) and chromatin immunoprecipitation (ChIP) BAD was shown to bind
c-Jun at the transcription response element (TRE) for cyclin D1. Furthermore, BAD was
shown using a luciferase reporter assay of the cyclin D1 TRE to inhibit transcription of
cyclin D1 which was serine 75 and 99 dependent.

Due to the conflicting nature of these results, further analysis is needed to
understand the role of BAD in the cell cycle. Importantly, BAD regulation between
apoptosis and cell cycle progression could be used as a therapeutic target.

1.11

Clinical implications of BAD expression

Although removal of BAD has a minor role in mouse tumor promotion,
clinically, increased BAD expression can positively correlate with patient outcome. For
breast cancer patients, BAD expression was correlated with Docetaxel response
(Fernando et al., 2007). Patient samples were scored as either having high or low BAD
expression by immunohistochemistry (IHC). Patients whose tumors had high BAD
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levels also had increased disease free survival (DFS) and overall survival (Craik et al.,
2010). Furthermore, in estrogen receptor positive breast cancer, BAD is associated
with response to tamoxifen (Craik et al., 2010). Patients whose tumors expressed high
levels of BAD had an increased disease free survival after tamoxifen treatment.

Independent of treatment type, BAD expression has been linked to patient
outcome. In androgen independent prostate cancer (AIPC), BAD expression has been
correlated to increased time prior to relapse and overall survival (Cannings et al.,
2007). Consistent with this result, non-small cell lung cancer patients whose tumors
had low BAD expression had significantly shorter survival times (Teo et al., 2007).
However, in gastric cancer patients from Brazil, BAD has no prognostic significance for
overall outcome (Huang et al., 2011). Based on these results, the role of BAD in cancer
is variable. Using BAD as a prognostic marker or therapeutic target may need to be
addressed on a cancer type or even cell type basis.

Based on the regulatory role the BH3 domain plays in BAD function; it could be
expected that these regions would be susceptible to mutation. Intriguingly, in six
different cancer types: non-small cell lung cancer (Barrezueta et al., 2010), B-cell
lymphoma (Huang et al., 2011), gastric cancer (Schmitz et al., 2006), ovarian serous
and muscinous tumors (Barrezueta et al., 2010; Jeong et al., 2007) and hepatocellular
tumors (Kim et al., 2006) there were no detectable mutations in the BAD gene.
However in human colon cancer samples, 2 mutations were detected in 47 patient
samples. Intriguingly, these mutations were shown in vitro to inactivate BAD and BCLXL interactions (hBAD E113K and L114F) (Yoo et al., 2006). Based on these data, BAD
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mutations are unlikely to cause tumor induction although disruption of BCL-XL binding
may increase susceptibility for tumor formation.

1.13

Non-canonical roles of BAD

The apoptotic role of BAD is well established while non-canonical roles are
gradually emerging. In BAD knock-out mice (BAD -/-) there are two major phenotypes
that arise.

First, BAD -/- mice display abnormal glucose homeostasis (Lee et al., 2004).
Liver mitochondria extracted from BAD -/- mice were less efficient than wild-type mice
at using glucose as measured by glucokinase production of glucose-6-phophate. BAD
promotes this phenotype by binding proteins outside the BCL-2 family. BAD formed a
holoenzyme complex containing protein phosphatase 1 (PP1), Wiskott-Aldrich family
member (WAVE-1), PKA and glucokinase. Using 3-dimensional western blot analysis
(first dimension – gel filtration of mitochondrial proteins, second dimension – nondenaturing gel electrophoresis, third dimension – denaturing SDS-PAGE) the complex
was resolved. In BAD -/- hepatocytes, the complex did not form thus providing
evidence of the necessity of BAD in this complex. Intriguingly, complex formation was
independent of mBAD phosphorylation status (determined by genomic knock-in of
serine mBAD serine 112, 136 and 155 alanine mutant, BAD3SA/3SA mice) while mBAD
phosphorylation was necessary for glucokinase activity (Danial et al., 2003). Based on
this result, BAD has a critical role in glucose homeostasis of mouse liver hepatocytes.
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In mouse pancreatic β cells, a similar role for BAD emerges. In BAD -/- mice, glucose
stimulation via hyperglycemic clamp studies resulted in depressed insulin secretion
from β cells compared to BAD +/+ mice. BAD -/- mice could be rescued by transfection
of GFP-BAD in which insulin release was restored. Mutation of the BH3 domain of BAD
prevented this function (mBAD L151A) as did the non-phosphorylable mutant
(BAD3SA) (Danial et al., 2003). By probing the phosphorylation site responsible for
BCL-XL binding (mouse BAD serine 155) it was determined that this site was critical for
glucokinase activity in this complex (Danial et al., 2008). Based on these data, BAD has
a bifunctional role in regulating metabolic and apoptotic functions which is regulated
by its BH3 domain.

Second, mice lacking BAD develop diffuse large B cell lymphoma after
approximately 15 months (Danial, 2008). In comparison, p53 -/- mice develop tumors
at an accelerated rate (approximately 6 months) (Ranger et al., 2003). This relatively
slow progression of tumor development supports the idea that BAD is not critical for
apoptotic induction but sensitizes cells to extrinsic stimuli. Based on this, BAD does
not have a direct transforming role as other gene mutations are potentially necessary
for tumor progression.

Intriguingly, although BAD -/- mice develop tumors, BAD over-expressing
cancer cells also develop tumors. C4 (prostate cancer) cells over-expressing luciferase
tagged BAD had increased tumor growth in a xenograft model compared to control
(Finlay, 1992). Consistent with this, these cells also proliferated at an accelerated rate
in vitro. Alternatively, A549 (lung cancer) cells over-expressing BAD had decreased
proliferation and tumor growth in a xenograft model.
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The tumor promoting role of BAD is poorly understood. Based on these
reports, BAD can act either by inhibiting or promoting tumor growth. In order to use
BAD in a prognostic or a therapeutic setting, deciphering what causes these polar
phenotypes is necessary.

1.14

Purpose of study

The primary aim of this study is to decipher the role of BAD in breast cancer
cell proliferation and tumor growth. This study shows that BAD promotes cell survival
which is regulated through phosphorylation. As well, this study shows that BAD
promotes tumor growth and suggests a regulatory mechanism where serine 118
phosphorylation regulates apoptotic and tumor growth functions.
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2.1

Reagents

Antibodies raised against BAD (B0684), phosphospecific BAD serine 155
(SAB4300343), Bcl-xL (B9429) (used for western blotting) and α-Tubulin (T1568) were
purchased from Sigma-Aldrich (St. Louis, MO). The antibody raised against Bcl-xL
(#2762) used for co-immunoprecipitation was purchased from Cell Signaling
Technologies. Cytochrome c antibody used for immunofluorescence (556432) was
purchased from BD Pharmingen. 14-3-3ζ (c-16) antibody was purchased from Santa
Cruz.

Pan-14-3-3 antibody (sc-629) was a gift from Dr. Shairaz Baksh (originally

purchased from Santa Cruz).

Anti-mouse BrdU antibody was a gift from Dr. Chris

Bleackley. Alexa Fluor® 488 goat anti rabbit IgG (A-11008) and Alexa Fluor® 555 goat
anti mouse IgG (A-21422) were purchased from Invitrogen. siRNA duplexes HS_3
BAD(#SI00299348) and Allstars Negative Control siRNA (#SI03650318) were purchased
from Qiagen. TMRE (Tetramethylrhodamine ester) (T669), annexin V-PE (51-65875x),
DAPI, Lipofectamine™ 2000 (11668-027) and propidium iodide (P-3566) were
purchased from Invitrogen. Sal I (NEB R0138S) and Xho I (NEB R0146S) restriction
endonucleases as well as λ phosphatase (NEB, P0753) were purchased from New
England Biolabs (NEB).

Paclitaxel (T1912-5MG), Cisplatin (P4394-250MG) and

staurosporine (G4400) were purchased from Sigma-Aldrich.

Complete EDTA-free

Protease Inhibitor Cocktail Tablets (11 873 580 001) and PhoSTOP phosphatase
inhibitor tablets (04 906 837 001) were purchased from Roche.
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2.2

Cell Culture

MDA-MB-231 breast cancer cells were obtained from Dr. Gordon Mills (MD
Anderson Cancer Center, University of Texas). Cells were cultured in RPMI 1640
(Invitrogen/Gibco, 11875-093) supplemented with 10% fetal bovine serum (FBS)
(Sigma-Aldrich Life Sciences, F1051-500mL) under normal growth conditions (37°C in
the presence of 5% CO2). Stable cell lines were carried in RPMI 1640 supplemented
with 10% FBS and 1mg/mL Geneticin® (Gibco, 11811-031) made up in Dulbecco’s
Phosphate Buffered Saline (dPBS) (Gibco, 14190-144).

All experiments were

conducted in the absence of Geneticin® in RPMI 1640 supplemented with 10% FBS
(complete media).

2.3

Stable Cell Line Creation

Stable lines were generated by transfecting cells with 3 µL Lipofectamine™
2000 reagent and 800 ng of the appropriate DNA construct. 1x105 MDA-MB-231 cells
were transfected in a 24 well plate with either empty pcDNA3.1 vector or pcDNA3.2
vectors (Invitrogen) containing BAD constructs (see Figure 3 and Figure 4 for empty
vector constructs).

Cells were incubated for 48 hours prior to harvesting and

transferred to a 10 cm2 dish. Harvesting for stable lines consisted of washing 1x with
1mL trypsin-EDTA followed by incubation with 1 mL of trypsin-EDTA till cells were no
longer adherent.

Stable cells lines were selected using 1 mg/mL Geneticin

(Invitrogen/Gibco) for approximately 14 days. Colonies were then marked (on bottom
of plate), media was aspirated and plate was washed 2x with sterile dPBS. 0.5 µL of
trypsin-EDTA was added to each marked colony, pipetted up and down slowly for 30
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seconds and placed in a pre-filled 96 well flat bottom plate. Wells were filled with
RPMI 1640+10% FBS and 1 mg/mL Geneticin®. Colonies were transferred individually
into separate wells. After all marked colonies were transferred, plate was washed 2x
with dPBS and complete media was replaced. Prior to reaching confluency, remaining
cells were harvested and frozen in RPMI 1640 supplemented with 10% FBS and 10%
dimethylsulfoxide (DMSO) as bulk stocks.

2.4

Transient Transfection
8x104 MDA-MB-231 breast cancer cells were seeded in a 24 well dish and

incubated for 16-18 hours to adhere prior to transfection. Transfection complex was
formed from using 3 µL of Lipofectamine™ 2000 (Invitrogen, 11668-027) diluted in 50
µL of Opti-MEM (Invitrogen, 11058-021). DNA constructs were simultaneously diluted
in 50 µL of Opti-MEM and were incubated for 5 minutes. Lipofectamine™ 2000
solution was then mixed with diluted DNA and incubated for 15 minutes at room
temperature. Media was removed from cells and replaced with 400 µL of warm
complete media. After incubation, the transfection complex was added to cells as per
manufacturer’s instructions. Cells were incubated for 48 hours in transfection complex
prior to harvesting or imaging.
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Figure 3: Vector map of pENTR1A
Red arrows indicate restriction sites used for cloning BAD into pENTR1A.
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Figure 4: Vector map of pcDNA3.2/V5-DEST
Expression vector map of pcDNA3.2/V5-DEST which was used to express BAD
constructs.
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2.5

RNA isolation from MCF7 cells
RNA from 6x106 MCF7 breast cancer cells was extracted using Trizol RNA

preparation (Invitrogen, 15596-026) of, as per manufacturer’s instructions (by Richard
Veldhoen). Briefly, cells were harvested and centrifuged at 500xg for 5 minutes. One
mL of Trizol reagent was added and cells were incubated for 5 minutes. Two hundred
µL of choloroform was then added to the 1mL solution and samples were shaken
vigorously for 15 seconds, incubated for 3 minutes and centrifuged at 12 000xg for 15
minutes at 4°C. The colorless aqueous phase was removed and 500 µL of isopropanol
was added, inverted three times and incubated for 10 minutes prior to centrifugation
at 12 000xg for 10 minutes at 4°C. The supernatant was then removed and the sample
was allowed to air dry prior to resuspension in 20µL of sterile water.

2.6

RT PCR of human BAD

The initial BAD construct was generated in our lab (by Graeme Quest) using
Superscript III Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) kit
(Invitrogen). Reaction was performed as per manufacturer’s instructions except that
we used 1 µg of RNA (from above extraction), 10 µM forward and reverse BAD primers
(Primer 1 and 2 in Table 1) and 1.25 Units of Platinum Pfx Polymerase (Invitrogen,
11708-013).
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Primer

Primer Name

Sequence

1

hBAD (human BAD) forward

CAC CAT GTT CCA GAT CCC AGA GTT TG

2

hBAD reverse

AAG CTT CAC TGG GAG GGG GCG GAG CTT

3

WT BAD 5' for Gateway w/ Sal I

ACT ATG GTC GAC ATG TTC CAG ATC CCA GAG

4

WT BAD 3' for Gateway w/ Xho I

AAA AAT CTC GAG TCA CTG GGA GGG GGC GGA

5

hBAD S118A Mutagenesis 5'

CGA GCT CCG GAG GAT GGC TGA CGA GTT TGT
GGA C

6

hBAD S118A Mutagenesis 3'

GTC CAC AAA CTC GTC AGC CAT CCT CCG GAG
CTC G

7

hBAD S118D Mutagenesis 5'

CGA GCT CCG GAG GAT GGA TGA CGA GTT TGT
GGA C

8

hBAD S118D Mutagenesis 3'

GTC CC AAA CTC GTC ATC CAT CCT CCG GAG
CTC G

Table 1: Primer sequences
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2.7

TA Cloning of hBAD

Cloning of BAD into pcDNA3.1D/V5/His was performed (by Graeme Quest) as
per manufacturer’s instructions (Invitrogen, K4800-01) with the following changes:

PCR product was diluted 1:30 due to high efficiency of prior PCR reaction. One
µL of diluted PCR product was added to the reaction.

Transformation was carried out using 2µL from TOPO® Cloning reaction was
added to transform 50µL One Shot® TOP10 Chemically Competent E. coli (see below
for transformation protocol).

Upon completion, pcDNA3.1D/V5/His/hBAD was used as template DNA for
Gateway® insertion.

2.8

Creation of SalI and XhoI restriction sites for Gateway® insertion

Generation of the wild-type BAD entry plasmid was done using TopTaq PCR
protocol (Qiagen, 200203) as per manufacturer’s instructions with the following
manipulations. 10 ng of template DNA (pcDNA3.1D/V5/His/hBAD), 10 mM forward
and reverse primers (primer number 3 and 4 in Table 1, respectively), 0.25 µL (1.25
Units) Top Taq Polymerase (200203 Qiagen), 5 µL of 10x TopTaq PCR Buffer, 1 µL of
dNTPs (10 mM, 201900). Primers included 5’ Sal I endonuclease recognition site
(GTCGAC) upstream of ATG and a 3’ Xho I recognition site (CTCGAG) downstream of
stop codon. The PCR cycling protocol was as described in Table 2.
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Segment

Denaturation Step

Cycles

Temperature (°C)

Time

1

94

3 minutes

18

94

30 seconds

Annealing Step

57

30 seconds

Elongation Step

72

45 seconds

72

5 minutes

Final Elongation

1

Table 2: PCR protocol for amplification of hBAD DNA including Sal I and Xho I
restriction sites
PCR reaction was performed using an Eppendorf Mastercycler Gradient PCR machine
(Mullis et al., 1986). PCR protocol was created based on primers being used and length
of product DNA being created. (For sequence of primers see Table 1).

58

2.9

Gel Purification of PCR products

PCR products were then gel purified using the QIAquick Gel Extraction Kit
(Qiagen, 28704) after samples were run on a 1% agarose gel as per manufacturer’s
instructions using the following method:

Agarose gel slice containing DNA was dissolved in 3:1 volumes QG buffer
(Qiagen, 19063) to gel weight and heated at 50°C for 15 minutes. Next, 1 volume of
isopropanol was added and the samples were placed into QIAquick spin columns and
centrifuged at 14 000xg for 1 minute. Tubes were attached to vacuum manifold until
flow through was removed and 500 µL QG buffer (Qiagen,19063) was added. Again,
tubes were centrifuged and attached to vacuum manifold to remove flow through.
The column was then washed with 750 µL PE buffer (Qiagen, 19065), centrifuged and
attached to vacuum manifold. Prior to eluting, columns were centrifuged again and
flow through was removed. Finally, 30 µL of sterile water was added, incubated for 5
minutes and centrifuged for 1 minute at 14 000xg, eluting samples into clean 1.5 mL
tubes.

2.10

Creation of hBAD cDNA in Gateway® system

Gel purified products were cleaved using Sal I and Xho I endonucleases using
the following procedure in Table 3. Reactions were incubated at 37:C for 60 minutes
and were screened for cleavage efficiency by agarose gel electrophoresis.
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Component

Volume

BSA

0.5µL

10x NEB Buffer 3

5µL

Sal I

1µL

Xho I

1µL

hBAD PCR product or

28µL

pENTR1A (Figure 3)

1uL

Water

14.5µL
41.5µL

Table 3: Restriction enzyme digestion of products designed for entrance into
Gateway® system
Restriction enzyme digestion was carried out on PCR products to allow entrance of
hBAD DNA into Gateway cloning system. Red lettering represents the differences in
component parts involved in the pENTR1A restriction compared to hBAD PCR
template.
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Samples were run on a 0.8% agarose gel to ensure endonuclease products were
properly cleaved. Cleaved template was then added to cleaved pENTR1A and a ligation
reaction was performed using the T4 DNA Ligase kit (Invitrogen, 15224-017) as follows:

4 µL of 5x T4 DNA Ligase Buffer (10mM Tris-Hcl (pH 7.5), 50 mM KCl, 1 mM DTT
and 50% (v/v) glycerol), 2.5 µL of pENTR1A (30 fmol), 10.2 µL of hBAD insert (90 fmol),
0.2 Units of T4 DNA Ligase and 3.1 µL water (20 µL total volume). The reaction was
carried out at room temperature for 1 hr. After ligation, constructs were transformed
into DH5α E.coli.

2.11

Transformation method

Transformation protocol modified from (Avery et al., 1944).

Briefly,

transformation was done by adding 2 µL of ligated DNA to 50 µL of DH5α bacterial cells
in a 13 mL bacterial tube (BD Falcon 352059) and incubating on ice for 5 minutes.
Mixture was incubated in a water bath at 42°C for 30 seconds. The reaction was
terminated by prompt placement on ice for a 5 minute incubation. Transformed cells
were then resuspended in 250 µL of SOC media (prepared as per instructions in
Molecular Cloning: A Laboratory Manual, Third Edition, Volume 3, Appendix A2.3) and
incubated for 8 hours at 37°C in a bacterial shaker. One hundred µL of this mixture
was then plated on LB (Lysogeny broth) - agar containing 100 µg/mL Kanamycin (Kan)
and spread using a “hockey stick” style bacterial spreader. Single colonies were then
isolated for continuation of Gateway® cloning protocol (LR Clonase reaction).
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2.12

LR Clonase reaction

For placement of hBAD entry vector insert into pcDNA3.2 destination vector,
an LR clonase reaction was performed.

This reaction was performed as per

instructions listed in Table 4. LR Clonase enzyme was added last after a brief vortex to
mix. PCR tube containing reaction was incubated at 25°C for 60 minutes in PCR
machine. Next, 2 µL of Proteinase K was added which was incubated for 10 minutes in
a 37°C bacterial incubator. 1 µL of DNA was transformed into 50 µL of DH5α E.coli (see
materials and methods for transformation protocol).

Transformed bacteria were

plated on LB-agar bacterial plates for 16 hours which contained 100 µg/mL Ampicillin
(Amp).

Colonies were picked from Amp containing bacterial plates, grown overnight in
5 mL of LB containing Amp and DNA was extracted using GeneJet™ Plasmid Miniprep
Kit (Fermentas, K0502) (see below).

2.13

Mini-prep DNA

GeneJet™ Plasmid Miniprep Kit was performed as per manufacturer’s
instructions. Briefly, bacterial cells were centrifuged at 6800xg for 2 min in a 1.5 mL
centrifuge tube and excess media is decanted. Cells were then resuspended in 250 µL
of resuspension buffer and vortexed to ensure full suspension. Cells were then lysed in
250 µL of lysis buffer and inverted 5 times. 350 µL of neutralization solution was
added after a 5 minute incubation and inverted 5 times. Neutralized mixture is then
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Component

Volume (µL) or amount

LR Reaction Buffer

2 µL

Entry Clone (hBAD/pENTR1A)

50 ng of DNA

Destination Vector (pcDNA3.2)

75 ng of DNA

Tris-EDTA (TE Buffer)

Bring solution up to 4 µL

LR Clonase Enzyme Mix

2 µL

Total Volume

8 µL

Table 4: LR Clonase reaction of hBAD/pENTR1A into pcDNA3.2
LR Clonase reaction which created hBAD/pcDNA3.2/V5-DEST. This construct was used
as an expression vector for all experiments.
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centrifuged at 14 000xg for 5 minutes and supernatant is moved to GeneJet™ spin
column. Column is centrifuged for 1 minute at 14 000xg; flow through is discarded.
Column is then washed 2 times with 500 µL of wash solution and centrifuged at 14
000xg for 45 seconds; flow through is discarded. After second centrifugation, column
is centrifuged without adding wash solution to ensure column is fully dry. DNA is
eluted from column in 40 µL of sterile water by adding water to top of column,
incubating for 2 minutes and centrifuging for 2 minutes at 14 000xg. DNA is then
analyzed using a standard spectrophotometer or Nanovue™ (GE Healthcare)
spectrophotometer.

2.14

Site Directed Mutagenesis

Mutagenesis was performed using Quikchange® Lightning Site-Directed
Mutagenesis Kit (Stratagene) as per manufacturer’s instructions. Briefly, primers were
designed to overlap the mutation site with a minimum of 10 base pairs on either side
of the mutation site. Primers were designed using a web-based software program
available at: http://www.stratagene.com/qcprimerdesign

Primers for the reactions were purchased from IDT (Coralville, Iowa) for both
serine 118 Alanine and Aspartic Acid mutations (See primers 5-8, Table 1).

See site directed mutagenesis reaction mixture in Table 5. Solution was mixed
prior to addition of Quikchange™ Lightning Enzyme. After addition of enzyme, solution
was mixed gently and placed directly in PCR machine (see protocol, Table 6).
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Component

Volume of supplied components or
quantity of added components

10x Reaction Buffer

5 µL

Forward and Reverse Primer (see table 1)

(125 ng)

dNTP mixture

1 µL

Quik Solution Reagent

1.5 µL

Template DNA (pENTR1A/hBAD)

(100 ng)

Water

Up to 50 µL

Quikchange Lightning Enzyme

1 µL

Table 5: Site Directed Mutagenesis PCR Solution Mixture (Quikchange® Lightning Site
Directed Mutagenesis Kit)
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Segment

Cycles

Temperature (°C)

Time

Denaturation Step

1

95

2 minutes

18

95

20 seconds

Annealing Step

60

10 seconds

Elongation Step

68

1 min. 33 secs (30
seconds/kb)

68

5 minutes

Denaturation Step

Final Elongation

1

Table 6: Site Directed Mutagenesis PCR Protocol
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After PCR reaction had taken place, 2 µL of DpnI endonuclease was added to cleave
methylated DNA (template). Sequence of pENTR1A/hBAD S118A and pENTR1A/hBAD
S118D were confirmed after PCR reaction.

2.15

Proliferation Assays
Protocol modified from (Craik et al., 2010). Briefly, cells were plated at 1.0x105

cells in multiple 60mm2 dishes corresponding to individual time points. Cells were
allowed 16-18 hours to adhere to the plates before harvesting and counting with a
haemocytometer. Following this initial time point, cells were harvested every 24 hours
thereafter. Cell harvesting consisted of aspirating the growth media, washing with 1
mL dPBS (Dulbeccos Phosphate Buffered Saline, Invitrogen, 14040-133), followed by
addition of 0.5 mL of 0.05% trypsin-EDTA (Invitrogen, 25300-062). Cells immersed in
trypsin were subjected to a 5 minute incubation at 37°C (bacterial incubator) followed
by addition of 2 mL of non-sterile growth media containing FBS to inactivate trypsin.
Plates were counted in duplicate and values were averaged from three separate
experiments.

2.16

Western Blotting Technique

Original technique developed by (Burnette, 1981; Davies and Stark, 1970).
SDS-PAGE was performed on harvested cells and immunoprecipitated lysates in a
similar fashion. Lysates were mixed with 2x loading buffer (100 mM Tris pH6.8, 16%
glycerol, 3.2% SDS, 8% 2-β mercaptoethanol and 1% bromophenol blue) and
equivalent cell number or fraction volume was added to each lane. 12% acrylamide
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gels were used for all experiments.

Electrophoresis of the acrylamide gels was

accomplished using 180V for approximately 1 hour. Gels were then removed from
running apparatus and equilibrated in methanol based transfer buffer (14.425 g/L
glycine, 3 g/L Tris and 200 mL/L methanol). PVDF membrane (Biorad, 162-0177) was
charged using pure methanol for 15 seconds prior to 5 minute incubation with western
transfer buffer. Filter paper and transfer sponges were also incubated for 5 minutes
prior to transfer assembly. Western transfers were electrophoresed for 1 hour at
room temperature using 400 mA of current. After transfer completion, membranes
were incubated at room temperature in 5% skim milk (made in Tris Buffered SalineTween20 (TBS-T)) for 1 hour. Primary antibodies were then added (see Table 7 for
dilutions) overnight and incubated on shaking table in a 4°C walk-in refrigerator.
Approximately 18 hours later, membranes were washed 3 times in TBS-T for 10
minutes each.

Membranes were then incubated in HRP conjugated secondary

antibodies (1:3000) for 1 hour. Following this incubation, membranes are washed with
TBS-T 3 times for 10 minutes. Membranes are then developed using ECL systems (GE
Healthcare) for western blot detection.

2.17

In Vivo Mouse Xenograft

As previously performed in (El-Kalla et al., 2010). Briefly, cells were harvested
from three 10 cm2 dishes at approximately 95% confluency. An aliquot was removed
for cellular quantification using a haemocytometer (Assistent, 0.100mm, Neubauer
Improved). Cells were then pelleted by centrifugation at 500xg for 5 minutes. Media
was aspirated and 900 μL of RPMI 1640 supplemented with 10% FBS was used to
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resuspend cell pellet. Three hundred μL of Matrigel (BD #354234) was then added to
each tube and the cells were immediately placed on ice. After thorough mixing, Dr.
Shairaz Baksh or I injected 150 μL into each rear flank of an athymic nude mouse
(Taconic Laboratories #NCRNU-M, CrTac:NCr-FoxN1Nu) using a 1 mL syringe (BD,
309602) attached to a 30G x ½” needle (BD, 305106). Palpable tumors were measured
weekly using a ruler and charted for growth. Tumor volume was determined from the
radius assuming spherical proportions ( πr3). At the end of 38 days, mice were
euthanized using high concentration CO2 and pronounced dead prior to tumor
excision. All procedures were in concordance with protocol #461 and were subject to
ethics approval from University of Alberta Review Board.

2.18

Thymidine Block Cell Cycle Analysis

Protocol modified from (Czernick et al., 2009) [originally discovered by (FIRKET,
1964)]. Cells were plated at low confluency (5x104 per well) and high confluency
(4x105 per well) in a six well dish for each time point. Thymidine was added (2mM) for
16 hours. Cells were washed 3x with sterile dPBS warmed to 37:C. Two mL of 37:C
RPMI 1640+10% FBS was added to each well and allowed to sit for 8 hours, releasing
cells from cell cycle block. Cells were then subjected to a second thymidine block in
which thymidine was added for 16 hours. After the second block, cells were again
released and allowed to proliferate through the cell cycle for the indicated times. Cells
were then harvested as mentioned above except media and wash were saved. Cells
were then centrifuged at 500xg and fixed in 70% ethanol for a minimum of 24 hours.
After ethanol fixation, cells were then washed with PBS and resuspended in propidium
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iodide stain (0.1% Triton X-100, 2 mg/mL RNase, 20 µg/mL propidium iodide) for 15
minutes at 37°C. Flow cytometry was done using the FL-2 PMT of a FACSCalibur (BD).

2.19

BrdU Propidium Iodide Cell Cycle Analysis
Assay initially developed by (Darzynkiewicz et al., 1983). 1x105 cells are plated

in a 24 well dish. Next day, media is removed and replaced with media containing 10
μM BrdU. Cells are grown in this media for 1 hour before washing three times with
1xPBS (37°C). Cells are then harvested at representative times and fixed in 70% ice
cold ethanol. Fixed cells are left overnight prior to washing with 1xPBS. Supernatant is
removed and 65 μL 2N HCl is added to cells at room temperature for 20 minutes. One
hundred thirty five μL of 0.1 M sodium borate is added to neutralize solution. Fixed
cells are then centrifuged at 1500xg for 5 minutes. Cells are washed with 1xPBS
supplemented with 0.5% Tween-20 and 0.5% bovine serum albumin. Twenty μL of 2°
anti-mouse FITC (1:100 in PBS-tween 20) is added and cells are incubated for 1 hour at
room temperature in the dark. Cells are washed with 1xPBS supplemented with 0.5%
Tween-20 and 0.5% bovine serum albumin three times. Two hundred fifty μL of
propidium iodide stain (see above) is added to cells and incubated at 30 minutes at
room temperature. Flow cytometry was done gating both FL-1 and FL-2 PMT of a
FACSCalibur (BD). BrdU analysis was performed by Shanna Banman in Dr. Ing Swie
Goping’s laboratory.
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2.20

Phosphatase Treatment for Two Dimensional Protein Analysis
A confluent 10 cm2 dish was harvested (see above) for each Two Dimensional

Western Blot. Cells were lysed in 200 µL of RIPA buffer (50 mM Tris pH 7.4, 150 mM
NaCl, 1% NP-40, 0.5% NaDOC and 0.1% SDS) containing protease inhibitor and
incubated on ice for 15 minutes. Lysates were then homogenized using a tephlon
homogenizer (Cafcam, RZR1) (setting 6 for 30 seconds) and centrifugated at 10 000xg
for 30 min at 4°C. Supernatant was removed and aliquoted into two equal halves.
2000 U (approximately, 100 U per µg of protein) of λ phosphatase (NEB, P0753) was
added to half the lysate along with 1 mM MnCl2 and 1x PMP (Protein
MetalloPhosphatases) buffer and was incubated at 30°C for 30 minutes. Phosphatase
inhibitor (Roche) was added to the other half of lysate and placed on ice during 30
minute incubation. Lysates were then frozen (-20°C) and transported to Dr. Li for
completion of the protocol. Prior to isoelectric focusing, lysate was precipitated by
mixing with five volumes of pre-chilled acetone and incubated at -20 C overnight. The
precipitates were collected by centrifugation (15,000 g for 15 min at 4C) and washed
twice with pre-chilled acetone. The precipitated proteins were then resuspended in 2D
lysis buffer (7 M urea, 2 M thiourea, 4% CHAPS and 30 mM Tris-HCl pH 8.7) and
quantified using the 2D Quant Kit from GE Healthcare (80-6483-56). One hundred fifty
micrograms of protein was loaded for 2D analysis using rehydration method as
described below.
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2.21

Two Dimensional Protein Analysis

Cells from a 10-cm dish of 90% confluency were harvested and centrifuged at
500xg for 5 minutes. Dr. Li received this pellet, generated the lysate using 2D lysis
buffer (7M Urea, 2M Thiourea, 4% CHAPS and 30 mM Tris-HCl pH 8.7) and performed
the remainder of the protocol. Quantification was done using the 2D Quant Kit from
GE Healthcare (80-6483-56) to equilibrate protein concentrations. One hundred fifty
micrograms of protein (in a total volume of 125 µL, supplemented with rehydration
buffer (7M urea, 2M thiourea, 2% CHAPS and 0.002% Bromophenol Blue) was
incubated with a Immobiline™ DryStrip pH 4-7, 7cm (GE Healthcare) at room
temperature for 20 hrs. The first dimensional electrophoresis was carried out on the
IPGphor isoelectic focusing system (GE Healthcare) using the following protocol with a
total of 8 kVh: (1) Step and hold: 300V, 2 hr 30 min; (2) Gradient 1000 V, 30 min; (3)
Gradient: 5000 V, 1 hr 30 min; and (4) Step and hold: 5000 V, 30 minutes. Strips were
then equilibrated using a two step buffer system. First they were incubated in Buffer 1
(6 M urea, 30% Glycerol, 2% SDS, 75 mM Tris-HCl pH 8.8 and 1% DTT) for 15 minutes,
rinsed with MilliQ water and placed in Buffer 2 (6M Urea, 30% glycerol, 2% SDS, 50mM
Tris-HCl pH 8.8 and 2.5% Iodoacetamide) for an additional 15 minutes. The second
dimensional electrophoresis was performed on the Mini-PROTEAN II system (Bio-Rad).
After equilibration, strips were placed on top of 12% SDS-PAGE gels, and were sealed
using melted agar containing SDS-PAGE loading dye. Gels were run on constant power
of 1W/gel, transferred to nitrocellulose membranes, followed by immunobloting with
rabbit anti-BAD antibody (Sigma) at 1:1000 dilution. The ECL system (GE Healthcare)
was used for western blot signal detection.
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2.22

Killing Assay
As previously performed in (Czernick et al., 2009). Briefly, 8x104 cells were

plated in a 24 well plate and were incubated for 16 hours prior to addition of
treatment. 25 nM paclitaxel, 100 µM cisplatin, 20 µM sorafenib and 0.1% serum were
added for 48 hours while 2.5 µM staurosporine was added for 4 hours.

After

treatments were completed, cells were harvested and incubated with TMRE or
Annexin V-PE as per manufacturer’s instructions (Invitrogen, 51-65875x). Cells were
then analyzed for apoptotic induction by the use of FL-2 PMT of a FACSCalibur (BD) and
compared to untreated controls.

2.23

Subcellular Fractionation

Cells were fractionated using HIM buffer (200 mM mannitol, 70 mM sucrose, 1
mM EGTA, 10 mM HEPES) lysis and differential centrifugation as previously described
(Goping et al., 1998). Briefly, cells were homogenized in HIM buffer in the presence of
protease and phosphatase inhibitors. Nuclei and unlysed cells were removed via 700xg
centrifugation for 10 minutes.

The cleared lysate was then fractionated into

supernatant (cytosol and light membranes, S fraction) and pellet (heavy membranes, P
fraction). Equal volumes of either fraction were run on SDS PAGE and analyzed using
standard western blotting techniques (see above).
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2.24

Coimmunoprecipitation

Protocol modified from (Craik et al., 2010). Cell lines were plated at 3x10⁶ in a
150 mm2 dish and cultured for 72 hours prior to lysing. Cells were lysed using 650 μL
of 1% CHAPS (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% CHAPS). Lysates
were spun at 700xg for 10 minutes at 4:C to remove unlysed and cellular debris.
Twenty μL of supernatant was taken and frozen for input control.

One μL of

representative antibody was added to 200 μL of lysate and incubated overnight
shaking at 4:C. Forty μL of 50% Protein A bead slurry (20 μL of packed beads) was then
added to each lysate and incubated while shaking for 1 hour at 4:C. Beads were then
centrifuged at 450 xg for 5 min prior to removing supernatant and washing with 3
times with 800 μL of 1% CHAPS buffer. Eighty μL of 2xSSB was added to input control
and 100 μL of 2xSSB was added to beads prior to boiling. Equal quantities of lysate
were run on SDS PAGE and analyzed using standard western blotting techniques (see
above).

2.25

Immunofluorescence

Protocol modified from (Goping et al., 2008). Briefly, 12 mm circular coverslips
(Electron Microscopy Sciences, #1½, #72230-01) were immersed in 95% ethanol,
ignited and individually placed in separate 24- wells. Cells were then seeded in this 24well plate (Fisherbrand). 1x105 cells were plated into each well and allowed to grow
under normal conditions for 48 hours. Cells were washed with PBS prior to being fixed
with 4% paraformaldehyde for 15 minutes. Cells were then washed 2x with PBS and
permeabilized with 0.1% triton x-100 in PBS for 5 minutes at room temperature. Cells
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were washed 2x with PBS before blocking with 4% normal donkey serum (NDS) diluted
in PBS + MgCl2 (1mM) for 60 minutes. Cells were washed 2x with PBS + MgCl2 before
adding primary antibodies at 1:100 in 4% NDS. Cytochrome c antibody (556432) was
purchased from BD Pharmingen and BAD antibody was purchased from Sigma-Aldrich
(B0684). Wells were washed with PBS + MgCl2 3x prior to addition of fluorescent
secondary antibodies *donkey α rabbit 488 (A21206 Invitrogen) and donkey α mouse
555 (A31570 Invitrogen)] at 1:200 in 4% NDS. Coverslips were washed 3x with PBS +
MgCl2 prior to air drying and adding 10 uL of Mounting media (Dako, S3023) containing
1:5000 DAPI (Invitrogen). Slides were left overnight in dark prior to imaging.

2.26

Immunofluorescence Imaging

Images were taken with a 100x Oil Immersion lens using the Leica SP5
Scanning Confocal Microscope.

Z-stacks were generated and compressed for all

images. All images were taken under similar gain values although some manipulation
was necessary to prevent saturation of images. PMT (Photomultiplier tube) settings
were equivalent across all images. Images were obtained using Leica LAS software and
were processed using the Lite version of this software. Images were exported from
LAS Lite and final figure assembly was done using Adobe Illustrator.

2.27

siRNA knockdown proliferation assay

MDA-MB-231 stable cell lines were transfected with siRNA as previously
described (Czernick et al. 2009). Briefly, 5x104 cells were seeded in a 24 well plate
allowing 16-18 hours for cells to adhere to plate. First, siRNA duplexes (either HS_3
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BAD (Qiagen #SI00299348) or Allstars Negative Control siRNA (Qiagen #SI03650318))
were diluted in 100µL of Opti-MEM Serum Free Media (Invitrogen, 11058-021) to a
final concentration of 10 nM. The siRNA was incubated for 5 minutes prior to addition
of 3µL of Hiperfect (Qiagen, 301704) transfection reagent. The complete mixture was
incubated for 10 minutes after a short vortex to ensure proper mixing. Media was
removed from each well and replaced with 400 µL of complete media.
siRNA/transfection complex was then added in a drop wise fashion ensuring complete
coverage of single well. Transfection complexes were incubated for 12 hours and then
harvested for western blot protein analysis. Alternatively in the KD proliferation assay,
cells were incubated for 96 hours and were trypsinized and counted using a
haemocytometer.
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Chapter 3: The role of BAD in breast
cancer cell proliferation and tumor
growth
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3.1

BAD over-expression stimulates cellular proliferation

While BAD is mostly known as a pro-apoptotic protein, emerging studies
indicate that BAD has alternative activities. Our group had demonstrated that BAD
increased the proliferative rate of breast cancer cells (Craik et al., 2010). In order to
understand this underexplored function of BAD, we generated breast cancer cell lines
that stably over-expressed BAD. MDA-MB-231 cells, which express low levels of
endogenous BAD protein (Craik et al., 2010), were transfected with a BAD-expressing
plasmid and individual clonal lines were expanded (Fig. 5A, inset). To measure
proliferative rate, we recorded cell numbers over time. Since this assay measures
increased cell cycle progression and/or decreased cell death, the term proliferation will
be used to describe both parameters. Individual clonal cell lines were plated at equal
density, and cell numbers were recorded every 24 h for a total of 96 h (Figure 5A). Six
independent BAD over-expressing cell lines had greater total cell numbers by 96 h,
compared to vector control cells (V2). To rule out that this effect was due to clonal
variation, we used siRNA to deplete expression of exogenous BAD in one of the BAD
over-expressing cell lines (Fig. 5B, inset). In this experiment, the BAD over-expressing
cell line (BAD6) had elevated cell numbers relative to vector control (Figure 5B).
Subsequent treatment with siRNA to BAD reduced overall cell numbers, indicating that
cell number increases were dependent on BAD. Thus, BAD can specifically mediate
increased proliferation of MDA-MB-231 cells over time.
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Figure 5: BAD over-expression promotes proliferation
(A) (Inset) Expression levels of MDA-MB-231 breast cancer cells stably transfected
with either empty vector (V2) or human BAD (BAD 2, 6, 7, 10 and 12). (Graph)
Proliferation assay as described in materials and methods, carried out for 96 hours,
counting cells from individual 60mm dishes at the indicated time points. (B) (Inset)
Detection of BAD knock-down efficiency was determined by western blot (cont’d)
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analysis of BAD over-expressing clones treated with siRNA directed at BAD or negative
siRNA control. Knock-down proliferation assay as described in material and methods
was carried out on BAD over-expressing clones and vector controls. Black bars
represent non-specific (N.S.) siRNA control while white bars represent BAD siRNA
knock-down. Cells were counted at 96 hours post siRNA transfection. Graphs
represent the average of three independent experiments. ‘*’ indicates a P value of
less than 0.05 in comparison. ‘#’ represents a P value of less than 0.05 in comparison
to V25 N.S. Graphs are represented as mean ± standard deviation.
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3.2

BAD-mediated proliferation was not dependent on BCL-XL

We decided to investigate the mechanism of this BAD-directed growth
advantage. A proliferative role for BAD had previously been demonstrated in nontransformed cells. In these reports, BAD stimulated cell cycle progression by
antagonizing cell cycle arrest. This cell cycle arrest signal was mediated by BCL-XL
(Chattopadhyay et al., 2001; Janumyan et al., 2008; Janumyan et al., 2003). To assess
whether BAD-dependent stimulation of breast carcinoma cell proliferation was
dependent on BCL-XL, we generated mutants of BAD with increased or decreased
affinity for BCL-XL. Serine 118 (S155 in mouse nomenclature) within the BH3 domain
of BAD hinders binding to BCL-XL when phosphorylated (Tan et al., 2000; Zhou et al.,
2000).

Therefore, we generated a phospho-mimic (BADS118D) and a non-

phosphorylatable (BADS118A) mutant to directly test the requirement for BCL-XL
binding to BAD with respect to BAD-induced proliferation.

We generated MDA-MB-231 cell lines stably over-expressing the BADS118A/D
mutants and verified that these mutations altered interactions with BCL-XL as
expected. We demonstrated that immunoprecipitated BAD protein from vector control
(V26) and wild-type BAD (BAD6) both interacted with BCL-XL (Figure 6A, upper panel).
As predicted, the BAD S118A (S118A6) protein also strongly interacted with BCL-XL.
Alternatively, BAD that had been immunoprecipitated from cell lines expressing the
S118D mutant (S118D2) showed weak binding to BCL-XL.

The reverse

immunoprecipitation confirmed the above results as BCL-XL strongly associated with
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Figure 6: BAD serine 118 phospho-status determines binding affinity
Co-immunoprecipitation western blot analysis was conducted on stable cells lines
under proteosomal and phosphatase inhibitor conditions.
Lysates were
immunoprecipitated with BAD, BCL-XL or negative binding control (calnexin, CNX)
antibody and were immunoblotted with antibodies against BAD or BCL-XL. V26 cell
line is over-expressing vector control, BAD6 is over-expressing wild-type BAD, S118A6
is over-expressing serine 118 to alanine mutation and S118D2 is over-expressing serine
118 to aspartic acid mutation.
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wild-type BAD and BADS118A (Figure 6B), whereas BCL-XL interaction with BADS118D
was reduced. Thus, we confirmed that within these cell lines, the mutation of BADS118
to aspartic acid inhibited interaction with BCL-XL, whereas mutation to alanine
maintained or stimulated BAD interaction with BCL-XL.

We then used these mutant clones to assess whether BAD-mediated
proliferation was dependent on BCL-XL. Using proliferation assays similar to those of
Fig. 5, we observed that cells expressing BADS118D (S118D2) displayed an enhanced
proliferative profile that was statistically similar to wild-type BAD clones (Figure 7;
compare blue vs green lines). Since BADS118D bound BCL-XL more weakly than wildtype BAD, this data suggested that BAD-stimulated cell proliferation was not
dependent on BCL-XL. Furthermore, the BADS118A expressing lines that had robust
BAD:BCL-XL interactions, proliferated at a significantly lower rate than wild-type BAD
or control cells (Figure 6; see red line). (Data from additional clonal cell lines are shown
in Figure 8). These results indicated that BAD-mediated stimulation of cell proliferation
in breast carcinoma MDA-MB-231 cells is independent of BCL-XL.

3.3

BAD does not alter cell cycle dynamics

Since, BAD potentially stimulated proliferation of MDA-MB-231 cells through a
novel mechanism, we decided to characterize the effects of BAD over-expression on
cell cycle. We synchronized cells at the G1/S boundary with double thymidine block
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Figure 7: Breast cancer cell proliferation is BAD phosphorylation dependent
(Inset) Expression levels of MDA-MB-231 breast cancer cells stably transfected with
either empty vector (V25, V26), human wild-type BAD (BAD6), serine 118 alanine
mutant BAD (S118A6) or serine 118 aspartic acid mutant BAD (S118D2). (Graph)
Proliferation assay as described in materials and methods, carried out for 120 hours,
counting cells from individual 60 mm dishes at the indicated time point. Graphs
represent the average of three independent experiments. ‘*’ indicates a P value of
less than 0.05 in comparison. Graphs are represented as mean ± standard deviation.
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Figure 8: Confirmation of stable cell line proliferation
(A)(B)(C) Stable cell lines were immunoblotted for total BAD protein levels (inset)
and graphed for cell proliferation over time. Red lines represent S118A clones, blue
lines represent S118D clones and black lines represent vector control and parental
cell lines. Graphs represent the average of three independent experiments. ‘*’
indicates a P value of less than 0.05 in comparison to V25. Graphs are represented
as mean ± standard deviation.
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treatment (Czernick et al., 2009; FIRKET, 1964). Cells were released from G1/S and
harvested every 2 hours for a total of 30 h. Cell cycle stage was determined by
propidium iodide DNA content analysis. As can be seen in Figure 9A, this methodology
clearly demonstrated cell cycle transition (G1/S at 0h; S phase entry at 4h; G2/M
progression at 8h and subsequent G1 entry at 10-12h). We reasoned that if BADmediated proliferative effects were due to a shortened cell cycle, then BAD overexpressing cells would show earlier transit through cell cycle stages compared to the
vector control cells. This, however, was not the case, as there were no significant
differences in cell cycle progression between vector control cells or cells overexpressing wild-type BAD, BADS118D or BADS118A (Figure 9B, upper panels).

Upon closer inspection of the cell growth assays (Figure 5 and 7), it appeared
that the proliferative effect of BAD became significant at the later (96h-120h) time
points. This suggested that as cell monolayers became confluent, the vector control
cells delayed cell cycle progression, whereas wild-type BAD or BADS118D-expressing
cells continued cycling. Therefore, we measured cell cycle transition of cells plated at
both low and high confluency (Figure 9B). Under both low and high cell confluency
conditions, we detected no consistent alteration in cell cycle progression of vector
control cells relative to BAD over-expressing cells.

To confirm these results, we used another assay to verify that BAD overexpression did not affect cell cycle progression. We pulse labeled cells in S-phase with
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Figure 9: BAD over-expression does not affect cell cycle progression
(A) BAD6 cell cycle was synchronized by addition of 2 mM thymidine. Cells were
released and stained with propidium iodide. Far left peak is indicative of Go/G1 phase
cells, transition between peaks represents S-phase while far right peak represent G2/M
phase cells. (B) Thymidine block propidium iodide analysis was done on stable cell
lines at low or high confluency. Three time points were chosen based on transition
status of cells (12 hours G1 phase, 24 hours S-phase and 30 hours return to G1 phase).
Representative histogram profiles were overlapped for comparison. Plots are
representative of three independent experiments. Overlapped histograms are
representative of three independent experiments.
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bromodeoxyuridine (BrdU) and analyzed the cell cycle progression of BrdU-positive
cells over time. We measured cell cycle progression of vector control, wild-type BAD,
BADS118D and BADS118A expressing cell lines (Figure 10). BrdU cell cycle analysis was
performed by Shanna Banman of Dr. Ing Swie Goping’s laboratory. We observed clear
distinctions in cell cycle progression (S at 0h; G2/M at 6h; G1 at 12h). Similar to the
thymidine block experiments, we detected no difference in cell cycle dynamics
between the cell lines. Therefore, BAD over-expression did not alter cell cycle transit
times.

3.4

BAD phosphorylation status alters sensitivity to apoptosis

Cell number proliferation over time can be a function of increased cell cycle
dynamics or decreased apoptosis. Therefore, we tested whether BAD over-expressing
cells had a diminished sensitivity to apoptotic stimuli. We treated cells with the
apoptotic agents: staursporine, paclitaxel, cisplatin, sorafenib and serum starvation.
We measured both loss of mitochondrial electrochemical potential (Figure 11A, TMRE
negative cells) and phosphatidylserine externalization (Figure 11B, Annexin V positive
cells). We found that vector control and wild-type BAD-expressing cell lines had similar
sensitivities to paclitaxel, staurosporine and sorafenib treatments. Thus, it did not
appear that a generalized anti-apoptotic phenotype was imparted by BAD overexpression. However, BAD over-expression in cisplatin and serum starved conditions
provided a modest protective effect. Based on these results, apoptotic sensitivity may
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Figure 10: BAD over-expression does not affect cell cycle progression (BrdU method)
Cell cycle analysis using BrdU and propidium iodide stain. Y-axis of figure is increasing
time points in hours. Y-axis of each dot plot is BrdU while X-axis is DNA content
(propidium iodide). Cells were pulse labeled with BrdU for 1 hour prior to harvesting
and analyzed using FL-1 and FL-2 PMT of FACSCalibur. Cells above horizontal line were
considered BrdU positive and used for analysis.
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Figure 11: BAD serine 118 phosphorylation decreases apoptotic sensitivity
Stable cell lines were treated with 25 nM Paclitaxel (60 hours), 100 μM cisplatin (48
hours), 20 μM sorafenib (48 hours), 0.1% serum (48 hours) or 2.5 µM staurosporine (4
hours) prior to apoptotic analysis. Apoptotic induction was analyzed using either
tetramethylrhodamine ester (TMRE) (A) or Annexin V (B). Graphs are represented as
mean ± standard deviation of three independent experiments for paclitaxel,
staurosporine, serum starvation and sorafenib. Cisplatin treatment was completed
two independent times analyzed with TMRE and three independent times analyzed
with Annexin V. ‘*’ indicates a P value of less than 0.05 in comparison with indicated
cell lines.
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play a role in proliferative rate differences. Enforced phosphorylation of BAD at S118,
as mimicked in the BAD S118D-expressing line, produced cells that were significantly
more resistant to staurosporine and serum starvation-induced cell death. This
resistance to apoptotic stimuli may partially explain the enhanced proliferative rate of
the BADS118D-expressing cells. In contrast, the BADS118A-expressing cells were more
sensitive to paclitaxel and staurosporine-induced cell death relative to the vector
control, or other BAD-expressing cell lines. Contrary to this, BADS118A and V26 were
equally sensitive to serum starvation and sorafenib treatment. As apoptotic sensitivity
of BAD and BADS118A/D are stimulus dependent, this data demonstrated that the
altered proliferation rates of the BADS118A/D mutants could be associated with
differential apoptotic sensitivity.

3.5

The phosphorylation state of S118 determines BAD localization and

interaction partners

Apoptotic sensitivity has been previously reported to be dependent on subcellular
distribution of BAD (Wang et al., 1999). Due to the different apoptotic thresholds
mediated by BAD S118A or D mutation, we wanted to determine if this change in
sensitivity was associated with changes in localization. First, we used biochemical
fractionation to determine the intracellular localization of BAD and BAD mutants
(Figure 12A). Vector control, wild-type BAD- and BADS118A-expressing cells had
enrichment of BAD in the heavy membrane fraction associated with the mitochondrial
marker Tom20 (Figure 12A, P fraction). In contrast, fractionation of the BADS118D-
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Figure 12: BAD serine 118 phosphorylation causes localization shift
(A) Subcellular fractionation of vector (V26), BAD over-expressing (BAD6), nonphosphorylatable serine 118 mutant of BAD (S118A6) and phospho-mimic of serine
118 BAD (S118D2). Equal volumes of lysate from each clone were loaded onto a 14%
SDS-PAGE gel. Membrane was immunoblotted with indicated antibodies. Blot
represents one of three replicates. (B) Indirect immunofluorescence was conducted
on clones at approximately 50% confluency. Images are representative of three
independent experiments. Green represents BAD, red represents cytochrome c, blue
represents DAPI and the bottom right quadrant is the overlayed images.
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expressing cells showed prominent BADS118D localization to the cytosolic (S) fraction
(Figure 12A, S fraction).

We also used indirect immunofluorescence to confirm BAD localization. Wildtype BAD and BADS118A over-expressing cells showed a punctate staining pattern for
BAD that overlapped with the mitochondrial marker, cytochrome c (Figure 12B). In
contrast, BADS118D protein was enriched in the cytosol. Thus, increased sensitivity to
apoptosis was coupled to BAD localization to mitochondria, whereas apoptotic
resistance demonstrated by the S118D2 cell line was associated with cytosoliclocalized BAD.

Intracellular distribution of BAD is mediated by protein associations.
Specifically, cytosolic localization of BAD is mediated by interactions with the 14-3-3
family of proteins (Datta et al., 2000; Zha et al., 1996).

Through co-

immunoprecipitation we determined that both wild-type BAD and BADS118D were
associated with 14-3-3 whereas the BADS118A mutant showed no detectable binding
to 14-3-3 (Figure 13). Thus, our data is consistent with a model whereby BAD
phosphorylation at S118 modulates its interactions with binding partners, which in
turn regulates localization. Importantly, a phospho-mutant of BAD that is bound to 143-3 and enriched in the cytosol may act as an anti-apoptotic signal that facilitates cell
proliferation.
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Figure 13: BAD 14-3-3 binding is dependent on serine 118 phosphorylation
Co-immunoprecipitation western blot analysis was conducted on stable cells lines
under proteosomal and phosphatase inhibitor conditions.
Lysates were
immunoprecipitated with BAD or negative binding control (calnexin, CNX) antibody
and were immunoblotted with antibodies against BAD, 14-3-3ζ.
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Based

on

our

results,

we

hypothesized

that

mimicking

enforced

phosphorylation of BAD at S118 stimulated survival pathways. Since BAD apoptotic
activity is regulated by survival kinases (Datta et al., 1997; del Peso et al., 1997), we
analyzed whether mutation of S118 altered BAD phosphorylation status. The PI3K
survival pathway inhibits BAD pro-apoptotic activity through AKT-mediated
phosphorylation of BAD at serine residue 99 (residue 136 in the mouse). Using
phospho-specific antibodies, we determined that cells over-expressing BAD S118D had
moderately enhanced phosphorylation of S75 and markedly enhanced phosphorylation
of S99 (Figure 14A). These results suggest that over-expression of BAD S118D
stimulated the PI3K pathway that may account for the anti-apoptotic phenotype of
these cells. Alternatively, BADS118D may induce a conformational change that allows
greater accessibility of active AKT.

To examine the phosphorylation status of BAD in an unbiased fashion, we
analyzed the migration of BAD protein on two-dimensional/SDS-PAGE western blots
(Figure 12B); these experiments were conducted by Dr. Lei Li of Dr. Roseline Godbout’s
laboratory. We detected 7 distinct isoelectric variants of BAD with migration properties
consistent with increasing phosphorylation states (Figure 14B).

Phosphatase

treatment eliminated 6 of the 7 isoforms confirming that these isoforms represented
phospho-proteins. To ensure serine 75, 99 and 118 were within the 7 isoforms
detected, phospho-specific antibodies were used in the presence or absence of
phosphatase (Figure 12 D). This result confirmed that BAD6 was phosphorylated at
serine 118. By comparing the phosphorylation pattern of wild-type BAD to the serine
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Figure 14: Wild-type BAD is phosphorylated at serine 75, 99 and 118
(A) Stable cell line lysates were loaded in each lane of a 14% SDS-PAGE gel. Lysates
were equilibrated for equal cell number loaded in each lane. The gel was
immunoblotted for the indicated proteins. (B) BAD6 cell lysates treated with λphosphatase or phosphatase inhibitor (control) and equal protein quantities (cont’d)
were subjected to isoelectric focusing. 2-dimensional western blot was probed for
BAD. (C) Stable cell lines were subjected to 2-dimensional western blot technique and
were immunoblotted for BAD. Exposure lengths were equilibrated to isoform 2 for
comparison purposes. Dr. Lei Li of Dr. Roseline Godbout’s laboratory performed 2dimensional western blot assays (B) and (C). (D) BAD6 cell line was lysed, aliquoted
and either treated with phosphatase inhibitor (control) or λ phosphatase. An equal
volume of lysate was loaded in each lane of an SDS-PAGE gel. The gel was
immunoblotted for indicated proteins.
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to alanine mutant (S118A), this mutant showed diminished intensities of multiple
highly phosphorylated isoforms (Figure 14C, isoforms 4-7). These results indicated that
S118 was indeed phosphorylated in wild-type BAD cells and importantly may also
prime other phosphorylation sites. Consistent with this result, the migration of the
BADS118D isoforms were strongly shifted towards the acidic isoelectric points.
Specifically, the intensity of spot number two was equivalent between all cell lines
demonstrating S118A had diminished intensities of acidic proteins and S118D had
markedly more intense acidic proteins. These results indicated that BADS118A was
hypophosphorylated and BADS118D was clearly hyperphosphorylated, relative to wildtype BAD. This suggested that enforced/stable phosphorylation of BAD at S118
stimulated subsequent phosphorylation of BAD at multiple sites. Thus cells overexpressing the S118D mutant of BAD have increased ability to phosphorylated BAD at
alternative sites, reflecting a role for S118 as a priming site and suggest activation of
survival signaling pathways.

3.6

BAD over-expression leads to enhanced tumor growth

Together, our data indicates that BAD over-expression causes a pro-growth
phenotype that is phosphorylation-dependent. However, it was unclear to us why
wild-type BAD and BADS118D had similar proliferative profiles in cell culture, yet
showed such striking differences in intracellular localization, sensitivity to apoptosis,
and phosphorylation patterns. We therefore decided to test whether the BADS118D
mutant would demonstrate phenotypic differences under more physiological
conditions, such as a mouse model of xenograft tumor growth (Figure 14A). Towards
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this goal, vector control, wild-type BAD, BADS118A and BADS118D cells were injected
subcutaneously into the rear flank of nude mice and tumor volume was measured
every week for 5 weeks; these experiments were performed in part with Dr. Shairaz
Baksh. Wild-type BAD over-expressing tumors grew at a significantly faster rate than
the vector control lines, indicating that the BAD-induced proliferative phenotype was
re-capitulated in this in vivo model (Figure 15A; compare green to black line). As well,
tumors formed from BADS118A over-expressing cells grew at an equivalent rate as the
control vector cells confirming a non-proliferative role for this mutant (Figure 15A,
compare red to black line). On average, BADS118A formed smaller tumors than control
cells. Interestingly, the tumors that arose from BADS118D over-expressing cells grew at
a faster rate than wild-type BAD. Thus, in vivo tumor assays demonstrated an
enhanced growth of BADS118D over wild-type BAD.

As a means of trying to explain this difference, tumor morphology and the
tumor excision site were inspected. Vector control and BADS118A tumors had minimal
vascularization (Figure 15B). Wild-type BAD and BADS118D tumors had enhanced
vacularization accompanying their larger size. This suggests either a role for BAD in
angiogenesis or due to enhanced tumor growth, subsequent vascularization occurs.
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Figure 15: BAD over-expression and Ser-118 phosphorylation promote tumor growth
(A) Mice were injected in the rear flank with stably expressing cell lines. Graph
indicates the growth of palpable tumors over the indicated time course. ‘#’ indicates a
P value of less than 0.05 in direct comparison. ‘**’ indicates a P value of less than 0.01
in comparison to V26 vector control. Images (upper panel) are representative of three
independent experiments. Tumor volumes were determined from the radius assuming
spherical proportions ( πr3).
(B) Vasculature of tumors was analyzed visually of both tumor and surrounding area.
Tumors were then scored as either highly vascular or less vasuclar. Images (above
bars) represent vasculature of representative tumors as a means of reference.
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Chapter 4: Discussion
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4.1

The role of BAD in cancer cell proliferation

BAD is well characterized as a pro-apoptotic protein; however novel roles such
as proliferation are poorly understood. Furthermore, the regulatory switch between
apoptosis and proliferation is unknown.

One of our aims in this study was to

characterize and understand the regulation of BAD induced proliferation in breast
cancer cells. Toward this aim, we created stable BAD over-expressing MDA-MB-231
breast cancer clones. Initial proliferative characterization showed that vector control
cells growing for 72 hours had a reduction in proliferative rate (Figure 3A). BAD overexpressing lines, however, continued accumulating at a significantly faster rate than
vector control.

Furthermore, serine 118 phospho-mimic (S118D2) had a similar

proliferative rate to wild-type BAD while non-phosphorylatable BAD (S118A6) had a
significant decrease (Figure 7). Due to the nature of this assay, a number of different
stimuli could be causing this difference.

First, approximately after 72 hours of growth cells reached confluency. Thus
contact inhibition signals may be ignored in BAD over-expressing cells. For this to
occur, extracellular signaling pathways need to be inactivated by BAD over-expression.
Furthermore, BADS118A (non-phosphorylatable BADS118) cells must be re-sensitized
to this stimulus to inhibit proliferation. One possibility is that phosphorylated BAD
binding 14-3-3 is promoting or inhibiting formation of a signaling complex. 14-3-3
proteins have been implicated in epithelial mesenchymal transition (EMT; a process
that promotes contact inhibition insensitivity) (Hou et al., 2010). A characteristic of
EMT is the repression of E-cadherin by the repressor Snail and co-repressor, Ajuba. In
HEK 293 (human embryonic kindney) cells, 14-3-3 γ, η and τ bound Snail and Ajuba.
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These three proteins were necessary in forming a repressor complex which in nontransformed human mammary epithelia (MCF-10A) cells bound the E-cadherin
repressor (Hou et al., 2010). Potentially, BAD promotes this complex formation thus
promoting EMT. However, in our cells (MDA-MB-231), E-cadherin is not expressed
(Mbalaviele et al., 1996). This could mean that either this complex binds a different
EMT promoting repressor or BAD induces a novel signaling complex.

Second, due to continued growth of cells for 72 hours, depletion of growth
factors may be limiting proliferation. BAD is known to respond to extracellular growth
factors such as, epidermal growth factor (EGF) (Chao and Clement, 2006) and Insulin
like growth factor -1 (IGF-1) (Gilmore et al., 2002). Depletion of growth factors has
been shown to induce dephosphorylation and the apoptotic role of BAD (Gilmore et
al., 2002). We are proposing a novel mechanism where BAD over-expression induces
insensitivity to growth factor depletion. The basis of this mechanism is that BAD is
unaffected by loss of growth factors and growth factor induced phosphorylation. We
demonstrated using 2-dimensional western blot and phospho-specific antibodies that
wild-type BAD is phosphorylated at serines 75, 99 and 118 (Figure 9A and D) under
basal conditions. If under low growth factor conditions phosphorylation is unaffected,
then this would inhibit apoptosis. As MDA-MB-231 breast cancer cells have multiple
genomic mutations, a pro-survival kinase may be constitutively active. This activated
kinase would promote survival independent of extracellular stimuli therefore allowing
wild-type BAD to be phosphorylated in serum deprived conditions.

Consistent with this theory, BAD over-expressing and BADS118D clones, serum
starvation did not induce mitochondrial depolymerization as effectively as in parental,
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V26 and S118A6 (Figure 10A). However, for serum starvation to fully explain the
proliferative difference, S118A6 sensitivity would need to be greater than that of V26.
Based on these data, BADS118 phosphorylation-dependent serum starvation
sensitivity is partially responsible for proliferative differences.

Third, glucose or glutamine depletion may also influence BAD induced
proliferation. Although not directly tested, prolonged growth in media could deplete
glucose or glutamine to a level where apoptosis occurred. The role of BAD in glucose
homeostasis may underlie the observed proliferative effect. BAD has been shown to
form a complex with glucokinase (hexokinase IV), PP1, PKA and WAVE-1 in mouse liver
hepatocytes and pancreatic β-cells (Danial et al., 2003; Danial et al., 2008). This
complex formation enables increased mitochondrial respiration which may provide a
growth advantage for cancer cells.

Although formation of this complex is

phosphorylation independent, activation of glucokinase is serine 118 (mBAD 155)
dependent (Danial et al., 2003; Danial et al., 2008). This was shown in pancreatic β
cells using mBADS155A (hBADS118) and BAD3SA/3SA point mutants. They discovered
that the inability of BAD to be phosphorylated at serine 118 prevented glucose induced
insulin release from β cells.

If BADS118D enforced phosphorylation activated this complex, then increased
glycolytic efficiency via mitochondrial respiration would correlate with increased
proliferation. However, unlike hepatocytes and β-cells, breast cancer cells do not
express glucokinase. Cancer cells express high levels of hexokinase II which has not
been shown to form this complex (Rempel et al., 1996). Preliminary data attempting
to examine direct hexokinase binding to BAD has so far been unsuccessful. This may
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mean that BAD does not form a complex with hexokinase II in MDA-MB-231 breast
cancer cells or that this complex is not stable enough to detect.

In order to

conclusively determine if this complex exists, it may be necessary to carry out a 3dimensional western blot similar to that described in (Danial et al., 2003).

One or a combination of these factors may explain the observed differences in
proliferation rate between S118A and S118D clones. Serum starvation showed a
protective effect of BAD6 and S118D2 that correlated with the proliferation data.
However, S118A6 was equally sensitive to serum starvation as V26 suggesting that
serum starvation in combination with other factors is likely responsible. Proliferation
assays manipulating each of these factors alone and in combination must be carried
out to determine the cause of this difference.

4.2

BAD gene addiction

The increased proliferative rate of BAD over-expressing cells was specific to
BAD as siRNA knock down inhibited this effect (Figure 5B). In comparison to vector,
BAD over-expression led to increased cell numbers while siRNA to BAD caused
decreased cell numbers. Intriguingly, siRNA to BAD inhibited cell proliferation of BAD6
below baseline (V26). Based on these data, one conclusion is that BAD over-expressing
cells became “addicted” to BAD expression. Oncogene addiction has been shown
previously in anti-apoptotic BCL-2 family members. In healthy cells, an exogenous
death inducing signal is needed in order for apoptotic induction to occur (Certo et al.,
2006). For instance, in FL5.12-BCL-2 cells, addition of ABT-737 (BAD BH3 derived
peptide) and IL-3 withdrawal induces cell death while ABT-737 alone does not.
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However, in a leukemic model, addition of BH3 peptides known to bind BCL-2 directly
induced cytochrome C release (Certo et al., 2006). This suggests that unlike healthy
cells, cancer cells are continuously being stimulated to die and increased BCL-2 levels
are needed to compensate (Certo et al., 2006). Due to pro-proliferative and pro-death
roles of BAD, cancer cells may upregulate expression of anti-apoptotic BCL-2 members
such as BCL-XL to prevent apoptosis. Once BAD expression is suppressed by siRNA, the
increased expression of BCL-XL may prevent cell cycle progression and promote
quiescence (Janumyan et al., 2003). By using siRNA to BCL-XL as well as BAD, we would
be able to determine if the addictive phenotype was due to increased BCL-XL
expression.

Based on this analysis, BAD would have an intrinsically apoptotic function that
was compensated for by BCL-XL. However in the BAD over-expressing stable clones,
BAD does not increase apoptotic sensitivity to any of the agents or conditions (Figure
10A and B). An alternative explanation of BAD induced gene addiction is based on a
pro-survival role.

In this role, siRNA to BAD would induce increased apoptotic

sensitivity. Although those experiments were not performed, over-expression of BAD
is mildly protective to certain stimuli (Figure 10A, Cisplatin treatment). This result is
consistent with data obtained from an endometrial cell line microarray which
demonstrated that BAD expression correlated with cisplatin resistance. Furthermore,
in the Ishikawa cell line, induced BAD phosphorylation via siRNA to PP2C promoted
Cisplatin resistance. In conjunction with our study, these results suggest that BAD
over-expression leads to a protective phenotype dependent on intracellular kinase
activity and phosphorylation state of BAD.
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4.3

BAD induced proliferation is cell cycle independent

As a means of determining the mechanism of BAD induced proliferation, we
manipulated the ability of BAD to bind BCL-XL. BCL-XL has been shown to inhibit cell
cycle progression by binding BAX and indirectly promoting p27 stability
(Chattopadhyay et al., 2001; Janumyan et al., 2008; Janumyan et al., 2003). BAD has
been shown to overcome the anti-proliferative effects of BCL-XL and promote S phase
progression (Chattopadhyay et al., 2001; Janumyan et al., 2003). When serine 118 is
phosphorylated (as shown by phospho-mimic S118D2), BAD has a decreased binding
affinity to Bcl-xL (Figure 6A) yet has an increased proliferative rate (Figure 7) (Tan et al.,
2000; Zhou et al., 2000). To determine if BAD over-expression or BCL-XL binding
influenced cell cycle dynamics under basal conditions, a low confluency time course
was performed (Figure 6B and C). This study determined that although there were
minor changes in individual experiments, overall no significant trend was observed.
Due to proliferative differences occurring after confluency, this variable was also
tested. Again, no consistent pattern emerged from high confluency experiments.

Based on these data, BAD may not play a role in cell cycle progression of MDA-MB-231
breast cancer cells. However, future experiments are needed to test whether stimuli
such as serum starvation and glucose deprivation induce a cell cycle role for BAD in
breast cancer.
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4.4

Serine 118 is a priming site for other BAD phosphorylation sites

Although phosphorylation of serines 75, 99 and 118 all inhibit apoptosis, an
activation hierarchy has been proposed. In mBAD over-expressing HEK 293 cells
(human embryonic kidney), serine 136 (hBADS99) phosphorylation was necessary for
serine 155 (hBADS118) phosphorylation (Datta et al., 2000). In vitro, serine 136 was
sufficient to induce binding to 14-3-3 which promoted PKA induced serine 155
phosphorylation.

Based on this study, 14-3-3 binding to BAD may induce a

conformational change or promote close localization of serine 155 kinases (Datta et al.,
2000).

However, in HEK 293 cells transfected with a serine 112 and 136 non-

phophorylatable mutant (mBADS112/136A), serine 155 was phosphorylated with PKA
stimulation (forskolin) (Tan et al., 2000). These cells were also resistant to Rous
Sarcoma Virus infection in the presence of a serine 155 kinase (RSK1) therefore
demonstrating a protective role for serine 155 independent of serine 112 and 136 (Tan
et al., 2000). As our study focused on hBAD serine 118, we wanted to specifically
address whether this site can activate other phosphorylation sites.

Our 2-dimensional western blot analysis determined that wild-type BAD was
phosphorylated at potentially six sites (Figure 9B). Enforced phosphorylation at serine
118 (S118D) promoted an increase in acidic species indicative of increased
phosphorylation. Alternatively, non-phosphorylatable serine 118 (S118A) inhibited
prevalence of acidic species.

Based on these data, serine 118 phosphorylation

enhances alternative phosphorylation sites including serine 75 and 99 (Figure 12A and
12C). Although serine 118 has never been shown to have this priming role, multiple
scenarios can be used to explain this relationship.
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First, serine 118 phosphorylation promotes a conformational change that
allows increased kinase accessibility to other phosphorylation sites. Studies to directly
test this theory have not been done; however, mutations to the BH3 domain have
been shown to occlude phosphorylation in vitro (Adachi et al., 2003). In COS-7 cells
over-expressing hBADD119G, serine 75, 99 and 118 phosphorylation was inhibited. As
a means of determining if D119G prevented S118 from being phosphorylated,
BADD119G was incubated with the catalytic subunit of PKA. Both serine 75 and 118
could be phosphorylated in vitro (Adachi et al., 2003). Based on these data and since
BADD119G is a highly conserved residue of BH3 domains (Zha et al., 1997), this
mutation may promote a BH3 conformation that cannot be phosphorylated.

In our S118D2 cells, a preliminary study was conducted using λ phosphatase.
The 2-dimensional western blot showed that unlike BAD6 which fully collapses under
phosphatase treatment (Figure 12B) S118D2 did not.

There were a number of

phosphatase insensitive bands that remained after treatment. These data suggest that
unlike wild-type BAD, BADS118D2 is unable to conform to a phosphatase receptive
species. However, BADS118D2 is not actually phosphorylated which may prevent
conformational changes based on amino acid composition rather than phospho-mimic
properties.

In order to test this theory, structural studies would need to be conducted.
However, BAD is an innately unstructured protein making analysis of a phosphorylation
dependent conformational change difficult (Hinds et al., 2007). Although the BH3
domain becomes structured upon protein interactions, most phosphorylation sites do
not reside in this region (Hinds et al., 2007). In order to conclusively determine if
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serine 118 phosphorylation causes a conformational change, further analysis of the
structure of human BAD needs to be done.

Second, serine 118 phosphorylation may induce phosphorylation of other sites
through pathway activation. BAD has been shown to be critical for glucokinase activity
at the mitochondria that is dependent on mBADS155 (hBADS118) phosphorylation. In
our study, BADS118D bound strongly with 14-3-3 (Figure 4B) and localized to the
cytosol (Figure 8A and B). Based on this binding affinity, BAD may induce formation of
a signaling complex at 14-3-3 protein sites. Speculatively, BAD could induce a similar
protein complex to its role in metabolism (Danial et al., 2003). Furthermore, BAD
binding 14-3-3 may induce subcellular localization changes that are sufficient to
promote kinase accessibility.

In MCF10A cells, 14-3-3ζ over-expression promotes

plasma membrane localization of PI3K subunit p85 (Neal et al., 2011). This localization
induces activation of PI3K and downstream activation of Akt. As 14-3-3 proteins are
dimeric and have the potential to bind two substrates simultaneously (Petosa et al.,
1998; Yaffe et al., 1997), we propose that BAD is targeted to activated AKT. In S118D2
cells, the localization of BAD is diffuse although increased plasma membrane
localization may also be observed (Figure 11B).

When BAD binds 14-3-3ζ, this

interaction could promote intracellular localization of BAD to active PI3K and Akt.
Based on these data, we propose a model whereby cytosolic 14-3-3 bound localization
promotes pro-survival complexes which then further phosphorylate BAD (Figure 14).
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4.5

Is serine 118 directly causing proliferative promoting effects?

As we demonstrated using 2-dimensional western blot and phospho-specific
antibodies (Figure 12A and C), serine 118 phosphorylation induces phosphorylation at
other sites. Therefore, we can not conclusively state whether serine 118 is causing
these effects directly or through other phosphorylation sites. Specifically, serine 118 is
not within a 14-3-3 consensus binding site (Virdee et al., 2000). Therefore, BAD:14-3-3
interactions are likely governed through alternative sites. In order to be confident
about the role of serine 118, mutational studies of the other sites specifically serine 75
and 99, are needed.

4.6

Serine 118 phosphorylation is advantageous for tumor growth

Clinically, increased BAD expression has been shown to be prognostic for
overall patient survival (Huang et al., 2011b). Furthermore, BAD expression in breast
cancer, positively correlates with response to tamoxifen (Cannings et al., 2007) and
Paclitaxel (Craik et al., 2010). However, the role of BAD in tumor progression is poorly
understood. In prostate cancer cells, BAD over-expression induces increased tumor
growth in nude mice (Smith et al., 2009). Alternatively, in A549 lung cancer cells, BAD
over-expression inhibited xenograft tumor growth (Huang et al., 2011a). Due to the
conflicting nature of these studies, BAD expression is an unreliable predictive marker
for tumor growth.

Cancer cell proliferation often correlates with tumor volume. For instance, C42 prostate cancer cells over-expressing BAD had increased proliferation rates and
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increased xenograft tumor volume (Smith et al., 2009). However in our study, there is
discordance between proliferation (Figure 7) and tumor growth (Figure 13A) in wildtype BAD and BADS118D stable cell lines. One phenotypic difference between these
two proteins is the strong cytosolic localization of S118D (Figure 8A and B) in
comparison to wild-type BAD. This suggests that increased BAD concentrations in the
cytosol promote tumor growth.

However, due to the similar 14-3-3 binding

interactions, it is difficult to know how S118D is promoting tumor growth. One
potential explanation is that BADS118D is binding and forming a complex with a novel
interacting partner. Preliminary studies using GST-BAD immunoprecipitations in MDAMB-231 cells have provided no significant lead. However, if this interaction is transient
then our screening methods so far may not have detected this interaction.

4.7

BAD induced angiogenesis?

In our xenograft model, the ability of BAD to bind 14-3-3 increased the size and
vasculature of the tumors (Figure 13A and B). One potential explanation for this result
is that BAD bound to 14-3-3 induces angiogenesis. A recent study using the angiogenic
inhibitor sunitinib determined that BAD promoted vascular endothelial growth factor
(VEGF) induced survival (Saito et al., 2011). In this study, Sunitinib (VEGF receptor
inhibitor) promoted mBADS136 dephosphorylation by inhibition of S6K1. However,
BAD has never been shown to induce angiogenesis. Since BADS118D had increased
vasculature, this suggests that 14-3-3 binding or simply cytosolic localization may
induce this phenotype. One potential way in which BAD might induce angiogenesis is
through complex formation at 14-3-3 binding sites. Similar to where BAD is necessary
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for glucokinase activity, BAD may be part of other kinase complexes that promote
angiogenesis.

Alternatively, the lipid binding domains of BAD may promote lipid interactions
and therefore promote VEGFR signaling.

In WEHI-231 cells, anti-IgM treatment

promoted increased protein interaction between BAD and 14-3-3 (Malissein et al.,
2006). Furthermore, this treatment also promoted localization of BAD to lipid rafts. A
major receptor for angiogenesis signaling VEGFR has also been shown to interact with
lipid rafts (Saulle et al., 2009). In this study, it was shown that GM-CSF and VEGFR2
together promote cell proliferation.

It was shown using detergent solubility

fractionation that VEGFR2 in the absence of GM-CSF did not strongly localize with lipid
rafts. However, upon GM-CSF stimulation VEGFR2 localized strongly to lipid rafts.

As BAD is a sentinel of apoptotic signals, it is reasonable to speculate that BAD
localizing to lipid rafts would prevent apoptosis (through GM-CSF stimulation) and
potentially promote VEGFR2 stability. This novel localization of BAD may be crucial to
determining its pro-proliferative and tumorigenic properties.

4.8

Summary

The role of BAD in proliferation and tumor progression is controversial. This
study addressed these roles of BAD in a breast cancer tissue culture model and in vivo
xenograft mouse model.

We demonstrated that BAD over-expression induces

increased proliferation in breast cancer cells that is independent of a cell cycle
component. We also proposed a regulatory mechanism of BAD induced proliferation
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and tumor progression through serine 118 phosphorylation (Figure 16). Serine 118
phosphorylation may induce these factors alone or through its priming of other
phosphorylation sites. This study suggests that in order to use BAD as a prognostic or
therapeutic target, the phospho-status of BAD must also be examined.
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Figure 16: Model of serine 118 phosphorylation induced effects
Dephosphorylation of serine 118 induces interaction with BCL-XL. This interaction
promotes an apoptotic sensitive phenotype. When BAD is phosphorylated at serine
118, alternative phosphorylation sites are activated. This may be through
conformational changes to BAD or through pro-survival pathway activation which
would lead to other site activation. These other phosphorylation sites, for instance
serines 75 and 99, promote BAD binding to 14-3-3 proteins. This interaction with 143-3 proteins may lead to inhibition of apoptosis although BAD phosphorylated at
serine 118 may prevent apoptosis without 14-3-3. Serine 118 phosphorylated BAD
also promotes tumor growth potentially through pro-survival pathway activation.
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