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ABSTRACT 

Akt/PKB (protein kinase B) is a serine-threonine kinase involved in the regulation of many 

cellular processes, such as proliferation, metabolism, and cell survival. The elevated 

activation of the PI3K-Akt (phosphatidylinositol-3 kinase/Akt) pathway has been associated 

with tumor progression and increased tumour aggressiveness. Akt consists of three isoforms; 

Aktl, Akt2 and Akt3 (PKBa, PKBp\ and PKBy, respectively) which share high similarity at 

the amino acid level (—80%). Due to their similarity, it is generally assumed that the three 

isoforms regulate the same cellular processes, as well as signal to the same downstream 

substrates with similar preference. However, accumulating lines of evidence now suggest 

that the isoforms may regulate different cellular processes and are not functionally 

redundant. To further study the Akt isoforms and the role they play in the progression of 

tumorigenesis, a model of breast cancer (MDA-MB231 cell line) was employed. The Akt 

isoforms were first characterized through the examination of their subcellular localization to 

discern if differences in functional regulation can be inferred through their localization. The 

data obtained from this work demonstrated that the isoforms displayed differential 

subcellular localizations. Specifically, Akt2 was found co-localized with the mitochondria, 

while Akt3 resided in the nucleus, thereby challenging the accepted notion that the isoforms 

are localized only in the cytoplasm. Next, studies were undertaken to determine which 

isoform is most important for cancer cell survival. Akt2 was found to be the most important 

isoform for survival in MDA-MB231 cells. Targeted ablation of each isoform using siRNA 

showed that Akt2 regulated cancer cell proliferation specifically by promoting cell cycle 

progression via the regulation of Cdk2, p27 and cyclin D. In addition, Akt2 ablation inhibited 

activation of the mTOR pathway through the downregulation of p70S6K. Prolonged 
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inhibition of Akt2 altered mitochondrial morphology and eventually led to autophagy of the 

mitochondria (mitophagy). Collectively, the results of these studies impart a distinct role for 

Akt2 in cancer cell progression and survival and provide evidence that Akt2 may be a 

relevant target for future cancer therapies. 
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CHAPTER 1.0 

INTRODUCTION 



1.0 INTRODUCTION 

The PI3K/Akt axis regulates many cellular functions in mammalian systems, making 

it one of the most extensively studied protein kinase signaling pathways in molecular 

biology. Signaling through the axis regulates the delicate balance between cellular life and 

death by controlling processes such as cellular metabolism, proliferation, cell cycle 

progression, and protein synthesis, as well as apoptosis and autophagy (reviewed in 

Bellacosa, et al., 2005; Manning and Cantley, 2007; Nicholson and Anderson, 2002). Akt 

consists of three highly conserved and highly similar isoforms, Aktl, Akt2 and Akt3 (also 

referred to as PKBa, PKBp\ and PKBy). The functional differences in isoform regulation are 

obscured by the fact that many published findings examine total Akt (although this is most 

likely Aktl). Frequently, these studies employ the use of inhibitors that block upstream 

activation of Akt such as LY294002 and wortmannin that act on PI3K. This effectively 

inhibits all Akt activation and Akt-specific signaling to all downstream substrates, suggesting 

that the Akt isoforms are functionally redundant. However, accumulating lines of evidence 

citing differential regulation of the Akt isoforms in glucose metabolism have begun to 

underscore the fact that the regulation of Akt may occur in a more finely-controlled manner 

than previously thought (Stambolic and Woodgett, 2006). It is increasingly evident that the 

three kinases regulate different cellular processes, demonstrated in vitro and in vivo through 

knockout mice studies (Cho et al., 2001a; Cho et al., 2001b; Dummler et al., 2006), and may 

have preferential downstream signaling substrates thereby calling the assumption of 

functional redundancy into question. 

Due to the importance of the cellular processes that PI3K regulates, it seems logical 

that the PI3K/Akt axis would be an attractive candidate for therapeutic cancer treatments, 
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since many substrates of PI3K, and PI3K itself are frequently deregulated in many types of 

cancer. For example, amplification or alteration of the gene that encodes the pi 10a subunit 

of PI3K (PIK3CA) (Shayesteh et al., 1999) have been observed, as have deletions or 

mutations in PTEN, the phosphatase that negatively regulates the signaling pathway. Thus, 

alterations in either PI3K, or mutations in PTEN constitutively activate the Akt signaling 

pathway. However, the individual contribution of the Akt isoforms in cancer and the role 

they play in cancer progression is not currently known. 

1.1 The hypothesis and objectives of the study 

The rationale of the current study was to investigate the widely-cited premise that the 

Akt isoforms are functionally redundant. The PI3K/Akt pathway plays an important role in 

the activation and promotion of oncogenesis. These studies examined the role played by each 

of the Akt isoforms on oncogenesis in an aggressive model of breast cancer. The hypothesis 

of the thesis was that the different Akt isoforms would show distinct effects in the regulation 

of breast cancer and that one isoform is more important in regulating breast cancer cell 

survival. 

The overall objectives of the studies included in this thesis were to investigate the 

regulation of the Akt isoforms, and determine the mechanism(s) that contribute to breast 

cancer cell survival. Specifically, the objectives of the study were to: 

1. Determine if there is differential subcellular localization of the Akt isoforms that 

would contribute to their function and regulation in breast cancer; and 

2. Determine which isoform is most important for cell survival and the mechanisms 

involved in this process in an aggressive breast cancer cell line. 
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1.2 BACKGROUND 

1.2.1 Discovery of the Akt kinases 

The Akt serine/threonine kinase is found downstream of phosphatidylinositol-3 

kinase (PI3K), and has a central role in the regulation of many cell processes. Through a 

series of activating or inhibitory phosphorylations, Akt regulates many crucial cell functions, 

such as survival and metabolism. This fact makes Akt an integral protein to study in 

tumorigenesis and the study of Akt has produced a plethora of literature (approximately 

17,000 English publications on Akt are presently cited in the PubMed database). Historically, 

Akt (then called AKT8) was isolated from a T-cell lymphoma (discovered by Staal et al., 

1977; reviewed in Bellacosa et al., 2005). Subsequent cloning analyses revealed similarities 

in homology between AKT1 and protein kinase A and C (reviewed in Bellacosa et al., 2005; 

Coffer et al., 1998; Nicholson and Anderson, 2002). Thus, early reports labeled Aktl as 

PKBa, or RAC-PKa (Related to PKA and PKCJ (Coffer and Woodgett, 1991; Jones et al., 

1991, reviewed in Bellacosa et al., 2005). Akt2, also known as PKBp\ was cloned shortly 

thereafter and found to be overexpressed in both ovarian cancer cell lines and tumours 

(Cheng et al., 1992). The discovery of Akt3 came much later and three labs reported the 

cloning of human Akt3 in close succession (Brodbeck et al., 1999; Masure et al., 1999; 

Nakatani et al., 1999a). 

1.2.2 Structure of the Akt isoforms 

The three Akt kinases have been mapped to separate genes: 14q32 for Aktl, 19ql3.1-

ql3.2 for Akt2 (Coffer et al., 1998), and lq43-44 for Akt3, respectively (Masure et al., 

1999). Despite the fact that they are encoded by different genes, the Akt isoforms are highly 
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conserved with all three isoforms consisting of an N-terminal pleckstrin homology (PH) 

domain, a catalytic or kinase domain, and a regulatory domain, also referred to as the C-

terminal extension region. Both the kinase and regulatory domain share similarity with PKA 

and PKC explaining their early nomenclature (Coffer et al., 1998). The isoforms are highly 

similar, displaying approximately 80% amino acid identity in the PH domains, 90% in the 

catalytic domains, and 70% in the C-terminal extension region (Nicholson and Anderson, 

2002; Kumar and Madison, 2005). Divergences in their composition occur in the linker 

region (LR) that joins the PH domain to the catalytic domain (Kumar and Madison, 2005). 

The catalytic or kinase domain includes the threonine 308 (T308) phosphorylation site that is 

required for activation of Akt, while the second Akt phosphorylation site, serine 473 (S473) 

is found in the C-terminal extension region. Full activation of Akt requires phosphorylation 

at both of these sites. 

A splice variant has been reported for Akt3, and is referred to as Akt3-vl (Akt3 

variant 1) (Brodbeck et al., 2001). Akt3-vl lacks the C-terminal S472 phosphorylation site. 

The mechanism of how the Akt3 splice is generated is not currently known. Further, little is 

known regarding how the Akt3 splice variant functions in vitro and in vivo, given that full 

activation of the kinase does not occur with the missing phosphorylation site. Two papers 

have reported on the function of Akt3-vl (Brodbeck et al., 2001, Taniyama et al., 2005). 

Brodbeck et al. (2001) found that Akt3-vl showed lower kinase activation than full length-

Akt3 and kinase activation was not induced by stimuli normally shown to activate PI3K/Akt, 

such as insulin. Instead, Akt3-vl reacted to treatment with pervanadate, which is interesting 

given that pervanadate is insulin mimetic. Taniyama et al., (2005) overexpressed the splice 

variant in the hearts of transgenic mice. They determined that the splice was functional, and 

in the short-term, was cardioprotective. However, long term overexpression of the splice was 
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pathological, with the transgenic mice displaying cardiac hypertrophy. Further studies are 

required to ascertain the physiological function of the Akt3 splice variant. A schematic of the 

Akt kinases is presented in Fig. 1.1. For a comparative analysis of the amino acid and 

nucleotide homology, please see Appendix I, Fig. A1-A2. To date, only the crystal structure 

of the kinase domain of Akt2 is known (Huang et al., 2003). 

1.2.3 Activation and regulation of the Akt Isoforms 

Stimulation of receptor tyrosine kinases (RTKS) or G-protein coupled receptors 

initiates the activation of PI3K/Akt. Activation occurs at the cell membrane through a myriad 

of stimuli such as growth factors, DNA damage, chemotherapy, and environmental stressors. 

Activation of RTKs produces a series of lipid phosphorylations at the cell membrane 

catalyzed by PI3K, most importantly, the conversion of phosphatidylinositol-4,5-

bisphosphate (PI(4^)P2) to phosphatidylinositol-3,4,5-triphosphate (PI(3,4,5)P3). These lipid 

phosphorylations promote the translocation of Akt from the cytosol to the membrane and 

promote binding of the PH domain to PIP3. The localization of Akt at the cell membrane 

prompts membrane-localized PDK1 (phosphoinositide-dependent kinase-1) to phosphorylate 

Akt at T308 in the T-loop or, activation loop (Bellacosa et al., 2005) in the catalytic domain. 

Full activation of Akt is achieved by the subsequent phosphorylation of the second 

phosphorylation site in the C-terminus at S473. Published reports have indicated that the 

phosphorylation at T308 more potently activates Akt (~ 100-fold) compared to S473 

phosphorylation (-10-fold) (Alessi et al., 1996). Regardless, for full activation of Akt, both 

sites must be phosphorylated. For a schematic of Akt activation, please refer to Fig. 1.2. 

The kinase responsible for the S473 phosphorylation site has been controversial and 

hotly debated for years in the literature. Various candidates have been proposed, such as 
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DNA-PK (Feng, et al., 2004), PDK1 (Balendran et al., 1999), ILK (Troussard et al. 2003), 

autophosphorylation by Akt itself (Toker and Newton, 2000), and a yet-to-be identified 

PDK2. It has recently been discovered that the elusive S473 site is most likely Rictor, which 

exists within the mTORC2 protein complex that regulates the mammalian target of 

rapamycin (mTOR) (Hresko and Mueckler, 2005; Sarbassov et al., 2005). mTOR, 

complexed with Rictor in mTORC2, is not sensitive to rapamycin, and is purported to be 

involved in cytoskeletal organization, as well as Akt phosphorylation (Schieke and Finkel, 

2006). In contrast, when mTOR is complexed in mTORCl which contains Raptor, mTOR is 

sensitive to rapamycin-treatment and regulates protein synthesis through downstream 

targeting of p70S6K and 4E-BP1 (Schieke and Finkel, 2006). mTOR was originally 

proposed to be a downstream target of Akt, however the discovery of the S473 regulation, 

places it both up- and downstream in the Akt signaling pathway, revealing additional layers 

of complexity in the regulation of the protein kinase. For a schematic of mTOR regulation 

downstream of Akt activation, please see Fig. 1.3. 

Activation of the isoforms is regulated through the two serine and threonine 

phosphorylation sites indicated above, T308/S473 for Aktl. The parallel activation sites for 

the remaining two isoforms are T309/S474 for Akt2, and T305/S472 for Akt3 (reviewed in 

Nicholson and Anderson, 2002). It is currently hypothesized that the activation of the three 

Akt kinases proceeds in the same manner as what is known for Aktl, since there is no 

contrary evidence to indicate otherwise. 

Akt activation is constrained by the tumour suppressor PTEN, which 

dephosphorylates PIP3. Recently, Brognard et al. (2007) found that PHLPP (PH-domain 

leucine-rich repeat protein) dephosphorylated the S473 Akt phosphorylation site (Fig. 1.3). 
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1.2.4 Akt signaling to downstream substrates 

Akt mediates activation of target substrates through phosphorylation(s) of 

downstream proteins with the 'phospho-Akt substrate' (PAS) motif, RXRXX(S/T), where 

"X" represents any amino acid (Manning and Cantley, 2007). Phosphorylation by Akt is 

either an activating phosphorylation, or an inhibitory one, and it is the phosphorylation(s) of 

target downstream substrates that regulate the cell processes defined by Akt. Complicating 

the matter further, however, is the fact that Akt often displays 'dual' regulation for many of 

its downstream substrates. For instance, Akt phosphorylates and inhibits activation of the 

Forkhead transcription factors (FoxO family) which ultimately prevents the transcription of 

pro-apoptotic genes. However, Akt phosphorylation of the FoxO family also regulates the 

transcription of genes involved in cell metabolism and gluconeogenesis. Figure 1.4 presents 

a schematic of the more important and well-known downstream Akt substrates, while Table 

1.1 lists the substrates targeted by Akt, and indicates the type of phosphorylation and level of 

regulation mediated by the kinase. 

Since the three Akt isoforms are activated in the same manner (i.e., via 

phosphorylation at the two regulatory sites), their affinity for downstream substrates is 

assumed to be the same. There are few studies that have shown differential substrate 

specificity among the Akt isoforms. However, this tenet is mostly due to technical 

constraints—phosphorylated antibodies to Akt consistently recognize all isoforms. As well, 

the unavailability of isoform-specific antibodies that were not cross-reactive has confounded 

both the analysis and examination of isoform-specific downstream targeting until very 

recently. Recent studies utilizing siRNA technology and transgenic mice (discussed in 

Section 1.3, below) have revealed that the different Akt isoforms may regulate specific 

functions. 
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Table 1.1. The downstream substrates regulated by Akt. Phosphorylations are either 
activating or inhibitory. The substrates included within this table is not exhaustive, but an 
overview of well-known and studied Akt substrates [Table adapted from Manning and 
Cantley, 2007; Nicholson and Anderson, 2002] 

Substrate 

Bad 

eNOS 

FoxOI 
Fox03A, 
Fox04/AFX 

GSK-3 

IKB kinase 

Mdm2 

p21 

p27 

Raf-1 
TSC2 

Phosphorylation 
Site(s) 

S136 

S1177 

T24, S256.S319 
T32, S253, S315 
T32.S197, S262 

S9, S21 

T23 

S166, S186 

T145 

T157.T198 

S259 
S939.T1462 

Type 

Inhibitory 

Activation 

Inhibitory 

Inhibitory 

Activation 

Activation 

Inhibitory 

Inhibitory 

Inhibitory 

Inhibitory 

Cell Process 

Survival 

Cardiovascular 
Regulation 

Survival 

Metabolism 

Metabolism 

Cell cycle 

Survival 

Survival 

Survival 

Cell cycle 

Cell cycle 

Proliferation 

Metabolism 
Cell growth 
Translation 
Ribosome 
biogenesis 

Regulation 

Promotes binding of pro-
apoptotic Bad to 14-3-3 in 
the cytoplasm to prevent 
the activation of 
apoptosis 

Production of nitric oxide 
(NO), stimulates 
angiogenesis 

Inhibits transcription of 
FasL, Bim (proapoptotic 
genes) 

Regulates transcription of 
genes involved in 
gluconeogenesis (PGC-
1a) 

Glycogen synthesis 

Stabilization of cyclin D1 

Regulation of Mcl-1 

Activates NF-KB 

Inhibit p53 

Cell cycle progression 

Cell cycle progression 
and autophagy 

Activation of Erk kinase 
Regulation of mTOR 
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1.3 THE AKT ISOFORMS: REGULATION AND FUNCTION 

A clear understanding of the regulation and function of the Akt isoforms has been 

elusive to date. One reason for this, as indicated above, was due to the lack of commercially 

available antibodies that can selectively target the isoforms. Because of this, the majority of 

published studies in the literature do not delineate the contribution of the individual isoforms 

in their studies, choosing instead to study pan-Akt, and total phosphorylated-Akt (usually the 

S473 residue), which measures the active phosphorylation of all three kinases. In point of 

this, a search of the PubMed database indicates that there are approximately 17, 000 articles 

that referenced Akt. When the isoforms are delineated, there are approximately 4000 

references on Aktl (of these, 1205 are cancer-specific), 338 citations for Akt2, and 129 for 

Akt3. Studies that examined all of the isoforms, in tandem total 78. Further, when the 

isoforms are examined individually, and the use of cross-reactive antibodies is overlooked, it 

becomes clear that there are conflicting findings with respect to the functions of the Akt 

isoforms. This is most likely due to the system studied. For example, a majority of the 

published reports in the literature employ Hek293,293T and 3T3-L1 adipocytes to examine 

the individual functions of the isoforms. In the case of 3T3-L1 adipocytes which are mainly 

used to study Akt2 regulation in diabetes, this is understandable, however, Akt isoform 

function in the other cell lines may not be applicable to other biological systems, such as 

cancer. In short, the findings from the literature can only be interpreted in the original system 

in which they were studied. 

Nonetheless, a clear picture of isoform specificity and regulation has emerged from 

studies that have selectively targeted the isoforms. The evidence from these reports 

(discussed below) has revealed specific functions of the isoforms in terms of both normal 

physiology as well as tumour biology. 
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1.3.1 Differential tissue distribution of the Akt isoforms 

The Akt isoforms appear to display preferential mRNA expression in tissues. While 

Aktl is found ubiquitously expressed, Akt2 mRNA expression is highest in tissues that 

regulate glucose metabolism, such as brown fat, liver, and skeletal muscle (Altomare et al., 

1998). Akt3 expression levels are highest in the brain and in urogenital tissues such as the 

testes, prostate, and uterus (Brodbeck et al., 1999a), although the tissue distribution of Akt3 

varies slightly in neonatal mouse samples compared to the mRNA analysis of adult samples 

(Yang et al., 2005). It is likely that the differential tissue distribution displayed by the 

isoforms is indicative of the in vivo regulation performed by the isoforms in tissues. In the 

case of Akt2 and the role it plays in the regulation of glucose uptake, this is certainly true. 

1.3.2 In vivo regulation of the Akt isoforms and knockout mice studies 

1.3.2.1 Single Akt isoform deletions 

Aktl: Differences in the individual functions of the Akt isoforms have been observed 

from studies conducted in transgenic knockout mice, where one or two isoforms have been 

selectively deleted and the resulting phenotypes examined. A study conducted by Chen et al. 

(2001) noted that Aktl knockout mice were smaller in overall size relative to the controls 

and displayed increased levels of apoptosis in the thymus and in the testes resulting in 

decreased spermatogenesis. In addition, the Aktl-/- mice did not display any differences in 

glucose or insulin regulation compared to the controls. Results published shortly thereafter 

by Cho et al. (2001b), confirmed the results of Chen's study also finding that the Aktl 

knockout mice were reduced in size, and in concurrence with Chen, finding no alterations in 

glucose metabolism. However, whereas Chen et al. (2001) found that Aktl mice were 
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'viable', Cho et al. (2001b) found that the deletion of the Aktl gene was 'partially lethal'— 

Aktl pups died within three days post-parturition. However, surviving mice maintained the 

smaller size into adulthood (Cho et al., 2001b). Both studies, however, were in agreement 

that Aktl and Akt2 displayed differential regulation of glucose homeostasis, with the Akt2 

isoform, playing the predominant role. 

Isoform-specific functions of Aktl have also been associated with ischemia and 

angiogenesis. A targeted deletion of Aktl and Akt2 in mice revealed that Aktl-/- mice 

displayed defects in vascular endothelial growth factor-mediated angiogenesis and 

ischemia—effects not observed in Akt2-/- mice (Ackah et al., 2005). 

Akt2: In contrast, to the Aktl knockout mice described above, Akt2-knockout mice 

displayed pathological defects in insulin regulation and glucose homeostasis (Cho et al., 

2001a). The transgenic mice in this study displayed a 'mild, but statistically significant 

fasting hyperglycemia', and were found to be 'slightly glucose intolerant', likely caused by 

pathological defects in glucose uptake (Cho et al., 2001a). Thus, Akt2-/- mice were insulin 

resistant. Further, the authors concluded that these features were specific to regulation by 

Akt2, as Aktl and Akt3, still present in the knockout mice, were obviously not compensating 

for the function of the missing isoform (Cho et al., 2001a). For the most part, a follow-up 

study conducted by Garofalo et al. (2003) confirmed the findings reported by Cho et al. 

However, the authors noted that the Akt2-/- mice in their study also displayed a growth 

deficiency similar to what had been reported for Aktl mice, although the defects in glucose 

metabolism were still the main phenotypic difference (Garofalo et al., 2003). 

Akt3: Given the differential tissue distribution of Akt3, it is not surprising that Akt3 

knockout mice displayed decreased brain sizes (~20%) compared to the controls (Easton et 

al., 2005). This is in contrast to Aktl-targeted deletions, where the whole size of the animal 
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was reduced. When the brains of Aktl-/- mice were compared with Akt3-/- mice, it was 

found that the Aktl deletion caused a reduction in overall cell number, whereas the targeted 

deletion of Akt3 caused both fewer cell numbers and smaller cell size (Easton et al., 2005). 

Analyses of the downstream pathways in the Akt3-/- mice revealed a decrease in mTOR 

signaling, likely explaining the smaller cell size observed in the mice (Easton et al., 2005). 

Likewise for the findings in Aktl knockout mice, Akt3-deleted mice also displayed normal 

glucose metabolism (Easton et al., 2005), lending credence to the specific role of glucose 

regulation by Akt2. Findings published one month later by Hemmings' group confirmed 

these findings for Akt3-/- mice (Tschopp et al., 2005). Taken together, the results from single 

Akt isoforms in knockout mice delineate organ-specific regulation for both Akt2 and Akt3, 

while the deletion of Aktl is ubiquitous. 

1.3.2.2 Double Akt isoform deletions 

Aktl/Akt2 deletion: In most cases, a double deletion of two of the Akt isoforms is 

lethal (either embryonic, or a few days after birth) and almost all combinations display 

extreme growth deficiencies. For example, a combined Aktl/Akt2 knockout mouse was 50% 

smaller than age-matched controls; displayed decreased cell proliferation which resulted in 

extremely thin, translucent skin; and muscle atrophy and abnormal bone development (Peng 

et al., 2003). In addition, these Aktl/Akt2 double-knockout mice displayed decreased levels 

of adipogenesis, via defective activation of PPARy-la (peroxisome-proliferation-activated 

receptor-y; also known as PGC-la). The inactivation of PGC-la, and decreased 

adipogenesis in these cells was attributed to the inactivation of Forkhead transcription factors 

(Peng et al., 2003). Further, these mice die within a few hours of birth, most likely due to 
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some type of respiratory failure (the authors observed labored breathing in the newborn 

mice) (Peng et al., 2003). 

Aktl/Akt3 deletion: The combined deletion of both Aktl and Akt3 (Aktl-/-Akt3-/-) 

in knockout mice was lethal at embryonic day E11-E12. These mice displayed 

developmental defects in both the heart and nervous system (Yang et al., 2005). Mice with a 

complete Aktl deletion, but with a single Akt3 allele (Aktl-/-Akt3-t/-) also die shortly after 

birth. However, double knockout mice left with a single Aktl allele (AktH/-Akt3-/-) 

survive. Thus, the combined deletion of Aktl and Akt3 underscored the role that Aktl plays 

in development. 

Akt2/Akt3 deletion: Similarly, Akt2/Akt3 knockout mice were viable, but displayed 

the same defects in glucose metabolism as the single Akt2 knockout mouse. Consistent with 

the findings observed for the Akt3 knockout mouse, these mice also displayed reduced brain 

size (Dummler et al., 2006). One very interesting result from this study indicated that mice 

with a single allele of Aktl (i.e., Aktl -I/-Akt2-/-Akt3-/-) survived, although they still 

displayed growth deficiencies. Thus, the authors concluded that Aktl was the most important 

isoform for both development and survival (Dummler et al., 2006). 

Collectively, the results of the studies generated with transgenic knockout mice 

indicate that Aktl and Akt3 are required for growth and development, while Akt2 strictly 

regulates glucose metabolism. Further, mice can survive without Akt2 and Akt3, providing 

that a single allele of Aktl remains. 

1.3.3 Isoform specific roles in glucose regulation: Results from the diabetes literature 

Despite the differences observed in the developmental/physiological functions 

regulated by the Akt isoforms in vivo in knockout mice (discussed above), the question of 
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whether or not the Akt isoforms are functionally redundant is still a major issue of debate 

within the literature (Bellacosa et al., 2004). Some of the most enlightening and interesting 

studies have examined the isoform-specific roles of Aktl and Akt2 with respect to glucose 

metabolism. For the most part, the results from these studies indicated that while Akt2 has an 

essential role in glucose uptake and transport, there is some overlap observed with Aktl. 

Thus, it appears that when Akt2 function is compromised, Aktl appears to compensate—at 

least partially—to maintain glucose homeostasis within the cell. The results from these 

studies are discussed below in more detail. 

Jiang et al. (2003) suggested that functional redundancy was present between Aktl 

and Akt2 based on the results obtained from their study. Adipocytes transfected with siRNA 

to both Aktl and Akt2 displayed decreases in glucose uptake. However, the magnitude of the 

effect was slight for Aktl (-20% reduction in glucose uptake) relative to Akt2 (-50% 

reduction). Thus, they concluded that both Aktl and Akt2 played a role in glucose transport 

as when both isoforms were ablated, glucose uptake was reduced by —80%. They also 

stated that these findings explained why the Akt2-/- mice in Cho's study (2001a) were mildly 

insulin resistant—Aktl could compensate for the missing isoform. Moreover, Katome et al., 

(2003) confirmed the results of Jiang's study above and found that both Aktl and Akt2 had a 

role in glucose metabolism; however, Akt2 was the predominant isoform involved in uptake 

and transport. Still, the results of these studies indicate that the isoforms exhibit functional 

specificity under normal physiological conditions. 

Similar to the observations made in the Akt2 knockout mice, Bae et al. (2003) using 

MEF (murine embryonic fibroblasts) and adipocytes showed that Akt2-knockout cells 

displayed reduced glucose uptake and Glut4 translocation. Contrasting findings to those 

reported by Jiang et al. (2003) and Katome et al. (2003) were reported, however. In this 
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particular study, it was found that Aktl could not compensate for the functions relegated by 

Akt2—only re-expression of Akt2 into the Akt2-depleted cells could restore the observed 

defects in insulin signaling (Bae et al., 2003). It should also be noted that the knockout of 

Akt2 did not eliminate all glucose uptake in these cells—only a portion of it, which suggests 

that there are additional cellular mechanisms in place to ensure adequate glucose regulation 

and transport within the cells. 

Furthermore, it was found that the Aktl-knockout cells in this study were unable to 

differentiate into adipocytes, while the Akt2 knockout cells were (Bae et al., 2003). The 

results of this study indicated that Aktl regulates fibroblast differentiation into adipocytes 

(adipogenesis), while Akt2 primarily regulates glucose transport and uptake. Peng et al., 

(2003) also found reduced adipogenesis in their Aktl/Akt2 double knockout mouse. Thus, 

the results obtained in Bae's (2003) study further explain the results obtained in Peng's study 

and assist in the explanation of the double knockout phenotype. 

In conclusion, although the regulation of Aktl and Akt2 may share some functional 

overlap in glucose transport and uptake, it appears that this only occurs when the homeostatic 

balance of the biological system is threatened. Thus, Aktl and Akt2 show preferential 

specificity for their individual functions, however, when a loss-of-function occurs, ultimately 

the other isoform will ensure survival. 

1.3.4 Akt isoform regulation in cancer 

Analysis of the Akt isoforms in cancer usually falls into one of the following 

categories: amplification or mutation analyses, and/or overexpression and downregulation 

studies. Mende et al. (2001) noted that overexpression of any of the Akt isoforms is 
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sufficient to cause transformation and promote tumour progression. Nonetheless, the results 

of isoform-specific regulation in cancer are discussed below. 

1.3.4.1 Aktl 

Mutations or deletions: Discerning the exact functions of the Aktl isoform in 

cancer is difficult given that the majority of published studies that examine 'Akt' may 

actually be Aktl, although this requires a careful and thorough analysis of the literature to 

separate those studies which examine pan-Akt, and those that specifically study Aktl. While 

deletions or mutations in the PI3K axis have been found, either in PI3KCA, the gene 

encoding the pi 10a subunit (Shayesteh et al., 1999), or in PTEN (reviewed in LoPiccolo et 

al., 2008), very few deletions or mutations in Aktl have been reported. One of the earliest 

published studies found amplification of Aktl in a human gastric adenocarcinoma (Staal, 

1987). Recently, Carpten et al. (2007) reported a mutation from glutamatic acid to lysine (E> 

K, referred to as E17K) in Aktl that occurred in human breast, ovarian, and colon cancers. 

They found that this mutation caused constitutive activation of Aktl in cancers by docking 

the kinase to the plasma membrane, thereby causing uncontrolled Akt signaling. Further, it 

was concluded that this mutation was oncogenic given that it caused transformation of cells 

in culture. This E17K mutation was found to be specific to Aktl and was not found in Akt2 

or Akt3 in the same samples. However, a study published shortly after this landmark study 

indicated that the same activating mutation in Akt3 was found in melanoma (Davies et al., 

2008). 

Aktl-specific activation and upregulation: Other studies have reported a role for 

the Aktl isoform in the regulation of proliferation and metastases. Overexpression studies 
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and endogenous upregulation of Aktl protein were associated with higher Her2 expression in 

breast cancer (Ahmad et al., 1999). Liu et al. (2001) found that inhibition of Aktl using 

Aktl-targeted antisense RNA reduced cell growth in soft agar and induced apoptosis in 

different types of cancer cells (MiaPaCa-2, H460, HCT-15, HT1080). Increased Aktl 

activation was also found in breast, prostate, and ovarian cancers (Sun et al., 2001a). Similar 

to Liu's findings reported above, Sun et al. (2001a) reported that Aktl overexpression 

promoted the proliferation of cancer cells in soft agar assays. Further, Aktl overexpression in 

this study caused tumour formation when injected into nude mice (Sun et al., 2001a). 

Collectively, the results of these studies indicated that activation or overexpression of the 

Aktl isoform is oncogenic and provides a rationale for Aktl-targeted treatment in cancer 

therapy. 

1.3.4.2 Akt2 

Amplification and upregulation: Frequently, amplification and upregulation of 

Akt2 has been reported in various kinds of cancer; in both in vitro cell lines and in analyses 

of primary tumour samples. One early and frequently cited study reported the amplification 

and subsequent overexpression of Akt2 in breast and ovarian carcinomas, with incidences 

occurring at 2.1% and 12.1% for breast and ovarian cancer, respectively (Bellacosa et al., 

1995). The discovery of Akt2 amplification in both pancreatic cancer cell lines and primary 

tumour samples followed shortly thereafter (Altomare et al., 2002; Cheng et al., 1996; 

Ruggeri et al., 1998; Yamamoto et al., 2004), as well as additional studies providing further 

evidence for Akt2 amplification in ovarian and breast cancer (Sun et al., 2001b; Yuan et al, 

2000). One study also reported amplification of the Akt2 gene (30%) in squamous cell 
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carcinoma from primary tumour samples excised from head and neck cancers (Pedrero et al., 

2005). 

Positive correlational analyses between expression levels of Akt2 and Her2/neu have 

been reported (Bacus et al., 2002), as well as associations between Akt2 and the estrogen 

receptor a (ERa) (Sun et al., 2001b). In this particular report, Sun et al. (2001b) also 

demonstrated that Akt2 may regulate estrogen signaling, as ERa was phosphorylated by 

Akt2 at SI67. The Akt2 regulation of ERa as a substrate could potentially regulate the 

transcriptional activities of the receptor. To date, this is the only report detailing such 

regulation, other than studies that have indicated that Akt2 is activated by growth factors 

(Liu et al., 1998; Okano et al., 2000). However, the authors noted that this association may 

be contributing factor in cancer therapy failure (Sun et al., 2001b). 

An analysis of both Aktl and Akt2 expression in hepatocellular carcinoma indicated 

that Akt2 expression was associated with the prognosis of hepatocellular carcinoma. In 

contrast, low to moderate expression levels were observed for Aktl in these samples (Xu et 

al., 2004). One study also reported the occurrence of somatic mutations in Akt2 in the kinase 

domain of both stomach and lung cancer using single strand conformation polymorphism 

assays. While the incidence rates of the mutation were low (2.0-2.5%) the authors concluded 

that this mutation could contribute to cancer progression (Soung et al., 2006). 

Analysis of Akt2-specific functions in cancer: Overexpression studies examining 

the regulation of Akt2 have shown that upregulation of this isoform can increase both cancer 

progression and severity by regulating the processes of invasion and metastases. A study 

conducted by Arboleda et al. (2003) found that the overexpression of Akt2 in both breast and 

ovarian cancer cells was associated with increased metastases and invasion measured via 
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attachment to collagen I, IV and laminin. Further analysis indicated that the Akt2-

overexpressing cells displayed upregulated protein levels of pi-integrins. Perhaps more 

importantly, the injection of MDA-MB435 breast cells transfected with or without Akt2 into 

nude mice revealed that Akt2 overexpression was associated with increased tumour 

formation and metastases (many nodules). In contrast, the MDA-MB435 control (without 

Akt2 overexpression) showed the development of a single tumour (Arboleda et al., 2003). 

Thus, the implications of this study are that increased expression of Akt2 may enhance the 

aggressiveness of metastatic breast cancer. 

A study conducted by Jin and Woodgett (2005) found that a myristolated or 

membrane-targeted Akt2 construct promoted morphological changes in Hek293 (human 

epithelial kidney) cells which may contribute to the transformation process. Among the noted 

changes, were increased cell growth and cell size, as well as increased multinucleation and 

cell fusion. The authors concluded that the morphological changes observed in these Akt2 

cells induced by prolonged Akt2 activation may promote increased tumorigenesis via 

increased 'genetic instability and autophagy', the features commonly associated with cancer 

(Jin & Woodgett, 2005). 

Since Akt2 upregulation has been associated with cancer progression, it is logical that 

the downregulation of the isoform would have the opposite effect. Results of one study 

indicated that knockdown of Akt2 with siRNA and pharmacological inhibition of PI3K, with 

LY294002 caused reduced cell proliferation in ovarian cancer cells (Noske et al, 2005). 

Further, lung adenocarcinoma cells treated with siRNA targeted to all three isoforms showed 

that siRNA-ablation of Akt2 reduced both cell migration and invasion, whereas Aktl siRNA 

had no discernable effects on lung cancer cells. Interestingly, cell migration and invasion 
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were partially inhibited by Akt3 siRNA treatment, but not to the same extent as Akt2 siRNA 

(Sithanandam et al., 2005). 

1.3.4.3 Akt3 

Akt3 regulation of melanoma: Akt3 is the least studied of the three isoforms, and as 

a result, a clear understanding of its function in both normal and cancer cells has yet to be 

determined. To date, Akt3 appears to play an important role in melanoma cancer. Published 

studies have reported elevations of the isoform in a cDNA microarray in melanoma 

(Bloethner et al., 2005). As well, the same E17K mutation found in Aktl (cited above) was 

also found in Akt3 in melanoma cells (Davies et al., 2008). 

Interesting results from one published study found elevations in Akt3 activity or 

kinase activation in melanoma cells and correlated the highest kinase activity with the most 

advanced and aggressive form of the cancer (Stahl et al., 2004). Ablation of Akt3 in 

melanoma cells by treatment with siRNA was effective in reducing the increased Akt activity 

observed in these cells, while siRNA against Aktl and Aktl had no effect (Stahl et al., 

2004). Further, the increased activation of Akt3 in malignant melanoma, in this study, was 

associated with both increased copy numbers of Akt3 or deletions or mutations in PTEN 

(Stahl et al., 2004). Additional studies from Robertson's lab (Cheung et al., 2008; Tran et al., 

2008) have since linked Akt3 with melanoma progression via Akt3-dependent 

phosphorylation of B-Raf, further contributing to a growing body of evidence that this 

isoform may play an important role in the regulation of a very serious form of skin cancer. 

Akt3 regulation in other types of cancer: Deregulation of Akt3 activity has been 

reported in other types of cancer, such as ovarian and breast, in addition to the findings 

discussed in melanoma above. Cristiano et al. (2006) reported upregulation of Akt3 in 20% 
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of ovarian tumours. In addition, Akt3 was associated with cell cycle control in this study as 

the ablation of Akt3 using shRNA reduced proliferation in ovarian cancer cells through 

inhibition of G2/M progression (Cristiano et al., 2006). 

Focused studies on breast cancer have shown that constitutively active Akt3 

expressed in MCF-7 cells (which is an estrogen-dependent cell line) promoted estrogen-

independent-tumour formation in nude mice (Faridi et al., 2003). Further, the overexpression 

of Akt3 in these cells caused resistance to tamoxifen treatment, most likely attributable to the 

fact that they were rendered estrogen-independent by the upregulation of Akt3. Thus, 

tamoxifen treatment would only further stimulate tumour growth (Faridi et al., 2003; Glaros 

et al., 2006). Akt3 activity was also linked with increased aggressiveness in breast and 

prostate cancer in another study. In this particular study, an association was found between 

breast cancer cell lines that were estrogen receptor-negative and prostate cancer cell lines 

that were androgen receptor-positive, an effect not noted for either Aktl or Akt2 when the 

remaining isoforms were examined in this study (Nakatani et al., 1999b). The authors 

concluded that this association may be a contributing factor in the progression to the more 

aggressive types of breast and prostate cancers that are typically resistant to conventional 

treatment regimens (Nakatani et al., 1999b). 

Collectively, the results from the studies above indicate that upregulation of any Akt 

isoform (via overexpression systems or in vivo amplification) can increase proliferation, 

metastasis and invasion—processes all associated with tumorigenesis and aggressive forms 

of cancer. Out of all the isoforms, Akt2 has been the most studied isoform in cancer, 

overlooking the limitations that are present in studying Aktl. The results of these studies 

have implicated Akt2 to be most important in the regulation of increased invasion and 

transformation. Indeed, Akt2 activity is dramatically increased upon stimulation with a 
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variety of growth factors such as EGF, IGF-I, and PDGF (Liu et al., 1998). However, the 

exact mechanism as to how Akt2—or any of the isoforms—contribute to cancer progression 

has not yet been determined. Moreover, the mechanisms involved in the isoform-specific 

contribution to tumorigenesis are most likely multifactorial. 

1.3.5 The Akt isoforms and isoform-specific cancer treatment 

The well-documented use of PI3K/Akt inhibitors such as LY294002 and wortmannin 

is an effective treatment strategy for cancer. However, to date, treatment with PI3K/Akt 

inhibitors have had limited success in clinical trials; further the broad specificity of some of 

the inhibitors have rendered them highly toxic (LoPiccolo et al., 2008). However, 

accumulating lines of evidence citing the differential regulation of the Akt isoforms in 

various types of cancer (such as Akt3 in melanoma, for instance) raise the question as to 

whether or not isoform-targeted treatment therapy might be a viable option. Certainly, 

targeting one isoform would alleviate the observed toxicities seen when all of the isoforms 

are inhibited. 

Strategic inhibition of the Akt pathway would likely target the upstream players 

involved in Akt activation, or prevent the activation of downstream substrates (Hennessy et 

al., 2005). To date, however, there have been significant problems regarding inhibition of 

Akt in cancer treatment: First, the broad specificity of many inhibitors produces potential 

toxicities. As proof of this, Triciribine, also known as API-2, specifically inhibits Akt. 

However in early clinical trials, the drug showed little effect and was found to be highly 

toxic—the most significant symptoms appear related to the known functions of Akt2 such as 

hyperglycemia (reviewed in LoPiccolo et al., 2008). According to LoPiccolo et al. (2008) 
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API-2 has recently been re-examined for use in patients but employing lower doses and 

screening patients whose cancers show high Akt activation (LoPiccolo et al., 2008). 

Downstream inhibition of the Akt pathway by using inhibitors of mTOR like 

rapamycin, have their own caveats. The discovery of a feedback loop from p70S6K that 

signals back to the insulin-receptor (IRS) causes Akt activation and further promotes tumour 

progression (reviewed in Harrington et al., 2005; O'Reilly et al., 2006). Perhaps the 

combination of either rapamycin or a rapamycin derivative together in combination with an 

Akt inhibitor is a valid strategy that remains to be tested (Hennessy et al., 2005). 

Treatment with certain types of inhibitors may even promote resistance via 

unintentional upregulation of the Akt pathway. Bruzek et al., (2005) chronically exposed a 

colorectal cancer cell line (HCT 116) to increasing concentrations of FTIs (farnesyl protein 

transferase inhibitors (SCH6636) in order to select a FTI-resistant drug cell line. The authors 

of the study did not find any differences in drug uptake mechanisms that would render the 

cells resistant (almost 100-fold) to the FTIs. Examination of the Akt pathway revealed that 

the resistant cells had upregulated endogenous levels of Aktl and Akt2, as well as the 

downstream substrates mTOR and p70S6K (Bruzek et al., 2005). Treatment of this cell line 

with rapamycin was able to restore drug sensitivity. 

Thus, selective targeting of any of the isoforms could potentially alleviate toxic side 

effects caused when all of the functions of Akt are inhibited. Further, careful therapeutic 

monitoring could assess whether treatment of a tumour with an isoform-specific inhibitor 

would be effective. Clouding this issue, however, is the fact that the isoforms may function 

differentially in different systems—i.e., Akt2 may not behave the same way in lung cancer as 

it does in breast cancer, and further intensive studies are required to sort these issues out. 

Moreover, Akt-isoform-specific signaling needs to be examined in detail: it is assumed that 
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the isoforms signal to the same downstream substrates as pan-Akt, and very few studies have 

shown if any of the isoforms exhibit preferential substrate specificity. This tenet is 

particularly important if selective Akt isoform inhibition promotes the activation of feedback 

loops and networks from downstream substrates (Hennessy et al., 2005). Further, effective 

treatments that selectively target the isoforms would require the development of highly 

sensitive prognostic markers that would clearly identify the isoform involved. 

Despite the advantages gained by hypothetically targeting the individual isoform 

implicated in the cancer system being treated, the reality is that targeted-specificity of the 

Akt isoforms via pharmacological inhibitors in cancer treatment remains elusive due to the 

shared homology between the isoforms. Recently published findings from a research group 

at Merck screened compounds and analyzed their effect on Akt inhibition (Barnett et al., 

2005). Out of 270,000 chemicals, 2 were found to be isoform specific: 1 compound inhibited 

Aktl (Akt-I-1), while the other compound was able to inhibit both Aktl and Akt2, but not 

very efficiently (Akt-I-1,2). Neither compound showed any activity towards Akt3 (Barnett et 

al., 2005). Both of these inhibitors blocked access of PDK1, the upstream kinase that 

phosphorylates Akt at the required activation site at T308, suggesting that the inhibitors bind 

to the PH domain. Treatment of LNCaP prostate cancer cells with the Aktl-1,2 inhibitor and 

analysis of downstream Akt substrates revealed that both Aktl and Akt2 inhibition caused an 

upregulation of both Bad and p27, and a downregulation of p21. More importantly, treatment 

with Akt-I-1, which inhibited only Aktl, did not affect these downstream pathways 

suggesting that preferential signaling from the Akt2 isoform was present (Barnett et al., 

2005). Recently, Hartnett et al. (2008), also from Merck, published findings regarding the 

development of another Aktl/Akt2 inhibitor. This particular inhibitor showed more activity 

against Akt2 in enzyme assays but showed poor activation in cell-based assays. The structure 
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of the compound was then reformulated to correct this (Hartnett et al., 2008). Future 

development of isoform-specific inhibitors and careful analysis of signaling to downstream 

substrates—to determine both preferential substrate specificity as well as monitor aberrant 

activation of any component of the Akt pathway—will be a much needed area of focused 

research investigation in the near future. 

1.4 SUMMARY 

Analysis of the individual Akt isoform-specific contribution in cancer development, 

and progression has been difficult to ascertain. Technical constraints, such as the widespread 

use of cross-reactive antibodies for example, has led to generalized assumptions that 

regulation of the Akt isoforms is consistent with that observed for pan-Akt. Despite this, the 

development of genetically engineered knockout mice has provided evidence that the Akt 

isoforms regulate very specific functions. Further, the development of siRNA technology has 

led to advances in understanding the regulation of the isoforms in cancer. Future studies need 

to discern the intricate network of Akt regulation and signaling by assessing if the isoforms 

share the same specificity for substrate regulation, or if in fact, one isoform displays very 

specific preferences for certain signaling intermediates. The results obtained from these 

future studies will aid in the development of more finely-targeted and enhanced cancer 

therapy regimens in patients whose tumours show elevated activation of Akt. The knowledge 

that Akt3 is important in melanoma cancer and is implicated in its progression for example, 

can provide potential strategies for increased treatment efficacy, providing that the precise 

mechanisms involved can be determined. One issue that remains unaddressed, however, is to 

determine which isoform is the most important for cancer cell survival. An analysis of the 
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function and regulation of the mechanisms intrinsic to the isoforms needs to be investigated, 

beyond the finding that one type of cancer shows upregulation or amplification of a specific 

isoform. 

An understanding of how the isoforms are similar or are different from the accepted 

theories about the regulation of Akt will profoundly affect the current knowledge 

surrounding Akt signaling. In consideration of the important role that Akt plays in both the 

initiation and progression of cancer, finding that one isoform is more important for cancer 

survival, or that the isoforms can compensate for the functions of each other, will have 

implications beyond what is currently known about Akt in tumorigenesis. Therefore, a 

thorough investigation and characterization of how the Akt isoforms function in cancer is 

essential. 

Thus, the current need to challenge the accepted notions regarding Akt isoform 

regulation prompted the investigation outlined in the studies included within the thesis. A 

breast cancer cell line (MDA-MB231 cells) was chosen to examine the regulation of the 

isoforms in these studies. Collectively, the studies included and described within the thesis 

indicate that the Akt isoforms are regulated differentially within this clinically advanced 

breast cancer model. The first analysis that needed to be undertaken involved examining the 

subcellular localization of the isoforms to determine how their regulation compares to what 

is accepted for Akt function. Data obtained from this study suggested that specific 

differences in the localization of the isoforms can provide insight into the function and 

regulation of each Akt isoform (Chapter 3.0). The studies included in the next section 

(Chapter 4.0) examined which isoform was most important for breast cancer proliferation 

and survival. This chapter detailed how the function one of specific isoform (Akt2) was more 

important for survival, and outlined the mechanisms and cellular processes regulated by this 
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isoform in a breast cancer cell line. Further, these studies also detailed the mechanism by 

which the breast cancer cells die by examining the processes related to targeted deletion of 

Akt2. Collectively, the results and conclusion detailed in the studies included in this thesis 

challenge currently accepted views about Akt signaling, and provide evidence that the Akt 

isoforms are more intricately regulated than previously thought. 

-32-



CHAPTER 2.0 

MATERIALS AND METHODS 
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2.0 MATERIALS AND METHODS 

The following section contains the general methods and routine protocols used in the 

experiments described in this thesis. Any additions or changes to these protocols are 

discussed in the relevant 'Materials and Methods' section within the specific studies outlined 

in each chapter. 

2.1 Cell Culture 

The MDA-MB231 breast cancer cell line purchased from ATCC (Manassas, VA), 

was grown in RPMI1640 media (Hyclone), supplemented with 10% (v/v) fetal bovine serum 

(FBS), 2.05 mM L-glutamine, 100 |j.g/ml streptomycin and 100 units/ml penicillin 

(Hyclone). Cells were routinely cultured and maintained under standard culture conditions in 

a humidified atmosphere at 37°C, 5% CO2, 95% air. MDA-MB231 cells are a breast cancer 

cell line (adenocarcinoma) and were derived from a breast metastasis (pleural effusion) 

(ATCC). They are both p53 negative and ER (estrogen receptor) negative, and exhibit no 

known alterations in the Akt pathway. 

2.2 Protein Extraction and Quantification 

Cells were plated in 10-cm plates (Sarstedt, Laval QB) the day prior to extraction and 

grown under standard culture conditions as indicated above. The culture media was removed 

and the plates were placed on ice prior to being washed three times with ice-cold PBS (137 

mM NaCl, 2.7 mM KC1,10 mM Na2HP04,2 mM KH2P04). 

Cell Lysis Buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM 

EGTA, 1% (v/v) Triton X-100) supplemented with 1 mM PMSF, lx protease inhibitor 
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cocktail tablets (Roche), 2 mM sodium orthovanadate (Na3V04>, and 10 mM sodium 

fluoride (NaF) was added to each of the plates and the adhered cells were scraped with a 

rubber policeman. Cells were then collected into pre-chilled 1.5-ml eppendorf tubes and 

sheared with a 21-gauge needle (20-30 times). The cell lysates were incubated on ice for 15-

20 min and were then cleared by centrifugation. The proteins were quantified using a BCA 

Assay (Pierce) which measures the amount of protein in a sample relative to a standard curve 

against a known amount of BSA (25-2000 ug/ml). The samples were read at 540 run using a 

Titertek Multiscan MCC/340 plate reader (Titertek, Huntsville, AL) and the unknown protein 

concentrations were analyzed against the values obtained from the standard curve and 

interpolated using a linear regression analysis (GraphPad Prism version 4.03). 

2.3 SDS-PAGE 

Protein extracts (20-40 ug) were diluted in 5x Laemmli sample buffer (0.1 M Tris-

HC1, pH 6.8, 10% (w/v) SDS, 40% (v/v) glycerol, 2% (w/v) DTT, 10% (w/v) bromophenol 

blue) and loaded onto 8-15% polyacrylamide gels (acrylamide:N,N'-methylene 

bisacrylamide, 29:1). Proteins were resolved by electrophoresis using a Hoefer miniVE 

electrophoresis unit (GE Health Care) in running buffer (25 mM Tris, 192 mM Glycine, 

0.1 % (w/v) SDS, pH 8.3, Bio-Rad) at 90-150 volts for 1-2 h. 

2.3.1 Immunoblotting (Western Blot Analysis) 

Proteins were transferred onto PVDF membranes (GE Health Care) which were 

immersed prior in transfer buffer (48 mM Tris, 39 mM glycine, 20% (v/v) methanol, 0.037% 

(w/v) SDS, pH 9.2) using a semi-dry transfer apparatus at 12 volts for 1 h (Bio-Rad, 
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Burlington, ON). Membranes were incubated in blocking buffer for 1 h at room temperature 

in 0.1% TBST (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% (v/v) Tween-20) with 5% 

Carnation non-fat skim milk prior to overnight incubation with the primary antibody. The 

primary antibody was diluted in 0.1 % TBST with 5% BSA on a rotating shaker at 4°C (see 

Table Al in Appendix II for the antibody dilutions used in experiments). Membranes were 

washed three times with 0.1 % TBST and incubated in the secondary antibody in 0.1 % TBST 

supplemented with 5% non-fat skim milk for 1 h at room temperature. The blots were then 

washed four times; twice with 0.1 % TBST, and twice with TBS prior to visualization using 

enhanced chemiluminescence (ECL) (GE Health Care). For analysis of phosphorylated 

proteins, the phosphorylated protein was probed first and then stripped, if necessary, in a 

stripping buffer (62.5 nM Tris-HCl, pH 6.7, 100 mM p-mercaptoethanol, 2% (w/v) SDS) 

prior to analysis with the endogenous or non-phosphorylated protein. 

2.3.2 Densitometric Analysis 

Intensity of the protein bands (scanned images) was determined by densitometry 

using AlphaEase Fluorochem (FC) 8900 version 4.0.1 software, which was supplied with an 

Alpha Innotech scanner (Fisher Scientific). Protein levels were expressed as a ratio [protein 

of interest/loading control] and graphed using Excel (Microsoft Office 2003, Microsoft). In 

general, y-tubulin was used as a control for the experiments within this thesis. 

2.4 Immunoprecipitation/Western Blot Analysis (IP/Western) 

For the immunoprecipitation procedure, MDA-MB231 cells were plated on a 10-cm 

plate in RPMI media supplemented with 10% (v/v) FBS and antibiotics and allowed to 
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adhere overnight (see culture protocols, Section 2.1, in this chapter). The next day, the media 

was decanted, the plate was washed three times with ice cold PBS, and the residual PBS was 

removed from the plate using a pipette. Proteins were solubilized in 500 ul of Cell Lysis 

Buffer and quantified using a BCA Assay (Pierce) (see Section 2.2, above). The protein 

extract (200 jj.g) was added to 0.5-2.0 ug of isoform-specific primary antibodies against Aktl 

(Cell Signaling Technology, Danvers, MA), Akt2 (Santa Cruz Biotechnology, Santa Cruz, 

CA), and Akt3 (Upstate Biotechnology, Lake Placid, NY). The required antibody 

concentration was initially determined via titration. The protein-antibody mixture was then 

incubated overnight at 4°C on a nutating shaker. Protein A/G sepharose beads (20 ul, Santa 

Cruz) were first cleared by washing three times in 500 ul of Cell Lysis Buffer prior to being 

added to the protein-antibody mixture. The antibody slurry was incubated for an additional 2 

h at 4°C, with constant rotation, and the beads were collected by centrifugation. The 

supernatant was retained in order to assess the efficiency of the immunoprecipitation, and the 

beads were then washed three times in 500 ul of Cell Lysis Buffer. After the last wash, the 

beads were collected and resuspended in 3x Sample Buffer (20 ui), boiled for 5 min, and 

centrifuged again to allow collection of the immunoprecipitated fraction. The 

immunoprecipitate (15 ul) was then loaded onto 10% polyacrylamide gels alongside a whole 

cell extract control (30-35 ug) and the collected supernatant prior to analysis via western 

blotting (Chapter 2, Section 2.3.1). 

2.5 RNA Extraction and Reverse Transcription (RT) 

Total RNA was extracted using an RNeasy Kit (Qiagen) according to the 

manufacturers' instructions. Briefly, the cell culture medium was removed and the plate was 
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washed with PBS. Cells were lysed by addition of Buffer RLT (600 ul, supplemented with 

10 |ul p-mercaptoethanol/ml), scraped and aliquoted into an eppendorf tube. The cell sample 

was homogenized by shearing through a 21-guage needle (20-25 times) and mixed with 70% 

(v/v) ethanol. The lysates were placed on a column (supplied by Qiagen) and centrifuged (> 

8000 x g). The RNA sample in the column was washed, and then eluted with RNase-free 

water. Total mRNA was quantified using a spectrophotometer (UV 1101 Biotech 

Photometer) taking standard OD260/280 absorbance measurements. RNA integrity was 

analyzed using one of two methods: (1) The 28S/18S ratio was performed using a RNA 6000 

Nano Assay LabChip Kit and analyzed with an Agilent 2100 Bioanalyzer or (2) The 28S/18S 

ratio was verified by native gel electrophoresis of RNA on 1% agarose gels. The RNA 

samples were then DNase I-treated, and 1 ug of total RNA was reverse transcribed with M-

MLV, 10 mM dNTPs (ID Labs), and T20-VN primers (20 ng/ul), in accordance with the 

protocol published by Hembruff et al., 2005. 

2.6 Quantitative-PCR (Q-PCR) 

Q-PCR was performed to analyze mRNA expression using an ABI Prism 7900 HT 

Sequence Detection System (SDS) (Applied Biosystems). The standard curve was generated 

using the cDNA from MDA-MB231 cells diluted 1/4 in water (PCR-grade, Invitrogen). This 

initial dilution was then further diluted incrementally (1/4,1/8,1/16,1/32,1/64) for analysis 

(Hembruff et al., 2005). The cDNA from each sample was diluted 1/8 and loaded in triplicate 

onto a plate with gene primers (300 nM) and SYBR Green I chemistry (from Applied 

Biosystems or Bio-Rad). The S28 ribosomal RNA was used as the control, and the mRNA 

levels were determined by the following formula: [mRNA level of Akt isoform/S28 mRNA 
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level]. The PCR conditions used were 95°C for 15 s, 55°C for 15 s, and 72°C for 30 s, for 40 

cycles. Subsequently, the data was acquired and analyzed with ABI SDS software (version 

2.1 from Applied Biosystems). 

2.7 Small interfering RNA (siRNA) 

siRNA transfections were performed in both 10-cm cell-culture dishes and in 6-well 

plates on glass coverslips, scaled according to the volumes required. Cells were plated 24 h 

prior to transfection with siRNA and the transfection procedure lasted for 24 h. For 

transfections in 10-cm plates, MDA-MB231 cells were trypsinized with 0.05% (w/v) 

Trypsin-EDTA (Gibco) and replated onto 10-cm plates (-30% confluency) in RPMI media 

supplemented with 10% (v/v) FBS (antibiotics were omitted for these experiments). The next 

day, cells were transfected using Opti-MEM I Reduced Serum Medium (which is serum free) 

(Gibco) and Lipofectamine 2000 (Invitrogen). The cell culture medium was removed, the 

plates were washed with sterile DPBS and 12 ml of Opti-MEM I medium was added to each 

plate to be transfected (1.5 ml in 6-well culture dishes). For transfection, 1.5 ml of Opti-

MEM I medium was added to two wells in a 6-well culture dish. In one well, the isoform-

specific siRNA oligo was diluted to the appropriate concentration and Lipofectamine 2000 

(25 jxl) was added to the second well. After 5 min, the siRNA and Lipofectamine were mixed 

(3 ml in total) and further incubated for an additional 20 min at room temperature. For 

transfections in 6-well plates siRNA was diluted in 250 ul Opti-MEM I and mixed with 5 ul 

Lipofectamine 2000 in 24-well plates. The mixture was slowly added to the plates and mixed 

by gentle rocking. The plates were incubated overnight, and the transfection media was 

removed the next morning (24 h post-transfection initiation) and replaced with RPMI 10% 

-39-



(v/v) FBS. The plates were returned to the incubator and processed for downstream 

applications at the timepoints required (i.e., protein, mRNA, or immunostaining). A 

scrambled control (10 nm), or a reagent control (mock-transfected with Lipofectamine 2000 

only) was included for the siRNA transfections. 

All siRNA oligonucleotides, including the scrambled controls were purchased from 

Ambion (TX), and were determined to be isoform-specific (i.e., the siRNA for Aktl did not 

knockdown Akt2 or Akt3, etc.). Two siRNA oligonucleotides per isoform were chosen to 

ensure that the experimental results obtained were due to ablation of the specific Akt protein, 

and not due to non-specific effects. Further, the choice to transfect one oligonucleotide per 

target at low concentrations minimized the off-target or non-specific effects often associated 

with pools of siRNA. The siRNA transfections were optimized for each oligonucleotide and 

evaluated for the lowest concentration that gave the maximum knockdown, as well as 

incubation time. The dose curves (see Appendix II, Fig. A3) indicated that all 

oligonucleotides included in the studies achieved an average knockdown of 70-85% 

(measured by protein densitometry), or even higher (84-95%) when mRNA was quantified 

by qPCR (Chapter 4, Section 4.3.5). The optimal time that full knockdown was achieved was 

48 h post-transfection initiation. The siRNA concentrations tested ranged from 5 nm to 30 

nm, and knockdown was achieved within this range (the nucleotide alignment of the siRNAs 

employed is also highlighted in Appendix I, Fig. Al). The siRNA sequences and final 

concentrations used in this study are as follows: 

siRNA Set 1: Aktl 10 nm 5' GGCUCCCCUCAACAACUUC 3' 
Akt2 10 nm 5' GGAUGAAGUCGCUCACACA 3' 
Akt3 20 nm 5' GGACCGCACACGUUUCUAU 3' 

siRNA Set 2: Aktl 30 nm 5' GCCCUCAGAACAAUCCGAU 3' 
Akt2 5 nm 5'GGUCGACACAAGGUACUUC 3' 
Akt3 10 nm 5' GGCCAAGAUACUUCCUUUU 3' 
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2.8 General Immunocytochemistry and Immunofluorescence Experiments 

2.8.1 Single antibody staining 

Cells were plated on 1.8-cm (0.13-0.17 mm thick) sterile glass coverslips (Fisher 

Scientific) that had been placed in a well of a 6-well clustered dish and allowed to attach 

overnight. At the indicated timepoints, the coverslips were removed from the media, washed 

in TBS, fixed in 4% paraformaldehyde for 10 min, and then permeabilized in 0.2% Triton X-

100 for 5 min (both from Sigma). The coverslips were then treated in blocking solution (10% 

equine serum, 1% (w/v) BSA, 0.02% (w/v) NaN3, PBS) for 1 h at room temperature and 

washed in TBS prior to antibody staining. The primary antibodies were diluted (for dilutions, 

please see Table Al, Appendix II) and incubated for 45 min. After washing in TBS, 

fluorescence-conjugated secondary antibodies were added to the coverslips and incubated for 

30 min in the dark. Both primary and secondary antibodies were diluted in 1 % BSA in TBS. 

All primary and secondary antibodies were titrated to determine the optimal concentrations 

for these experiments. The secondary antibodies were also evaluated to ensure that there was 

no bleedthrough or excessive background/noise (see Appendix II, Fig. A4, and Chapter 

3.2.2, Fig. 3.4). All experiments also included primary omission controls to ensure this. 

Next, the coverslips were mounted onto slides containing 5 JLXI of 90% glycerol/PBS 

prior to being viewed via confocal microscopy using a LSM 510 Meta laser scanning 

microscope (Carl Zeiss) with a 63x objective lens. Throughout all trials, a minimum of 10 

fields/per coverslip/per trial were captured for each experiment, when possible. 

2.8.2 Live MitoTracker Staining 
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MitoTracker Red CMXRos (Cambrex Biscience Walkersville Inc., Charles City, IA) 

was used for active/live labeling of the mitochondria in Chapters 3.0 and Chapter 4.0 of this 

thesis. MitoTracker use in these experiments was optimized according to the protocols 

suggested by the manufacturer. In order to label the mitochondria, 50 nM (final 

concentration) of MitoTracker was diluted in pre-warmed media, and added to each well of a 

6-well clustered dish that contained cells that were plated on coverslips. The cells were 

further incubated at 37°C, 5% C02 for 45 min to allow the incorporation of the probe. 

Afterwards, the coverslips were removed from the media, washed in TBS and then fixed and 

permeabilized for further analysis with Akt2 immunostaining as outlined in Section 2.8.1, 

above. 

The determination of the final concentration of MitoTracker that was employed was 

optimized via titration until it was determined that 50 nM of MitoTracker was the optimal 

dose for use in these experiments (the recommended concentration of MitoTracker labelling 

from the manufacturer for these experiments ranges from 25-500 nM). MitoTracker labelling 

using concentrations in the live-incorporation experiments above 50 nm (100-500 nm) were 

saturated when tested. Fig. A7 in Appendix III shows MitoTracker staining in MDA-MB231 

cells, LNCaP cells and HeLa cells and demonstrates that no signal was present in the green 

channel during the course of the MitoTracker experiments at the concentrations employed. 

2.8.3 Confocal Microscopy 

All immunocytochemistry experiments were visualized by confocal microscopy 

using a Zeiss 510 Meta laser scanning microscope (Carl Zeiss) equipped with a 63x objective 

lens. Three lasers lines were utilized for excitation with the following band pass filter 

settings used for detection: Argon 488 nm (band pass 505-530), HeNe 543 nm (long pass 
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560) and 633 nm (long pass 650). During the initial optimization of the Akt isoform triple 

staining experiments, the long pass and band pass filter settings indicated above were chosen 

for stringency and to ensure that no signal was present in the other three detector channels 

(please see Appendix II, Figure A4). Once these settings were in place, they were employed 

in every experiment thereafter. All images were captured and analyzed (including co-

localization statistics and analyses) using LSM 510 software included with the microscope 

(LSM Image Examiner, Carl Zeiss). 

2.9 MTT Proliferation Assays 

Cell proliferation was measured using MTT assays. In these experiments, cells were 

first transfected with siRNA specific to each Akt isoform in 10-cm plates (Sarstedt). At the 

48 h timepoint, cells were washed, trypsinized, and counted. 3000 cells suspended in 100 ul 

culture media were plated per well of a 96-well clustered dish (16 replicates per transfection 

condition), and allowed to attach overnight. The plates were maintained under standard 

conditions until samples were taken at scheduled timepoints. A portion of the leftover cell 

sample at 48 h was used for Western blot analysis to confirm the efficiency of siRNA 

transfection. At each timepoint, 10 ul of MTT stock (5 mg/ml MTT in PBS) was added to 

each well and incubated for 4 h at 37°C, 5% C02. At the end of the incubation, the MTT-

culture medium was gently removed from each well using a pipette. 200 ul of DMSO was 

then added to each well and mixed thoroughly. Plates were read on a SPECTRAmax 340 PC 

plate reader (Molecular Devices) at 570 nm and 650 nm (reference wavelength). All 

absorbance measurements were corrected to the reference wavelength (Corrected 

absorbance=570-650 nm). The optimal initial plating number for the cells was determined 
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by increasing the cell number in increments of 3000 (replicates of 4 wells per increment) and 

assessing the linear range of the assay. Please see Appendix II, Fig. A5 for these 

optimization curves. 

2.10 Focus Formation Cell Survival Assay 

Cells were first harvested by trypsinization at 48 h post-siRNA transfection, and then 

plated (1000 cells in a 10-cm dish). After 10-12 days of incubation, the culture medium was 

removed, and the plates were gently washed with PBS solution. Subsequently, cells were 

fixed and stained with 2% (w/v) methylene blue in 100% methanol for 10 min at room 

temperature. Colonies comprised of >50 cells were counted as positives. 

2.11 Treatment with X-ray Irradiation 

Cells were treated with X-ray irradiation and analyzed at the indicated timepoints in 

Chapter 3. MDA-MB231 cells were trypsinized, plated and allowed to adhere overnight 

(RPMI, 10% (v/v) FBS). The next day, the plates were treated with 5 Gy irradiation using a 

RS320 Irradiation System (Gulmay Medical Inc.) returned to the incubator, and processed at 

the indicated timepoints. The radiation dose (5 Gy) was chosen as previous studies within 

our lab indicated this was a mid- or medium level dose for MDA-MB231 cells. The plates of 

cells were placed on the second shelf within the X-ray machine on top of a Perspex plate to 

accommodate backscatter. The shelf position was chosen to minimize the time the cells were 

out of the incubator (positioning cells closer to the X-ray tube minimized the time of 

irradiation treatment.) Cells received a dose of 5 Gy (300 kV, 9 mA) in approximately 2.1 

min. For a view of the setup of the X-ray machine, please refer to Appendix II, Fig. A6. 
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CHAPTER 3.0 

The characterization and subcellular localization of the Akt isoforms 

- 4 5 -



OVERVIEW OF THE STUDY 

Akt/PKB (protein kinase B), a serine/threonine kinase involved in the regulation of 

many diverse cellular functions such as proliferation, metabolism and apoptosis, is 

comprised of three isoforms Aktl, Akt2 and Akt3. A recurrent and pervasive theme in the 

Akt literature is that the similarity and homology of the isoforms (~80% at the amino acid 

level) renders them functionally redundant in signal transduction pathways. The present 

study was undertaken to characterize the Akt isoforms in cancer cell lines by examining their 

subcellular localizations, protein and mRNA levels. Differential subcellular localizations 

were observed for the isoforms in the cancer cell lines, with Aktl, the most abundant 

isoform, displaying a ubiquitous cytoplasmic localization. Akt2 was also localized in the 

cytoplasm, while Akt3 was strictly localized to the nucleus and nuclear membrane. Akt2 was 

co-localized with the mitochondria in cancer cells as determined by confocal microscopy 

with subcellular markers. The subcellular localization of the Akt isoforms was independent 

of deletions in PTEN, the phosphatase that dephosphorylates PI(3,4,5)P3 and regulates the 

activation of PI3K, or phosphorylated Akt. Ablation of one, or two of the isoforms by 

siRNA, serum starvation, or treatment with growth factors did not change their subcellular 

status. However, treatment with X-ray irradiation provoked the translocation of Akt2 from 

the cytoplasm to a more perinuclear localization 3 h after exposure to 5 Gy radiation. The 

results of the study shed new light on the potential interaction between the isoforms and 

provide evidence that the isoforms intricately regulate the function(s) of Akt signaling. 

3.1 INTRODUCTION 

Many previously published reports have made generalized conclusions regarding the 

isoform-specific regulation of Akt. There are many reasons for this: First, given the high 
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degree of similarity at both the nucleotide and amino acid level, many studies have 

concluded that the regulation of Aktl, Akt2 and Akt3 are functionally redundant. Lending 

further credence to this is the fact that all three kinases appear to be activated in the same 

manner: The conversion of PI(4,5)P2 to PI(3,4^)P3 at the plasma membrane by PI3K 

promotes the subsequent phosphorylation and activation of Akt on two well-studied 

phosphorylation sites, threonine 308 (T308) in the regulatory domain and serine 473 (S473) 

in the kinase domain for Aktl, while T309/S474 and T305/S472 are the parallel activation 

sites for Akt2 and Akt3, respectively. Akt regulates many of its cellular functions via a series 

of downstream phosphorylations that either inhibits or activates substrates containing the 

'phospho-Akt-substrate' or PAS motif (R-X-R-X-X-S/T; Manning & Cantley, 2008). 

Considering that the Akt isoforms are activated in the same manner, it may be logical to 

conclude that the three isoforms regulate and pass their signals to the same downstream 

substrates known for pan-Akt, or Aktl. 

Second, the fact that the phosphorylation sites differ by the position of only one 

amino acid residue has made the examination of isoform specific differences in both 

activation and regulation difficult to examine. The proximity of these activation sites has also 

made antibody generation and the targeting of isoform-specific phosphorylated antibodies 

elusive. To circumvent this issue, differences in phosphorylation and kinase activation are 

usually determined by isoform-specific immunoprecipitation assays, followed by Western 

blot analysis using a 'pan' phosphorylated-Akt antibody that recognizes either all of the 

threonine or serine phosphorylation sites, assuming that the antibodies are both specific and 

efficient in an immunoprecipitation. Overexpression of an Akt isoform with a recombinant 

protein (i.e., HA-Aktl) has also been employed to facilitate the studies of isoform-specific 

function. Functional studies have also used constructs that have mutated the key activation 
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residues, such as Aktl T308A/S473A, where the essential threonine and serine 

phosphorylation sites are converted to other amino acid residues (mostly alanine). According 

to Manning and Cantley (2007), these mutated constructs function more in a dominant 

negative manner in their experiments. They further noted that the functions that these 

constructs regulate are not well understood, despite their widespread use in the literature. 

They cited the example of the recently discovered S473 phosphorylation which is 

phosphorylated by mTOR and acts both up- and downstream of Akt in the signaling pathway 

which is regulated by mTOR. In light of these findings, it may be that the mutated constructs 

may have more consequences on downstream regulation than originally presumed (Manning 

and Cantley, 2007). 

Thus, an understanding of isoform-specific functions in Akt has been difficult to 

ascertain. In the past, few studies have examined and compared the isoforms in consideration 

of the limitations listed above. Many of these published studies have examined pan-Akt or 

only one isoform, and in most cases, Aktl has been the most investigated isoform. Moreover, 

the widespread use of antibodies that are cross-reactive to one or more of the isoforms has 

led to confusion regarding isoform-specific regulation. However, differences, when noted, 

have also been attributed to variations in tissue distribution and these tissue-specific 

representations have led to the study of the isoforms in specific systems. For instance, the 

regulation of Akt2 is often studied in insulin-responsive tissues or in cell systems such as 

skeletal muscle cells or adipocytes in consideration of the role that Akt2 plays in insulin 

signaling and glucose transport. 

Further, the examination of protein and mRNA levels in different cell lines has 

produced some inconsistency between studies. In consideration of this, the cumulative 

results of carefully conducted isoform-specific research have emphasized one important 
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tenet: isoform-specific regulation is dependent upon the system being examined. For 

example, breast cancer may display differential isoform regulation compared to lung cancer, 

thereby making generalizations about isoform-specific function difficult. 

It is also generally accepted that the regulation of the Akt isoforms is the same as that 

observed for pan-Akt. Due to what is currently understood about Akt activation, the 

localization of the Akt isoforms are all considered to be cytoplasmic and translocate to the 

plasma membrane once PI3K is activated. As proof of this, cytoplasmic localization of Akt2 

has been reported for both tumour and normal cells (Cheng et al., 1997). More recent studies 

suggest that each isoform may regulate different cellular functions. With recent advances in 

genetic engineering and the development of siRNA technology, many studies are finding that 

the regulation of the Akt isoforms may not be redundant—in fact, they are more intricately 

networked than previously realized. Moreover, the commercial availability of Akt isoform-

specific antibodies has now enabled the examination of isoform-specific functions. 

The purpose of the present study was to gain an insight and understanding as to how 

the subcellular localization of the Akt isoforms may regulate Akt signaling. Protein, mRNA 

levels and siRNA knockdown studies were utilized to examine the function(s) of the Akt 

isoforms in vitro. The differential regulation of the Akt isoforms may promote further 

understanding of the role that Akt has in processes such as cellular proliferation and 

oncogenesis. Ultimately, these findings would challenge the current understanding of Akt 

regulation. The studies presented in this chapter report on the differential localization and 

characterization of the Akt isoforms in various cancer and non-tumorigenic cell lines. 

Furthermore, the subcellular localization is independent of Akt activation in cell lines with 

PTEN deletions or mutations. Studies conducted with targeted siRNA ablation to the three 

isoforms indicate that the isoforms function independently of one another. The data 
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presented here are consistent with a model that the individual isoforms intricately regulate 

the cellular functions) of Akt. 

3.2 MATERIALS AND METHODS 

Many relevant 'Materials and Methods' are outlined in Chapter 2.0 of the thesis. 

Modifications and additional protocols specific to the experiments within this section are 

described below. 

3.2.1 Cell Culture 

The following cell lines were used in these studies and, unless otherwise stated, were 

purchased from American Type Cell Culture (ATCC) (Manassas, VA): three breast cancer 

cell lines (MDA-MB231, MDA-MB468, MCF-7); one cervical carcinoma cell line (HeLa); 

one prostate cancer cell line (LNCaP) and one liver cancer cell line (HepG2). MCF-10A, a 

non-transformed epithelial breast cell line was included as a control. Hek293 (human 

embryonic kidney cell line) and the variant of this cell line, 293T, which contains the SV40 

large T antigen were also employed. MDA-MB231, MDA-MB468 and LNCaP cells were 

maintained in RPMI 1640 growth medium, while MCF-7, HepG2, Hek293 and 293T cells 

were cultured in DMEM media (both from Hyclone). RPMI and DMEM media were 

supplemented with 10% (v/v) fetal bovine serum (FBS) and a penicillin-streptomycin 

antibiotic solution (100 units/ml penicillin, 100 ug/ml streptomycin) (Hyclone). MCF-10A 

cells (a gift from Dr. Carita Lanner) were cultured in DMEM F-12 media (Hyclone) 

supplemented with 10% (v/v) equine serum (Hyclone), 20 ng/ml rhEGF (Calbiochem, 

Gibbstown, NJ), 0.5 ug/ml hydrocortisone (Sigma), 10 ug/ml insulin (Sigma), 100 ng/ml 

-50-



cholera toxin (Gibco) and a penicillin-streptomycin antibiotic solution (100 units/ml 

penicillin, 100 ug/ml streptomycin) (Hyclone). All cells were maintained in a humidified 

atmosphere at 37°C, 5 % C02,95 % air. 

3.2.2 Antibodies, Chemicals and Reagents 

Commercially available isoform specific antibodies against Aktl, Akt2 and Akt3 

were purchased from three different companies: anti-Aktl (D-17), Akt2 (F-7), and Akt3 (M-

14 and C-14) along with their corresponding blocking peptides (Aktl (D-17) sc-7126-P, 

Akt2 (F-7) sc-5270-P, and Akt3 (M-14) sc-11521-P) were from Santa Cruz Biotechnology 

(Santa Cruz, CA). Anti-Aktl (2H10) (#2967), Akt2 (#2962), and Akt3 (#4059), were 

purchased from Cell Signaling Technology (Danvers, MA). The third set of Akt isoform 

specific antibodies (Aktl (07-416), Akt2 (07-372), Akt3 (05-780 and 07-383)) and 

recombinant proteins specific for each of the Akt isoforms were purchased from Upstate 

Biotechnology (Lake Placid, NY). Antibodies against phosphorylated-Akt (p-Akt S473), 

pan-Akt, and PTEN were obtained from Cell Signaling Technology. For the co-localization 

experiments, antibodies against Lamin Bl (H-90), Calnexin (H-70), PDI (H-160), TGN38 

(C-15), and VDAC1 were from Santa Cruz Biotechnology (Santa Cruz, CA), while anti-ot-

tubulin and -y-tubulin antibodies were purchased from Sigma. For antibody dilutions in the 

experiments, please see Table Al in Appendix II. MitoTracker Red CMXRos Mitochondrial 

Probe was from Cambrex Bioscience Walkersville, Inc. (Charles City, IA). Secondary 

peroxidase-conjugated antibodies (anti-mouse, -rabbit, and -goat antibodies) employed in the 

Western blot analysis were purchased from Sigma, Pierce, and Calbiochem, respectively. 

Fluorescein (FITC)-conjugated AffiniPure donkey anti-mouse IgG, AffiniPure Fab fragment 
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rabbit anti-goat (IgG) (H +L), and Cy5-conjugated AffiniPure donkey anti-rabbit IgG were 

purchased from Jackson Immunoresearch (West Grove, PA). Donkey anti-goat IgG FITC, 

goat anti-mouse IgG FITC, donkey anti-rabbit IgG-rhodamine, and rhodamine-conjugated 

donkey anti-goat IgG were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). 

Lipofectamine 2000 transfection reagent, and Opti-MEM I reduced serum media utilized in 

the siRNA transfections was supplied by Invitrogen. DNase I and M-MLV were also from 

Invitrogen. 

3.2.3 Immunocytochemistry 

The Akt isoform localization experiments required protocols that incorporated single, 

double and triple antibody staining techniques followed by visualization and analysis using 

confocal microscopy as outlined in Chapter 2, Section 2.8.3. 

3.2.3.1 Single Staining 

All immunostaining experiments that employed single staining were performed 

according to the protocol outlined in Chapter 2, Section 2.8.1. All Akt isoform primary 

antibodies used in the immunofluorescence experiments were diluted 1:10 while the 

fluorescein-(FITC) conjugated IgG secondary antibody was diluted 1:100 (1 % BSA in TBS) 

(please refer to Appendix II, Table Al for more detailed information regarding the antibodies 

employed). Additional coverslips where the primary antibody incubation step was omitted 

were included as controls (primary-omission controls). The primary-omission controls were 

performed for each experiment to ensure specificity of the signals, and to evaluate non­

specific background staining caused by the secondary antibody. 

3.2.3.2 Co-localization Studies and Double Staining 
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Cells on a coverslip were washed in TBS, fixed in paraformaldehyde, and 

permeabilized in Triton X-100/PBS, as indicated in Chapter 2, Section 2.8.1 prior to 

proceeding with immunostaining. For double labeling with two antibodies, cells on 

coverslips were first processed according to the single staining procedure (i.e., cells were 

treated with blocking solution and then incubated with the primary and secondary 

antibodies). This process was then repeated for the second probe. The only notable exception 

to the procedure was that all coverslips had to be incubated in the dark for the duration of the 

experiment to avoid photobleaching of the signals. The Akt isoforms were stained first, 

followed with a FITC-conjugated IgG secondary antibody for detection. Fluorescent 

antibodies for the second probe were eimer rhodamine (1:100) or Cy5 (1:500) and were used 

for the detection of the following subcellular markers: Lamin Bl (nucleus), calnexin (smooth 

endoplasmic reticulum), PDI (rough endoplasmic reticulum), and TGN38 (Golgi apparatus). 

All concentrations of the subcellular markers were initially determined by titration via 

immunostaining with the single staining procedure and diluted 1:10 for the final experiments. 

Whenever possible, Lamin Bl, a protein localized to the nucleus and nuclear membrane was 

used in place of DAPI staining to denote the location of the nucleus in the immunostaining 

experiments. 

In order to examine the co-localization between Akt2 and the mitochondria, 50 nM of 

MitoTracker Red CMXRos was added to the media of each coverslip in a 6-well plate, and 

incubated for 45 min at 37°C, 5% CO2. The cells on the coverslips were then removed from 

the media, washed in TBS, and followed by fixation and permeabilization prior to 

immunostaining with an anti-Akt2 antibody. Matched controls were included during all 

experiments, with the primary antibody omitted during the staining procedure (primary-

omission condition). 
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3.2.3.3 Akt Isoform Triple Staining and Aktl-Akt3 Double Staining 

When all three sources of the primary antibodies species were different (i.e., Aktl, 

Akt2, and Lamin Bl were raised in goat, mouse and rabbit, respectively), the coverslips 

containing cells were processed in the same manner as in double staining, but incorporated 

an additional third block and third antibody incubation to the procedure. Due to the fact that 

two of the isoform-specific antibodies used for immunofluorescence were raised in the same 

species (Aktl and Akt3 were both raised in goat), alterations had to be made to the staining 

protocols for triple isoform staining, as well as Aktl-Akt3 double staining. First, BSA, which 

was added to the blocking buffer and solutions used to dilute the primary and secondary 

antibodies, had to be omitted due to the introduction of non-specific noise in the system. 

Second, all secondary antibodies used in the procedure had to be raised in the same species, 

in this case, donkey. After fixation and permeabilization, the cells on coverslips were 

blocked (10% (v/v) equine serum in PBS) for 1 h at room temperature and washed once in 

TBS. Anti-Aktl antibody was diluted in TBS, incubated for 45 min and washed. An 

AffmiPure Fab Fragment rabbit anti-goat antibody (100 fig/ml diluted in PBS) was added to 

the coverslips (cells) to sterically flood the goat immunoglobulins, thereby allowing the first 

goat antibody to be 'seroconverted' to rabbit. This step lasted for 30 min and the coverslips 

were washed once in TBS. Next, donkey anti-rabbit Cy5 antibody was added to the 

coverslips for 30 min. To ensure that the Fab fragment incubation worked, an additional 

control was also stained with any donkey anti-goat fluorescent secondary antibody after the 

Fab incubation, mounted and visualized by confocal microscopy. If the signal from the 

primary antibody was visible on this control, then the immunoglobulins were not efficiently 

blocked during the process. The cells on the coverslip were washed and then blocked for a 
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second time, and incubated with anti-Akt2 and donkey anti-mouse FITC-conjugated 

antibodies. For Akt3, the same process was repeated, with a third blocking step; however, the 

secondary antibody was donkey anti-goat rhodamine-conjugated antibody. Double staining 

with Aktl and Akt3 proceeded in the same manner. Primary-omission control coverslips 

were also incubated in addition to the Fab control for the double/triple staining procedure. 

3.2.4 SDS-PAGE and Western Blot Analysis 

Experimental procedures are outlined in Chapter 2, Section 2.3. 

3.2.5 Subcellular Fractionation 

MDA-MB231 cells in 10-cm plates (4-5 plates that were pooled to give 

approximately 2 x 107 cells) were plated the day prior to the experiments, and grown under 

standard culture conditions. Subcellular fractions were collected using the Mitochondrial 

Isolation Kit for Cultured Cells (Pierce Biotechnology) according to the directions specified 

by the manufacturer, with some modifications. Briefly, the cells on the plates were washed 3 

times with ice-cold PBS, with the residual PBS removed by pipetting. The cells were scraped 

from the plates in PBS (800 ul-1.0 ml), transferred into a 2.0-ml eppendorf tube, and 

centrifuged at 850 x g for 2 min using a refrigerated Eppendorf centrifuge (Model 5415 D). 

The PBS was discarded and the cell pellet was resuspended in 800 ul of Reagent A 

(supplied) which was supplemented with inhibitors (lx Complete Protease Inhibitor Tablets 

(Roche), 1 mM PMSF, 2 mM Na3V04,10 mM NaF). The cells were gently vortexed for 5 s 

and incubated on ice for 2 min. Cells were then lysed with approximately 60-80 strokes 

using a Dounce homogenizer. To ensure complete cell lysis, 5 ul of this suspension was 
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spotted onto a slide and stained with trypan blue (Sigma). On average, 85-95 % cell lysis was 

achieved. Next, 800 ul of Reagent C (supplied; also supplemented with inhibitors) was 

added to the cell suspension which was transferred to a pre-chilled 2.0-ml eppendorf tube. 

The contents of the tube were mixed by inversion and centrifuged at 700 x g at 4°C for 10 

min in a table-top Eppendorf centrifuge. The supernatant was transferred into a new tube to 

be centrifuged further and the remaining pellet (nuclear fraction) was washed twice with 500 

ul PBS and retained. The supernatant was then further centrifuged at 3000 x g at 4°C for 15 

min to obtain the mitochondrial fraction. This resultant supernatant from this fraction 

(cytosol fraction) was decanted into a new eppendorf tube. The remaining pellet containing 

the mitochondrial fraction was resuspended in Reagent C (500 ul) and further centrifuged at 

12000 x g for 5 min to wash the pellet. The supernatant was discarded and the pellet was 

resuspended in 50 ul of Cell Lysis Buffer. An aliquot of the nuclear fraction, cytosol 

fraction, and mitochondrial fraction were all diluted in 5x Sample Buffer and boiled for 5 

min. The fractions were loaded onto a polyacrylamide gel (10%), resolved by 

electrophoresis, and the proteins were transferred onto PVDF membranes, as previously 

described. The protein fractions were analyzed via Western blot analysis using Akt isoform 

specific antibodies (Aktl from Cell Signal, Akt2 from Santa Cruz, and Akt3 from Upstate) in 

the first round of Western blotting, and then probed for specific subcellular markers in the 

second round of blotting to evaluate the efficiency of fractionation and the localization of the 

Akt isoforms. The cytosolic fraction was probed with an antibody against oc-tubulin; the 

nuclear fraction was analyzed with anti-Lamin B1, while the fractionation and localization of 

the mitochondrial fraction was assessed by the mitochondrial protein VDAC1. 
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3.2.6 Antibody Specificity Determination. To determine the specificity of each Akt 

isoform antibody, four techniques were employed: (1) peptide blocking/competition 

experiments, (2) targeted siRNA ablation to each Akt isoform, (3) Western blot analysis 

using isoform specific recombinant proteins, and (4) immunoprecipitation of each Akt 

isoform, followed by Western blot analysis (IP/Western). 

3.2.6.1 Peptide Blocking Experiments 

Antigen binding by antibodies was prevented by preincubating the antibody with a 5-

fold excess (w/v) of blocking peptides. Aktl, Akt2, and Akt3 antibodies (2 ug) (Santa Cruz) 

were incubated with 10 jj.g of each blocking peptide in a 0.5 ml eppendorf tube with constant 

rotation on a nutating shaker for 2 h at room temperature. After the incubation period, TBS 

supplemented with 1 % (w/v) BSA was added to the solution to obtain a final volume of 100 

ul. The antibody-peptide solution was then used in place of the primary antibody incubation 

in the immunocytochemistry procedure for single staining (see Section 3.2.3.1, above). 

Blocking peptides were incubated with their respective corresponding antibody, as well as 

with the antibodies of the two remaining isoforms (i.e., Aktl blocking peptide was incubated 

with Aktl, Akt2 and Akt3 antibodies) to discern if the peptides showed binding activity 

toward the other Akt isoform antibodies. The peptide-antibody solutions were then used 

during the primary antibody incubation step in the immunocytochemistry single staining 

procedure and the results were analyzed by confocal microscopy. 

3.2.6.2 Targeted siRNA ablation to each Akt isoform 

MDA-MB231 cells were plated onto sterile glass coverslips that were placed in one 

well of a 6-well clustered dish the day before transfection and allowed to adhere overnight. 

The following day, the cells on coverslips were transfected according to the protocol outlined 
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in Chapter 2, Section 2.7. All cells on coverslips were processed for immunostaining 48 h 

post-transfection with a single antibody stain as outlined in Chapter 2, Section 2.8.1. For 

these experiments, siRNA Set #1 was utilized. 

3.2.6.2 Recombinant Protein Analysis 

Isoform-specific recombinant proteins for Aktl, Akt2 and Akt3 (20 ng) were loaded 

onto 10% SDS-polyacrylamide gels, transferred onto PVDF membranes and then subjected 

to Western blot analysis with each Akt isoform-specific antibody in order to assess both the 

specificity and cross-reactivity of each antibody. Every lot of each isoform-specific antibody 

was tested in this manner to ensure that no cross-reactivity was present between the lots of 

antibodies purchased from the same vendor with the same catalogue number. 

3.2.6.3 Immunopreciptiation/Western Blot Analysis (IP/Western) 

For the immunoprecipitation procedure, please see Chapter 2, Section 2.4. 

3.2.7 RNA Extraction, Reverse Transcription (RT) and Quantitative-PCR (Q-PCR) 

Q-PCR was performed for each Akt isoform on each cell line using MDA-MB231 

cells as the reference cell line for the standard curve, as protein analysis had indicated that 

MDA-MB231 cells expressed all three isoforms in a relatively similar degree (i.e, none of 

the isoforms were overexpressed in this cell line). For a more detailed protocol, please refer 

to Chapter 2, Sections 2.5 and 2.6. The following primers were used in the PCR reactions: 

Aktl Forward 5'-TGGGCCTGGCAAAACCT-3' 
Aktl Reverse 5'-CGGTCTGAATCTGGTTCATTCA-3' 

Akt2 Forward 5 '-CAAGGATGAAGTCGCTCACACA-3' 
Akt2 Reverse 5'-GAACGGGTGCCTGGTGTTC-3' 

Akt3 Forward 5'-GTCGAGAGAGCGGGTGTTCT-3' 
Akt3 Reverse 5'-TGTAGATAGTCCAAGGCAGAGACAA-3' 
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S28 Forward 5'-TCCATCATCCGCAATGTAAAAG-3' 
S28 Reverse 5'-GCTTCTCGCTCTGACTCCAAA-3' 

3.2.8 Plasmid DNA Transfections 

To verify the localization of Akt2, plasmid constructs were used for overexpression 

studies in MDA-MB231 cells. Akt2 cDNA in a pCR 2.1-TOPO vector (a kind gift from Dr. 

J.M. Woodgett, Department of Medical Biophysics and Ontario Cancer Institute) was 

digested with Spel and EcoRV and the fragment containing an Akt2 ORF inserted into a 

pECFP-Nl vector at the Bglll and Kpnl site. The insert was confirmed by both restriction 

enzyme digestion analysis and nucleotide sequencing. 

To overexpress Akt2 in MDA-MB231 cells, cells were plated onto 1.8-cm sterile 

glass coverslips placed in a 6-well dish and allowed to adhere overnight. Transfections were 

performed in the same manner as the siRNA transfections, with adjustments made for 

volume. Four micrograms (4 ug) of plasmid DNA was added to 250 ul of Opti-MEM I, and 

10 ul Lipofectamine 2000 was added to 250 ul of Opti-MEM I medium. After 5 min 

incubation, the DNA and Lipofectamine solutions were mixed. The transfection mixture was 

incubated for 20 min, prior to being gently added to the well. The cells were incubated 

overnight, and the media was changed to regular growth medium the next day. The cells on 

the coverslips were co-stained with MitoTracker CMXRos or anti-Akt2 antibody according 

to the immunostaining protocols specified above (Section 3.2.3.1 and 3.2.3.2). 

3.2.9 Treatment with Radiation and Epidermal Growth Factor (EGF) 

3.2.9.1 Akt Isoform Localization Examined After Radiation Treatment 
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MDA-MB231 cells were plated onto sterile glass coverslips placed in 6-well dishes 

and allowed to adhere overnight (RPMI, 10% (v/v) FBS). The next day, cells were treated 

with 5 Gy (RS320 Irradiation System, Gulmay Medical Inc) processed for immunostaining 

(Section 3.2.3.1), and the localization of the Akt isoforms was examined 3 h-16 h post-

irradiation treatment. 

3.2.9.2 Akt2 Translocation and Statistical Analysis 

Differences in the perinuclear morphology between control and radiated conditions 

were analyzed by counting cells in a minimum of 10 fields over the course of 3 independent 

experiments, with the exception of the 8 h timepoint which was performed 5 times. Cell 

counts were analyzed using a univariate 2-way ANOVA and Kruskal-Wallis' tests to ensure 

consistency between parametric and non-parametric analyses. All statistics were analyzed 

using SPSS for Windows v. 12.0 

3.2.9.3 Akt Isoform Localization Examined After Radiation or EGF treatment in serum-

starved cells 

MDA-MB231 cells were plated onto glass coverslips as indicated above. The next 

day, the medium was removed and the cells were serum starved overnight (RPMI, 0.1 % (v/v) 

FBS) prior to treatment with either 5 Gy radiation or EGF (100 ng/ml, Santa Cruz) and 

returned to the incubator for 1 h. At the end of the timepoint, the cells on the coverslips were 

fixed, permeabilized, and processed for immunostaining. 

3.3 RESULTS 

3.3.1 Antibody specificity 

Rigorous antibody screening was performed to ensure that each antibody recognized 

each Akt isoform without displaying cross-reactivity. Four screening methods were 
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employed: (1) peptide-blocking competition assays were used in the immunofluorescence 

experiments; (2) targeted siRNA-ablation to each isoform followed by immunostaining; (3) 

isoform-specific antigen-recognition of recombinant Akt proteins by antibodies; and (4) 

immunoprecipitation of Akt proteins with isoform-specific antibodies, followed by Western 

blot analysis. In many cases, more than one antibody was required to effectively study 

isoform subcellular localization. For instance, the same antibody used in the 

immunofluorescence experiments may not have been efficient in the immunoprecipitation or 

Western blot analyses. Thus, in order to determine the subcellular localization of each Akt 

isoform, the additional screening methods had to be employed. 

Due to the similarity in the amino acid sequence of the Akt isoforms, many 

commercially available isoform-specific antibodies are cross-reactive. Thus, to determine 

specificity in the immunocytochemistry applications, a panel of isoform-specific antibodies 

from Santa Cruz Biotechnology was used. In order to ensure that the antibodies showed 

specific binding activity towards their own antigen, the antibodies were incubated with their 

own blocking peptides and with the blocking peptides specific to the remaining isoforms, 

plated on coverslips containing fixed MDA-MB231 cells and analyzed via confocal 

microscopy. The results demonstrated that the Aktl antibody from Santa Cruz recognized 

only Aktl, and prior incubation of the Aktl antibody with the Aktl neutralizing peptide 

effectively inhibited the binding of the antibody in the cells (Fig. 3.1a, ii). Further, the Aktl 

antibody did not bind the blocking peptides specific to Akt2 or Akt3. Thus, these peptides 

had no inhibitory effect on the ability of the Aktl antibody to bind to Aktl protein in cells 

(Fig. 3.1a, iii-iv). Incubation of the Akt2 antibody with the Akt2 blocking peptide prevented 

the association of the Akt2 antibody with Akt2 protein (Fig. 3.1b, vii). Blocking peptides 

specific to the Aktl or Akt3 antigen also showed no inhibition in Akt2 antigen-binding (Fig. 
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3.1b, viii-ix). Similar results obtained for the Akt3 isoform demonstrated the specificity of 

the Akt3 antibody towards the Akt3 antigen (Fig. 3.1c, xi-xv). Primary-omission controls 

demonstrated that the immunostaining seen with each isoform was due to antibody-antigen 

recognition and not due to either autofluorescence or background staining from the 

secondary antibody (Fig. 3.1a-v; 3.1b, x; and 3.1c, xv). 

To further confirm the specificity of the antibodies, each Akt isoform was knocked 

down using isoform-specific siRNA oligos. Each isoform was transfected into MDA-MB231 

cells and knockdown of the proteins, as well as the specificity of the antibodies were 

examined at 48 h post-transfection. The results presented in Fig. 3.2 show that the antibodies 

recognize all three antigens. The most efficient knockdown was achieved with Akt2 siRNA 

(Fig. 3.2b) and Akt3 siRNA (Fig. 3.2c), while Aktl (Fig. 3.2a) displayed the lowest 

efficiency in this trial (typically knockdown with this Aktl siRNA exhibited the most 

variation and transfections ranged in efficiency from 30-92% over the course of many 

experiments with this siRNA, with an average knockdown of approximately 68%, as 

determined by protein densitometry). 

The third method of antibody screening involved loading isoform-specific 

recombinant proteins onto SDS-PAGE gels and probing for specificity using Western blot 

analyses. Out of nine commercially available antibodies tested, two were found to be cross 

reactive with another isoform, and were not included in subsequent experiments (Fig. 3.3b, 

Akt2; and Fig. 3.3c, Aktl). Variation also existed between different antibody lots for the 

same catalogue number. For example, even when previous screening had shown the antibody 

to be isoform-specific, antibodies with other lot numbers sometimes showed cross-reactivity 

with other Akt isoforms. Thus, every lot of each antibody purchased had to be screened prior 

to use. In Fig. 3.3a, Aktl Lot G0804 was only slightly cross-reactive with Akt3 in the 
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Akt Isoform-specific siRNA 
Immunostaining Knockdown 48 h 

Akt1 siRNA 10 nM 

Akt2 siRNA 10 nM 

Akt3 siRNA 20 nM 

Primary Omissior 
cont ro l -Akt l and 
Akt3 

Primary Omission 
control-Akt2 
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recombinant protein analysis; however, this lot efficiently pulled down both Aktl and Akt3 

isoforms during immunoprecipitation (data not shown). As a result, this antibody could only 

be used for the immunofluorescence experiments, since there were no discernible differences 

caused by the slight cross-reactivity in that particular application. A widely used pan-Akt 

antibody was also screened with the recombinant proteins and was found to effectively 

recognize all three isoforms with the greatest specificity exhibited towards Aktl (Akt> 

Akt2>Akt3) (Fig. 3.3b). Based on the results obtained from the recombinant protein 

recognition analyses, the following isoform-specific antibodies were chosen for inclusion in 

the remaining experiments: Aktl from Cell Signaling Technology (Cat. #2967), Akt2 from 

Santa Cruz Biotechnology (Cat. #sc-5270), and Akt3 from Upstate Biotechnology (Cat. # 05-

780). Including the panel of antibodies from Santa Cruz used in the immunofluorescence 

applications; this allowed for the analysis of the subcellular localization of the Akt isoforms 

with two sets of isoform specific antibodies, with the exception of anti-Akt2 where only one 

antibody was found suitable. 

In vitro immunoprecipitation of each isoform with these antibodies in MDA-MB231 

cells followed by Western blotting was performed to ensure that the selected antibodies were 

able to pull down each isoform and exhibit no additional cross-reactivity. As shown in Fig. 

3.3d, the Aktl antibody from Cell Signaling Technology (Cat. #2967) was able to effectively 

pull down Aktl and exhibited no cross-reactivity to immunoprecipitated Akt2 from Santa 

Cruz Biotechnology (Cat. #sc-5270) or anti-Akt3 from Upstate Biotechnology (Cat. #05-

780). Similar results were obtained for both anti-Akt2 and anti-Akt3 (Fig. 3.3d), thus 

demonstrating the specificity of the antibodies used in this study. 

3.3.2 Differential subcellular localization of the Akt Isoforms in MDA-MB231 cells 
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One pervasive thought throughout the Akt literature is that the Akt isoforms are 

localized to the cytoplasm and therefore, may exhibit functional redundancy. Some of these 

conclusions may be erroneous as antibodies used in the past have been cross-reactive, or the 

degree of cross-reactivity was never evaluated (many early publications used the Aktl 

antibody from Upstate, which recognizes all three isoforms in the recombinant protein 

analysis [Fig. 3.3c]). Further, many studies have examined the signaling properties of pan-

Akt, as opposed to elucidating the contribution of each individual Akt isoform. The current 

model of Akt activation suggests that PI3K activation (the conversion of PI(4,5)P2 to 

PI(3,4,5)P3) promotes the translocation of Akt to the inner leaflet of the plasma membrane, 

where it is phosphorylated/activated. This widely accepted model assumes that all three 

isoforms behave similarly and are therefore present in the cytoplasm, however studies 

examining the subcellular localization of the isoforms together has not yet been examined. 

To gain an understanding of this aspect, MDA-MB231 cells were immunostained with 

isoform-specific antibodies and the subcellular localization of the isoforms was examined. 

Triple staining of Aktl, Akt2 and Akt3 demonstrates that each isoform has a unique 

subcellular localization pattern, at least in MDA-MB231 breast cancer cells. Aktl 

localization was ubiquitous throughout the cytoplasm and exhibited some nuclear exclusion 

(Fig 3.4a, i; Fig. 3.4b, v; and Fig. 3.4c, ix). Akt2 was also localized throughout the cytosol, 

but displayed two distinct morphologies: a punctuate staining that was either within the 

cytoplasm, or localized to the perinuclear region (Fig. 3.4a, ii; Fig. 3.4b, vi; and Fig. 3.4d, 

xii). Akt3 was localized to the nucleus, including the nuclear membrane (Fig. 3.4a). The 

merged image indicates that the Akt isoforms occupy different subcellular locations in 

MDA-MB231 breast cancer cells (Fig. 3.4a, panel iv). Although experimental artifacts can 

often occur in immunocytochemistry experiments (i.e., sources of artifact can be introduced 
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during the fixation process, through elevated background noise due to non-specificity in both 

the primary and secondary antibodies, necrotic/damaged cells may uptake the probes 

differently from the viable cells in the same field or plane on the coverslip, photobleaching, 

etc.,), Fig. A4 in Appendix II demonstrates the specificity of the signals observed in these 

experiments, as no bleedthrough into other channels was present. As well, the primary 

omission controls (Fig. 3.4e) show that the amount of non-specific staining associated with 

the secondary antibodies was neglible. 

Double and triple antibody staining was performed in different combinations to 

confirm the localization results observed in Fig 3.4a. Triple immunostaining of either Aktl-

Akt2-Lamin Bl (Fig. 3.4b) or Akt2-Akt3-Lamin Bl (Fig 3.4d) further supported the original 

subcellular analysis performed with all three isoforms. Incorporation of Lamin Bl in 

combination with Akt3 staining revealed that Akt3 and Lamin Bl were co-localized in the 

nucleus and nuclear membrane (although the image in 3.4d, xiii shows that there is some 

cytoplasmic staining for Akt3 as well, this may be due to artifact in this particular image. An 

additional image from this same trial is shown in Appendix III, Fig. A8). Nevertheless, Akt3 

showed neither co-localization with Aktl (Fig. 3.4c, xi) nor with Akt2 (Fig. 3.4d). Thus, 

triple staining of the Akt isoforms, revealed that while some overlap occurs (both Aktl and 

Akt2 have cytoplasmic representation), they also have a distinct subcellular localization in 

MDA-MB231 cells (Fig. 3.4). 

3.3.3 The subcellular localization of the Akt Isoforms is not specific to MDA-MB231 

cells 

Previously published reports have determined the subcellular localization of the 

isoforms in adipocytes (3T3-L1 cells) in glucose signaling (Calera et al., 1998) or in widely 
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used non-transformed cell lines such as Hek293 cells (Andjelkovic et al., 1997; Meier et al., 

1997). To determine if the subcellular localization of the isoforms observed in MDA-MB231 

cells is a common feature of other cancer cells; immunostaining analysis with the isoforms 

was performed in two additional breast cancer cell lines, MDA-MB468 and MCF-7. A non-

transformed breast epithelial cell line (MCF-10A) was also included as a control. To exclude 

the possibility that the localization of the isoforms was specific to breast cancer, a prostate 

cancer cell line (LNCaP), and a liver cancer cell line (HepG2) were also included in the 

analysis. Human embryonic kidney cells (Hek293) and the variant of this cell line, 293T, 

which contains the SV40 large T antigen were also included to extend the analyses to non-

cancer cell lines and allow for comparison with previously published findings (Andjelkovic 

et al., 1997; Meier et al., 1997). Further, inclusion of Hek293 and 293T cells allowed an 

opportunity to examine if transformation by the SV40 large T antigen altered the localization 

of Akt. Indirect inimunostaining analysis in Fig. 3.5 revealed that the subcellular localization 

of the Akt isoforms in MDA-MB468 and MCF-7 breast cancer cells was consistent with the 

previous findings observed for MDA-MB231 cells in Fig. 3.4 (Figs. 3.5a, b). Endogenous 

Aktl was primarily localized to the cytoplasm, again exhibiting some nuclear inclusion, 

while Akt2 was found along the perinuclear region, also within the cytoplasm. Akt3 resided 

mainly in the nucleus with representation on the nuclear membrane and was also co-localized 

with Lamin Bl in both MDA-MB468 and MCF-7 breast cancer cells. There was no 

difference observed in the localization of the isoforms in MCF-10A cells, the non-

transformed breast cell control, suggesting that the observed localization of the isoforms is 

intrinsic to breast cells, and not a result of oncogenic transformation (Fig. 3.5c). Further, the 

localization of the isoforms was similar in HeLa cervical cancer cells (Fig. 3.5d), LNCaP 

prostate cancer cells (Fig. 3.5e), and HepG2 hepatocytes (Fig. 3.5f), suggesting that the 
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subcellular localization of the Akt isoforms observed in MDA-MB231 cells is not specific to 

breast cells or breast cancer. 

However, the subcellular localization of the Akt isoforms was quite different for 

Hek293 cells. Both Akt2 and Akt3 showed nuclear localization, while Aktl was ubiquitously 

localized throughout the cell in both the cytoplasm and the nucleus, and did not display the 

nuclear exclusion evident in the Aktl localization in the other cell lines (Fig. 3.5g). 

Consistent with the results observed for Hek293 cells, Akt2 and Akt3 were still primarily 

localized within the nucleus in 293T cells, the transformed analogue of Hek293 (Fig. 3.5h). 

Aktl, however, was primarily localized within the cytoplasm and displayed the nuclear 

exclusion evident of the staining shown in the other cell lines (Fig. 3.5h). 

3.3.4 The mRNA and protein levels of the isoforms varies within the cell lines 

Previously published studies reported overexpression in some of the Akt isoforms 

and correlated their protein/mRNA levels to the aggressiveness of some types of cancers. 

Since the subcellular localization of the isoforms did not differ among the cancer cell lines, 

the levels of both protein and mRNA were examined to discern if overexpression in any of 

the Akt isoforms was present. Protein levels for each of the cell lines examined by Western 

blot analysis revealed variations among the isoforms. The breast cell lines, MDA-MB231, 

MDA-MB468 and MCF-10A expressed all three isoforms to a similar degree (Fig 3.6a). 

MCF-7 cells, however, expressed very little Akt3 (see lane 3), even though the expression of 

Akt3 protein was evident in the immunostaining analysis (see Fig. 3.6b). The LNCaP and 

HepG2 cell lines expressed both Aktl and Akt2, but like MCF-7 cells, showed a very low 

level of Akt3 protein (Fig. 3.6a, lanes 8 and 9). Interestingly, HeLa cells expressed a higher 

level of the Akt2 isoform, but showed little Aktl or Akt3 protein expression (Fig. 3.6a, lane 
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5). Although Hek293 and 293T expressed all three isoforms, they showed the highest level 

of Akt3 protein. Taken together, the densitometric analysis revealed that Aktl and Akt2 

proteins were shown to be expressed in all of the cell lines to a similar degree (Fig. 3.6b). 

Akt3, however, displayed the lowest level of protein expression in all the cell lines examined 

(Fig. 3.6b). 

Deletion or mutation in PTEN, the phosphatase which counteracts PI3K activity, 

causes uncontrolled Akt activation and can be observed through the constitutive 

phosphorylation of the serine 473 residue on Akt. Western blot analysis of PTEN 

demonstrated that MDA-MB468 and LNCaP cells did not express PTEN confirming 

previous reports that the PTEN gene is deleted in these cell lines (Howells et al., 2002; 

Sharrard and Maitland, 2007). Consistent with the PTEN deletion, these cells displayed high 

basal levels of Akt phosphorylation (Fig. 3.6a). Interestingly, although Hek293 and 293T 

cells did not display reduced protein levels of PTEN, these cell lines displayed the highest 

levels of p-Akt phosphorylation. Collectively, the analyses of the Akt isoforms and PTEN 

suggested that the subcellular localization of the Akt isoforms in the cell lines examined was 

independent of the PTEN status or phosphorylation of Akt (p-Akt) (Figs. 3.6a and 3.6b). 

Next, the levels of Aktl, -2, and -3 mRNA were examined by quantitative-PCR (Q-

PCR). Aktl and Akt2 mRNA were highly expressed in the cell lines examined, compared to 

the mRNA levels for Akt3 (Figs. 3.6c and 3.6d). The mRNA levels of Akt3 were extremely 

low, or at the threshold of detection in HeLa, LNCaP, and HepG2 cells (Figs. 3.6c and 3.6d). 

In general, the mRNA expression of the isoforms followed the same trend observed with that 

of the protein analysis. 

The low expression levels of both Akt3 protein and mRNA in some of the cell lines 

was disconcerting given that indirect immunostaining showed that these cells expressed Akt3 
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protein. There is discrepancy in the literature as to whether Akt3 is present in these cell lines 

at all. Some studies demonstrated that MCF-7 or LNCaP cells do not express Akt3, while 

others found it present (deFeo-Jones et al., 2005; Okano et al., 2000). The anti-Akt3 antibody 

used in the immunostaining assay was directed to the C-terminus of Akt3, while the antibody 

used in the Western blot analysis was targeted to the N-terminus. When a Western blot 

analysis employing the same C-terminal antibody used in the immunostaining was used in 

Western blotting an interesting result emerged: the Western blot showed two bands for Akt3. 

To clearly resolve the two bands, longer gel-running times were required (Fig. 3.7a). The 

bottom band corresponded to the Western blot obtained with the N-terminal antibody. This 

finding could potentially indicate two things: (1) the inmiunostaining seen in these cell lines 

that express low levels of Akt3 protein and mRNA is non-specific; or (2) the C-terminal 

Akt3 antibody could be recognizing both full-length Akt3 and the splice, Akt3-variant 1 

(Brodbeck et al., 2001). However, communication with Santa Cruz indicated that the C-

terminus antibody would recognize a full-length Akt3 (personal communication), suggesting 

that the first hypothesis is likely. To fully elucidate the nature of Akt3 protein expression in 

MCF-7, HeLa, HepG2 and LNCaP cells, two further experiments were performed. First, 

MDA-MB231 cells were transfected with a siRNA oligonucleotide specific to Akt3, and a 

Western blot analysis was performed with both the N- and C-terminus Akt3 antibodies. 

Results of the siRNA transfection and subsequent western blot analysis indicated that the 

bottom band was specific for full-length Akt3 (compare the N-terminus and C-terminus 

panels in Fig. 3.7b) indicating that the top band in the C-terminus Western was non-specific. 

For the second experiment, all the cell lines were processed for immunocytochemistry using 

both the N-terminus and C-terminus antibody. MDA-MB231 cells were also incorporated as 

a positive control. The results of the experiment indicated that regardless of whether the N-
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terminal antibody (Upstate) or C-terminal antibody (Santa Cruz) was chosen, Akt3 was 

present in these cell lines (Fig. 3.7c). Furthermore, the cell lines stained with the N-terminal 

antibody showed that Akt3 was localized in the nucleus and nuclear membrane further 

substantiating the results observed in Figs. 3.4 and 3.5 (above). Taken together, all the cell 

lines expressed the three Akt isoforms with some variation. Akt3 is present within these cells 

in a low level, perhaps below or at the threshold for detection by Western blotting or Q-PCR. 

3.3.5 Akt2 is co-localized with the mitochondria 

Akt2 was stained in tandem with other subcellular markers and the degree of co-

localization was analyzed with software after visualization by confocal microscopy. MDA-

MB231 cells were stained with Akt2 and with markers specific to the Golgi apparatus, the 

mitochondria, and the endoplasmic reticulum (both smooth and rough). The results indicated 

that Akt2 was not co-localized with the endoplasmic reticulum (Fig. 3.8b-c). Image analysis 

with software (equipped with the Carl Zeiss confocal microscope used) indicated that the R-

correlational value (Pearson) between Akt2 and Calnexin (smooth ER), and between Akt2 

and PDI (rough ER) was R=0.11 (R2 =0.04 and R2 =0.03 respectively). Statistically, there 

was some shared localization between Akt2 and trans-Golgi network 38 (TGN38), a marker 

for the Golgi apparatus (R=0.30, R2=0.10). However, the irnmunostaining analysis in Fig. 

3.8d, indicates that there were discernible differences between the staining pattern of Akt2 

and that of TGN38. When MDA-MB231 cells were probed with MitoTracker Red and co-

stained with anti-Akt2, the co-localization of Akt2 and the mitochondria was evident by 

visual inspection (Fig. 3.8e). Pearson correlational analysis also indicated that Akt2 and the 

mitochondria were co-localized; R= 0.53, R2= 0.30. Since the total cellular area was 

assessed, as opposed to regions of interest where both the staining intensity of Akt2 and 
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MitoTracker would be highest; this R-value is most likely conservative due to the fact that 

the lighter background staining of Akt2 is also incorporated into the calculations. 

Nonetheless, Akt2 was mostly co-localized with the mitochondria in MDA-MB231 cells. 

The Akt2-mitochondria association was also apparent when other cell lines were examined. 

Co-localization of Akt2 with the mitochondria was seen in MDA-MB468 (Fig. 3.9a), MCF-7 

(Fig. 3.9b), HeLa (Fig. 3.9c), HepG2 (Fig. 3.9d), and LNCaP cells (Fig. 3.9e). The 

correlation was highest between Akt2 and the mitochondria in MDA-MB468 cells (R=0.56, 

R2=0.32), and Pearson R-correlational values ranged from 0.29-0.38 in the other cell lines 

Fig A7 in III shows MDA-MB231 cells, LNCaP cells and HeLa cells stained in tandem with 

either MitoTracker, Akt2 antibody or both Akt2 and MitoTracker further demonstrating the 

co-localization of Akt2 and the mitchondria. 

The nuclear localization of Akt3 and mitochondrial co-localization of Akt2 were 

novel findings. Thus, the protein sequences of Akt2 and Akt3 were further analyzed for 

mitochondrial targeting sequences and nuclear localization signals using software from the 

Expert Protein Analysis System (EXPASY, http://ca.expasy.org). Analysis of Akt2 by 

MitoProt II, v 1.101 (Claros and Vicens., 1996) indicated that Akt2 did not have a 

mitochondrial targeting sequence and the probability of export to the mitochondria was 

evaluated at 0.092. Similarly, Akt3 did not contain a classical nuclear localization sequence 

as determined by analysis of two different software servers, PredictNLS (Cokol et al., 2000) 

and NucPred (Brameier et al., 2007, both cited in Emanuelsson et al., 2007). 

In order to confirm the results observed in the subcellular localization studies (Fig. 

3.4) subcellular fractionation of the Akt isoforms was performed. This allowed confirmation 

of the findings using a second set of isoform-specific antibodies for Western blotting 

analysis. Differential centrifugation of MDA-MB231 cells showed that Aktl was primarily 

- 8 1 -

http://ca.expasy.org


B 

WCE CytoMito Nuc 

W: Akt1 

W: a-tubulin 

WCE Cyto Mito Nuc 

WCE Cyto Mito Nuc 

1 2 3 4 

W: Akt3 

W: Lamin B1 

AM2-ECFP MitoTracker AM2-ECFP & MitoTracker 

Akt2-ECFP Akt2 antibody Akt2-ECFP & Akt2 

- 8 2 -



localized in the cytoplasm (Fig. 3.10a, lane 2). Western blot analysis of the fractionated 

samples showed that Akt2 was found in both the mitochondrial and the nuclear fractions 

(Fig. 3.10a, lane 3). The localization of Akt2 in the nuclear fraction is most likely due to 

contamination of the nuclear fraction with mitochondria since Western blotting for VDAC1 

(a mitochondrial protein) was also detected in the nuclear fraction. In addition, Akt3 and 

Lamin Bl (nuclear fraction) were also found to contaminate the mitochondrial fraction. The 

degree of contamination could have been decreased using a different protocol (i.e., higher 

centrifugal forces, use of a sucrose gradient, etc). Nevertheless, the subcellular localization 

of the Akt isoforms determined by indirect immunostaining shown in Fig. 3.4 were 

confirmed by subcellular fractionation of MDA-MB231 cells and Western blotting with a 

second set of isoform-specific antibodies. 

Since only one commercially available Akt2 antibody was found suitable for these 

applications and the co-localization of Akt2 to the mitochondria was a novel finding, further 

analysis of Akt2 was required. MDA-MB231 cells were transiently transfected with Akt2-

ECFP and the co-localization between the endogenous and overexpression construct was 

examined in conjunction with mitochondrial staining. The data shown in Fig. 3.10b suggest 

that Akt2-ECFP was co-localized with MitoTracker (top panel). Further, Akt2-ECFP was co-

localized with endogenous Akt2. Collectively, the results presented in Figure 3.10 further 

confirm the differential subcellular localization of the Akt isoforms. 

3.3.6 The subcellular localization of the Akt isoforms did not change in response to 

siRNA ablation, or treatment with X-ray irradiation or growth factors 

The finding that the three Akt isoforms displayed differential subcellular localizations 

prompted the examination of their functional relationship to one another. In order to 
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determine if the localization of one isoform was crucial; or alternatively, if one isoform 

would alter its subcellular location to compensate for the other, small interfering RNA 

technology was employed. These experiments were conducted in two ways. First, one 

isoform was ablated, and the subcellular localization of the remaining two isoforms was 

determined. Second, two isoforms were targeted with isoform-specific siRNA and then the 

subcellular location of the remaining isoform was examined. Single Akt isoform knockdown 

did not alter the localization of the remaining two Akt isoforms in MDA-MB231 cells (Fig. 

3.1 la-c). Similarly, double-knockdown of the isoforms in different combination did not alter 

the localization of the one remaining isoform (Fig. 3.12a-d). The expression of the Akt 

isoforms by siRNA was knocked down by at least 68% (determined by protein 

densitometry). While it could be argued that this level of residual isoform could maintain the 

normal isoform localization, the knockdown of the Akt isoforms does not alter Akt 

localization in these experiments. These results suggest that the localization of the Akt 

isoforms is not affected by the presence or absence of the other Akt isoforms at 48 h post-

siRNA transfection. 

To further examine the localization of the isoforms in vitro, MDA-MB231 cells were 

exposed to two types of cellular stresses known to activate the Akt pathway. To determine if 

the isoforms would alter their localization in response to a cellular insult, cells on coverslips 

were first serum starved (0.1 % (v/v) FBS) overnight, and then were treated with either 5 Gy 

X-ray irradiation, or stimulation with growth factors (100 ng/ml EGF) the next day. The 

localization of the isoforms was then examined 1 h post-treatment. The results indicated that 

the localization of the isoforms did not change in response to the serum starvation, or to the 

two different types of treatment (radiation or EGF) when examined 1 h later (Fig. 3.13). Any 

differences observed in the isoforms were subtle. For instance, treatment with 5 Gy showed 
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less nuclear exclusion than the serum starved control in Aktl (Fig. 3.13, i and ii). Similarly, 

Akt3 displayed a slight amount of cytoplasmic staining in the serum starved controls (Fig. 

3.13, ix and xi). However, despite these subtle differences, the localization of Akt3 still 

remains in the nucleus. Thus, regardless of whether one isoform was ablated by siRNA, 

serum-starved, or treated with radiation or growth factors, the subcellular localization of the 

Akt isoforms remained unchanged at 1 h post-treatment. 

3.3.7 Akt2 translocates to the perinuclear region after radiation treatment 

Next, MDA-MB231 cells were treated with irradiation (5 Gy) and the subcellular 

localization of the isoforms was examined over a prolonged timecourse (3-16 h) as opposed 

to the 1 h timepoint examined above. After 3 h post-5 Gy, changes in the Akt2 staining 

pattern were observed (Fig. 3.14). In the control, Akt2 was either slightly perinuclear, or a 

rounded punctuate aggregate within the cytoplasm (Fig. 3.14a, ii). However, after 5 Gy 

irradiation, Akt2 was almost exclusively localized to the perinuclear region (Fig. 3.14a, v). 

Furthermore, this localization pattern was maintained up to the 12- and 16 h timepoint, when 

the Akt2 morphology, while still mainly perinuclear, became visibly larger and more 

cytoplasmic (Fig. 3.14a, xi and xiv). 

Both Aktl and Akt3 exhibited slight differences in localization. The localization of 

Aktl is cytoplasmic and showed nuclear exclusion in the controls (Fig. 3.14a, i). Treatment 

with 5 Gy showed an increase in Aktl nuclear localization, which is consistent with data 

reported prior by others (Borgatti et al., 2000; Li et al., 2005) and also seen in these 

experiments (Fig. 3.13). Similarly, Akt3 remained in the nucleus and nuclear membrane. 

However at 8 h post-irradiation, Akt3 showed slightly more cytoplasmic localization (Fig. 

3.14a, ix) (Note that Fig. 3.14 is also included in Appendix III, Fig. A9 with all primary 
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omission controls present for each timepoint of the experiment). To ensure that the change in 

the morphology and localization of Akt2 was due to the radiation treatment, the perinuclear 

morphology was evaluated across 3 independent trials, where a minimum of 10 independent 

fields per trial were assessed. When the perinuclear morphology of Akt2 was compared to 

the controls and examined across the timecourse, dramatic increases in the perinuclear 

localization were apparent, with peaks observed at the 3 h and 8 h timepoint in the irradiation 

conditions, consistent with the initial observations. A 2-way analysis of variance (ANOVA) 

determined that the relative amount of perinuclear localization was significantly different 

from the controls from 3 h through to the 16 h timepoint [p<0.05, effect size eta2=20%] 

(Fig. 3.14b). 

Next, Akt2 localization was analyzed in conjunction with the mitochondria to 

determine if the radiation treatment had any effect on their co-localization. The results 

presented in Fig. 3.15a clearly demonstrate that Akt2 and the mitochondria remained 

associated with one another during and after the 5 Gy radiation treatment up to 16 h post-

radiation treatment. Further, the differences in Akt2 morphology observed were also 

consistently observed in the mitochondria, particularly at 8 and 16 h after treatment (Fig. 

3.15a). Analysis of Akt2 and MitoTracker staining in MDA-MB468 and MCF-7 breast 

cancer cells also showed co-localization of Akt2 and the mitochondria during the radiation 

treatment. Slight differences in both Akt2 and mitochondrial morphology were noted in 

MDA-MB468 cells at 3 h post-irradiation, and more noticeable differences in mitochondrial 

morphology were observed in MCF-7 cells. Taken together, the data shown in Figs. 3.14 and 

Fig. 3.15 suggest that both Akt2 and the mitochondria were enlarged in size and altered in 

morphology in response to 5 Gy. Further, these results may be general phenomena as they 

are not specific to MDA-MB231 cells. 
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3.4 DISCUSSION 

3.4.1 The differential subcellular localization of Aktl, Akt2, and Akt3 

The differential subcellular localization of the Akt isoforms represents novel findings 

and sheds new light on the regulation of Akt signaling. The localization of the isoforms in 

cancer cells in these in vitro studies may provide further insight into the regulation of Akt 

function, in light of the fact that aberrant Akt activation is associated with oncogenesis and 

tumour progression. The major finding of this study— Akt2 localization to the mitochondria 

in cancer cells and the nuclear localization of Akt3 in both tumour and non-cancerous cell 

lines, is fascinating considering that neither kinase contained a targeting sequence for those 

subcellular organelles. This suggests that the localization is based on other factors such as 

protein-protein interactions. Further, these differences in subcellular localization were 

maintained during radiation or growth factor stimulation, as well as during genetic ablation 

using siRNA-mediated knockdown technology. The fact that none of the isoforms altered 

their subcellular localization in lieu of one or two ablated isoforms suggests a mechanistic 

function for their localization. In addition, it demonstrated that a compensatory mechanism 

between the endogenous localization of the isoforms may not exist. Akt kinases are activated 

via two key phosphorylation residues, S473 and T308. Compensation between the isoforms 

may occur at the level of activation measured via phosphorylation. However, the 

phosphorylation residues differ by one amino acid for each of the isoforms (S473/S474/S472 

for Aktl, -2 and -3, respectively) rendering isoform-specific detection and measurement via 

confocal microscopy difficult. Nevertheless, the results of this study show that the 

knockdown of one isoform does not produce a shift in the subcellular localization of the 

remaining isoforms. 
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3.4.2 Akt2 co-localization with the mitochondria 

Although the co-localization of isoform-specific Akt2 and the mitochondria is a novel 

finding, previous publications have reported the presence of pan-Akt in the mitochondria. 

Bijur and Jope (2003) found basal levels of Akt detected by anti-pan Akt antibodies in the 

mitochondrial matrix as well as in the inner/outer mitochondrial membranes in Hek293 and 

SH-SY5 neuroblastoma cells. In their study, treatment with insulin-like growth factor-1 

(IGF-1) augmented the levels of phosphorylated or activated Akt at the mitochondria. The 

authors speculated that a selective uptake of Akt into the mitochondria occurred, although 

the mechanisms of transport of Akt into the mitochondria are largely unknown. Further, this 

mitochondrially-localized Akt was found to phosphorylate GSK-30 and ATP synthase (p-

subunit). In support of their findings, a recent study by others also indicated that insulin-

stimulated p-Akt2 translocated to the inner mitochondrial membrane and facilitated the 

phosphorylation of nNOS (Finocchietto et al., 2008). Akt was also found to localize to the 

Golgi apparatus as well as to the mitochondria in a study that used a recombinant Akt-

fluorescent construct (Sasaki et al., 2003). The authors hypothesized that Akt localization to 

these compartments may be a more efficient method of phosphorylating target substrates 

located in these cellular domains. Since endogenous Akt2 localized to the mitochondria in 

this study, differences in the mitochondrial levels of phosphorylated Akt2 were not assessed. 

However, the findings presented here suggest that Akt2 is physically associated with the 

mitochondria considering that Akt2 and the mitochondria co-fractionated with one another. 

The results presented herein demonstrate the isoform-specific localization of endogenous 

Akt2 to the mitochondria in cancer cells. 
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Earlier studies that examined the subcellular localization of Aktl and Akt2 were 

usually performed in isolated rat adipocytes or 3T3-L1 adipocytes and assessed for their role 

in the regulation of glucose metabolism. Published data showed that Akt2 associated with 

Glut4 transporters in the heavy microsome fraction (Calera et al., 1998; Kupriyanova and 

Kandror, 1999). The fractionation results in that study found Akt2 in almost all areas of the 

cell, including the mitochondria/nuclear fraction. However, the strongest Akt2 signal was 

associated with microsomes, which further supported the role of Akt2 in the intracellular 

transport of glucose. Consistent with the findings presented here, Aktl fractions were mainly 

cytoplasmic (Calera et al., 1998). Kupriyanova and Kandror (1999) reported that only 5-7% 

of Akt2 co-localizes with Glut4, while the predominant amount of Akt2 remains in the 

cytoplasm. One inherent problem with fractionation studies is obtaining a pure fractionated 

sample, without contamination from other cellular compartments. In point of this, an early 

study conducted on the regulation of glucose transport indicated that the microsomal portions 

of adipocytes used in their study may not be pure and may contain peroxisomes or the Golgi 

apparatus (Cushman and Wardzala, 1980; Kupriyanova et al., 1999). Based on the findings 

from the above studies, it seems logical to conclude that there may be evidence for Glut4 

localization to the mitochondria which would connect the pathways between Akt2 

localization and glucose transport. Although, there is some evidence that at least one glucose 

transporter (Glutl) may localize to the mitochondria, there is no evidence to date that Glut4 

does as well. One study determined that Glutl possessed a mitochondrial targeting sequence, 

and then subsequently confirmed its mitochondrial localization. The sequences for Glut2, 

Glut3, Glut4, Glut5 and Glut7 were all assessed in this study for target localization 

sequences. The Glut4 sequence, however, did not contain the target residues that would 

direct it to the mitochondria (KC et al., 2005). Furthermore, Calera et al., (1998) did not 
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observe Glut4 in the mitochondria/nuclear fraction in their experiments. However, it was 

very recently published that Glut4 exhibits a perinuclear distribution in myoblast cells 

(Dugani et al., 2008). Considering the role that Akt2 plays in glucose transport and the 

localization to the mitochondria in cancer cells, the mechanism of Akt2 regulation in glucose 

transport is an important issue that warrants further study. 

A question that remains is, why would Akt2 be localized to the mitochondria? 

Although the potential reasons are most likely complex and multifaceted, the two main 

reasons could be the involvement of Akt regulation that impinge on the mitochondria mainly, 

cell survival and cellular metabolism. With regards to Akt and cell survival, Akt functions in 

anti-apoptotic signaling via a series of downstream phosphorylations to substrates including 

NF-Kb, Bad/Bcl-2, and the FoxO family. At least in the case of Bad/Bcl-2, this signaling 

would converge on the mitochondria. In support of this idea, a number of published reports 

indicate that Akt may play a role in the 'functional integrity' of the mitochondria (Gottlob et 

al., 2001; Majewski et al., 2004a; Majewski et al., 2004b). Thus, phosphorylated Akt may 

protect the mitochondria to prevent apoptosis thereby, maintaining mitochondrial integrity 

and promoting cell survival. However, the ability of Akt to perform this function would 

require glucose and ATP (Gottlob et al, 2001). It is known that Akt is associated with 

hexokinases in the mitochondria (Gottlob et al., 2001; Majewski et al., 2004b). Hexokinases 

are important in glucose metabolism as they regulate the first step in glycolysis; the 

coversion of glucose to glucose-6-phosphate (reviewed in Mathupala et al., 2006). 

Hexokinases also bind VDAC which regulates its conformation. Glucose transporters (Gluts) 

deliver glucose to hexokinase II that is bound to VDAC (Mathupala et al., 2006). This 

association of Akt with hexokinases would effectively couple the role of Akt to both glucose 
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metabolism in the mitochondria as well as the regulation of apoptosis. Thus, the localization 

of Akt2 in the mitochondria would be advantageous by being placed in close proximity to 

function as a glucose transporter. In terms of energy requirements for the cancer cell which 

requires a constant source of glucose, the localization of Akt2 to both Glut4 (from previous 

studies) and the mitochondria (from this study) place Akt2 in a most ideal position. 

3.4.3 Akt3 is localized in the nucleus 

The nuclear localization of Akt3 was surprising considering that Akt3 did not possess 

a classical nuclear localization signal or nuclear export sequence. Akt3 is the only isoform to 

have a known splice variant, where the C-terminal portion of the protein is truncated (Akt3-

variant 1 lacks the C-terminal S472 phosphorylation site) (Brodbeck et al., 2001). The 

function of Akt3 and the splice variant warrants further investigation, as few reports have 

ever investigated the regulation of the Akt3-vl (Brodbeck et al., 2001; Taniyama et al., 

2005). Presently, there are approximately 129 articles in PubMed on Akt3, and only one that 

confirmed the nuclear localization by indirect immunofluorescence in NPA cells (human 

papillary thyroid carcinoma) (Saji et al., 2005). The authors noted that both Akt2 and Akt3 

were localized to the nucleus in their cells, however, their study focused on examining a 

nuclear export sequence in Aktl and did not further investigate the subcellular localization of 

Akt3. Akt3 is the most under-represented isoform in the literature, and its exact function is 

not known. The nuclear localization of Akt3 raises many questions regarding its possible 

functions. The significance of the nuclear localization is not yet understood and future 

studies are required to determine its precise role. 

The term 'nuclear Akt' is often used in the literature. Nuclear Akt has been classified 

as either pan-Akt that has translocated, or phosphorylated-Akt (on both phosphorylation 
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residues) (Andjelkovic et al., 1997; Borgatti et al, 2000; Borgatti et al., 2003; Das et al., 

2007; Xuan Nguyen et al., 2006). Given that the commercially available anti-pan-Akt 

antibodies and phosphorylated antibodies recognize all phosphorylated isoforms, it would be 

of interest to discern if nuclear Akt is indeed Akt3, or translocated Aktl. The results in Figs. 

3.13 and 3.14 suggest that after stimulation by either EGF treatment or irradiation, a minor 

population of Aktl was found in the nucleus. The localization of Akt3 remained entirely 

nuclear in the absence or presence of stimulation. Thus, unless future studies carefully 

distinguish between the Akt isoforms, immunoprecipitation or fractionation analysis of 

'nuclear Akt' could conceivably represent both Aktl and Akt3 in their endogenous and 

phosphorylated forms. 

The Akt3 isoform had the lowest representation in both the levels of protein and 

mRNA among the three Akt isoforms in the cell lines examined. This could potentially be 

explained by tissue-specific differences, as Akt3 has been found to be most highly expressed 

in heart, placenta, and brain tissue (Nakatani, 1999a). The levels of both Akt3 protein and 

mRNA were below the levels of detection by Western blotting or Q-PCR. The detection of 

Akt3 by Q-PCR could have been improved in this study by incorporating an Akt3-gene-

specific primer during the RT, as opposed to the T20 primers used. In fact, Okano et al. 

(2000) used RT-PCR to detect endogenous Akt3 in their study because a commercially 

available antibody to Akt3 was not available at that time. They also found a lack of Akt3 in 

their HepG2 and MCF-7 cell line, and noted that Akt3 varied the most among the three 

isoforms in terms of tissue distribution. However, they found Akt3 expression in both MCF-

7 and HepG2 cells when they performed a Southern blot analysis using a P32-labelled Akt3 

probe to increase sensitivity. Similarly, Brognard et al. (2001) also found that the levels of 

Akt2 and Akt3 were very low in certain non-small cell lung cancer cell lines. However, RT-
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PCR analysis of the isoforms in their study showed the presence of transcripts for all three 

isoforms. Thus, Okano's and Brognard's findings, in addition to the results presented in Figs. 

3.5 to 3.7, substantiate the results observed in the present study that HepG2, MCF-7, HeLa 

and LNCaP cells have endogenous Akt3, that is localized to the nucleus. These findings also 

underscore the importance of having more than one method of confirmation in these 

experiments, since it was primarily the immunofluorescence results which indicated that 

these cells expressed the Akt3 protein. Thus, the low expression level of Akt3 in certain cell 

lines is an issue of detection, and does not imply the absence of the Akt3 isoform. This 

finding is important in that many studies utilizing the routine methods of protein detection 

may draw erroneous conclusions that Akt3 is absent in their cell lines. Some studies have 

employed LNCaP or MCF-7 cells due to the very fact that Akt3 is either absent or present at 

very low levels. This is based on the assumption that the 'absence' of Akt3 lends a better 

interpretation of the Aktl/Akt2 regulation in these cells. Conversely, other studies have 

upregulated Akt3 kinase in an attempt to better understand its regulation in cells based on the 

observed low levels of the Akt3 isoform in certain cell lines (Barnett et al., 2005, de Feo-

Jones et al, 2005; Faridi et al., 2003). 

3.4.4 Akt isoform subcellular localization in different cell lines 

When the subcellular location of the isoforms is analyzed from previously published 

reports, a few important facts begin to emerge. First, the majority of the studies examined the 

differences between Aktl and Akt2 during cellular differentiation. For example, isoform 

differences have been examined between fibroblasts and their differentiated counterparts, 

adipocytes; or between myoblasts and myocytes. Second, most of these studies used non-

transformed proliferating cell lines such as Hek293 cells. Differences in the literature may be 
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attributable to the different cell lines employed, overlooking the fact that some of these 

studies may have included the use of cross-reactive antibodies. For the most part, Akt2 

protein levels increased during differentiation (Calera and Pilch, 1998; Hill et al., 1999; 

Vandromme et al., 2001). In addition, some studies observed the translocation of Akt2 into 

the nucleus (Meier et al., 1997). Differences in the localization of the isoforms have also 

been observed during differentiation. For instance, after treatment with IGF, Aktl was 

translocated to the nucleus from the cytoplasm in C2.7 myoblasts, whereas the localization of 

Akt2 did not change from the nucleus in response to IGF treatment (Heron-Milhavet et al., 

2006). One study reported that both Aktl and Akt2 exhibited a cyto-nuclear distribution 

prior to differentiation. Afterwards, Aktl was cytoplasmic whereas Akt2 displayed a nuclear 

localization (Vandromme et al., 2001). 

The subcellular localization of the Akt isoforms was consistent in the different cancer 

cell lines examined in this study, suggesting that tissue specific differences were not present 

between breast, prostate, cervical and liver cancer. One surprising finding, however, was the 

differential localization of the Akt isoforms in Hek293 and 293T cells (Fig. 3.5). In the 

cancer cell lines, Aktl was mainly cytoplasmic, displaying some nuclear exclusion in the 

basal state. However, Aktl was nuclear in Hek293 cells, while the immunostaining of Aktl 

in 293T cells was reminiscent of the cancer cells. It is interesting, but speculative to 

hypothesize that transformation by the SV40 large T antigen may alter the localization of 

Aktl. 

The cytoplasmic localization of the isoforms in cancer cells has been attributed to 

processes such as proliferation and metastasis. Cheng et al. (1997) found Akt2 was localized 

to the cytoplasm in both cancer and non-cancerous cell lines. Further, Akt2 protein 

expression was highest in mitotic cells, suggesting an association between the level of Akt2 
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protein and cell cycle progression. Differences in the subcellular localization of recombinant 

Aktl and Akt2 proteins were reported in MDA-MB435 cells overexpressing Her2 analyzed 

on different collagen substrates (Arboleda et al., 2003). Although the overexpression of Her2 

would constitutively activate PI3K signaling in these cells, these findings, nonetheless, 

suggest that differences in Aktl and Akt2 subcellular localization were observed when plated 

onto collagen IV matrices. 

The subcellular location of the endogenous Akt proteins in MDA-MB231 did not 

significantly alter in response to EGF, or 5 Gy radiation 1 h post-treatment. Although subtle 

changes in Aktl and Akt3 were observed (i.e., less nuclear exclusion, and less cytoplasmic 

staining), the subcellular localization of the isoforms remained more or less the same at this 

timepoint (Fig.3.13). However, Akt2 did translocate in response to radiation treatment 

beginning at 3 h post-radiation (Fig. 3.14). The subcellular translocation and differences in 

the morphology of Akt2 in response to radiation in these experiments is novel and very 

interesting. There have been no reports on either the co-localization of Akt2 with the 

mitochondria, or alterations in its morphology and subcellular translocation in response to 

radiation. 

Changes in mitochondrial morphology have been reported after photoirradiation 

(Peng and Jou, 2004). These authors found that mitochondrial swelling coincided with 

generated increases in reactive oxygen species (ROS) when rat brain astrocytes were 

exposed to photoirradiation. The swelling and increase in ROS was associated with the 

opening of the mitochondrial permeability transition pore (MPTP). Further, the enlarged 

mitochondria were all localized to the perinuclear region after photoirradiation (Peng and 

Jou, 2004). Membrane potential of the mitochondria and reactive oxygen species generation 

were not analyzed in this study, and remain to be examined further. While this could 
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potentially explain the moiphological differences observed in the mitochondria after 

radiation, what is still puzzling, however, is the change in the morphology of Akt2 in 

conjunction with the mitochondria. 

Upon radiation treatment and other stimuli that activate cellular stress, Akt can 

regulate cell survival through a multitude of signaling pathways which involve the 

mitochondria. For instance, Akt signaling to the mitochondria is controlled through 

phosphorylation of Bad (at S136). Pro-apoptotic Bad is complexed to anti-apoptotic Bcl-2. 

Upon phosphorylation by Akt, Bad is released from Bcl-2 and binds to 14-3-3 in the 

cytoplasm, where its proapoptotic activities are ultimately inhibited (reviewed in Zhan and 

Han, 2004). Through a mechanism that is not well understood, Akt can phosphorylate and 

prevent the activation of caspase-9. Further, Mcl-1 has recently been found to be a 

downstream inhibitory target of GSK-3 (Manning and Cantley, 2007). For the most part, 

none of these pathways have been examined to determine if any of them exhibit isoform-

specific substrate preference. Thus, the isoform-specific regulation of downstream targets, 

particularly the ones associated with the mitochondria need to be analyzed further. 

The results of the present study underscore the absolute importance of using isoform-

specific antibodies to properly measure Akt isoform regulation. The differential subcellular 

localization of Akt2 and Akt3 found by these studies further represents novel findings, 

although arguably the most important finding is the co-localization of Akt2 and the 

mitochondria in cancer cells. In light of the differences observed in the subcellular 

localization of the Akt isoforms, the contribution of each isoform to breast cancer cell 

survival is currently being investigated (Chapter 4). 
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CHAPTER 4.0 

The ablation of Akt2 induces autophagy of the mitochondria through upregulation of 
p27 and downregulation of p70S6K, Cdk2 and cyclin D 
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4.1 OVERVIEW OF THE STUDY 

The present study was initially undertaken to examine the specific roles of each Akt 

isoform in breast cancer using the MDA-MB231 cell line. In Chapter 3.0, it was 

demonstrated that each Akt isoform exhibited a specific subcellular localization, which may 

ultimately underlie the regulation of isoform-specific functions. Thus, it was hypothesized 

that one of the Akt isoforms may be more important for cell survival and cell cycle 

progression in breast cancer based upon the data observed from their characterization. 

In order to test this hypothesis, the isoforms (singularly or in combination) were 

ablated by selective targeting using isoform-specific siRNA-mediated interference. Cell 

survival, cell proliferation, and cell cycle markers over a prolonged timecourse (24-144 h 

post-transfection) were examined. Further, the downstream signaling substrates known to be 

regulated by Akt were also examined to determine if isoform-specific substrate recognition 

occurs. 

The data obtained from this study demonstrated a specific role for Akt2 in cell 

proliferation and cell cycle progression. The targeted ablation of Akt2 caused the 

downregulation of Cdk2, and cyclin D, and a concurrent upregulation of p27, which caused 

cell cycle arrest in G0/G1. This is one of the first reports to show transcriptional Akt 

regulation of p27 in an isoform specific manner. The analysis of the downstream Akt 

pathways suggested that Akt2 specifically regulated the phosphorylation of p70S6K, a 

downstream target of mTOR. Furthermore, Akt2 did not regulate the phosphorylation of 

FoxOl and Erkl/2 in this system. 

Given the important role of mTOR in the regulation of cell metabolism and Akt2 in 

glucose transport, the upstream activation of AMPKa was examined to discern if siRNA-
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mediated ablation of Akt2 caused fluctuations in the AMP/ADP ratio within the cells. While 

no initial activation of AMPKa was observed in the Akt2-knockdowns, the knockdown of 

Akt2 resulted in the enlargement of the mitochondria, and increase in the transcriptional 

coactivator PGC-la, a regulator of mitochondrial biogenesis. Inhibition of the mTOR 

pathway caused by Akt2-ablation was associated with increased autophagy. Further, an 

analysis of the Akt2-knockdown conditions during the late experimental timepoints revealed 

that the Akt2-transfectants were targeted for autophagic degradation, specifically mitophagy, 

based on the co-localization of the mitochondria in autophagolysosomes. The data presented 

here point to a novel Akt2-mediated homeostatic regulation of mitochondrial function, and 

show that Akt2 is the most important isoform for breast cancer cell survival. 

4.2 MATERIALS AND METHODS 

Materials and Methods specific for these experiments and not included in Chapter 2.0 

are outlined below. Alterations to the protocols outlined in Chapter 2.0 are also noted in the 

applicable sections. 

4.2.1 Cell Culture 

The MDA-MB231 breast cancer cell line purchased from ATCC (Manassas, VA) 

was the main cell line used for the experiments in these studies. Cells were maintained and 

cultured regularly as described in Chapter 2.1. 

4.2.2 Antibodies, Chemicals and Reagents 
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Antibodies against the following proteins were purchased from Cell Signaling 

Technology (Danvers, MA): Aktl (2H10), p-FoxOl (S256), FoxOl, p-GSK-3a/p (S9/21), 

GSK-3P, p-p70S6K, p70S6K, p-4E-BPl, 4E-BP1, p-AMPKa (T172), AMPKa, Skp2 and 

LC3B. Antibodies against the following proteins were purchased from Santa Cruz 

Biotechnology (Santa Cruz, CA): Akt2 (FT), cyclin A, cyclin D, cyclin E, p-Cdc2 (Y15), p-

ERK1/2 (p42/44), p21, p-p27 (T187), p27, PGC-la and VDAC1. Phosphorylated p27 

antibodies (p-p27) specific for the Akt-mediated phosphorylation residues at T157 and T198 

were supplied by R&D Systems (Minneapolis, MN). Anti-Cdk2 was purchased from Lab 

Vision Inc (Fremont, CA) and anti-Akt3 was obtained from Upstate Biotechnology (Lake 

Placid, NY). Anti-mouse, -rabbit and -goat peroxidase-conjugated secondary antibodies were 

obtained from Sigma, Pierce and Calbiochem, respectively. The fluorescein (FITC)-

conjugated AffiniPure donkey anti-mouse IgG secondary antibody used in the 

immunofluorescence experiments was from Jackson Immunoresearch (West Grove, PA). 

Anti-y-tubulin antibodies, propidium iodide (PI), thiazolyl blue tetrazolium bromide (MTT), 

dimethyl sulfoxide (DMSO), acridine orange and monodansylcadaverine (MDC) were 

purchased from Sigma. Lipofectamine 2000 transfection reagent, Opti-MEM I transfection 

medium, DNAse I, and M-MLV were from Invitrogen. MitoTracker Red CMXRos 

Mitochondrial Probe was from Cambrex Bioscience Walkersville, Inc. (Charles City, IA). 

Methylene blue was purchased from Acros Organics (Fisher Scientific). For antibody 

dilutions, please refer to Table Al in Appendix II. 

4.2.3 Small interfering RNA (siRNA) Transfections 
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All siRNA transfections were performed as outlined in Chapter 2, Section 2.7. The 24 

h timepoint in these experiments is defined as 24 h post-transfection initiation. Accordingly, 

the 48 h timepoint is 48 h post-transfection initiation, etc. Two isoform-specific siRNA 

oligonucleotides were used to knockdown each Akt isoform in these experiments to ensure 

specific knockdown of the target isoform. 

4.2.4 Cell Proliferation Assays and Cell Survival Assays: 

4.2.4.1 MTT Assay: Cell proliferation was measured using both MTT and BrdU 

incorporation assays. For the MTT Assay, timepoints were taken from 72-144 h post-

transfection initiation. A detailed protocol is described in Chapter 2, Section 2.9. 

4.2.4.2 BrdU (5-Bromo-2'-deoxy-uridine) Incorporation Assays: 5-Bromo-2'-deoxy-

uridine incorporation was performed according to the manufacturer's protocol (Roche). 

Briefly, MDA-MB231 cells were plated on 1.8 cm sterile glass coverslips (Fisher) and 

placed in a 6-well plate 24 h prior to transfection (Sarstedt). Cells on the coverslips were 

transfected with Akt2 siRNA or scrambled siRNA and analyzed for BrdU incorporation 24, 

48 and 72 h post-transfection initiation. BrdU pulse-labelling was carried out during the last 

45 min of each sampling timepoint. A minimum of 10 fields per coverslip/per trial were 

captured using a LSM 510 Meta laser scanning confocal microscope (Zeiss), using a 488 nm 

laser (band pass 505-530 nm). Cells in each field were counted and analyzed for BrdU 

incorporation. 

4.2.4.3 Focus Formation Cell Survival Assay: Please refer to Chapter 2.10 for the full 

procedure. 

4.2.5 FACS Analysis 
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MDA-MB231 cells transfected with siRNA in 10-cm plates were washed with PBS 

and trypsinized at each timepoint (24-144 h post-transfection initiation). Floating cells were 

collected first, and 2-3 plates of cells were trypsinized and pooled for each sample. All cells 

were then transferred into a 15-ml conical tube (Sarstedt) and collected by centrifugation. 

Cell pellets were resuspended in 500 JJ.1 of PBS, followed by fixation with 6 ml of 75 % cold 

ethanol overnight at -20°C. Cells were then centrifuged, the fixation solution decanted, and 

the pellet resuspended in propidium iodide staining solution (0.1% sodium citrate, 0.3% 

Nonidet P-40, 100 ug/ml RNase A, 100 ug/ml propidium iodide) for 1 h prior to being 

analyzed by flow cytometry using an Epics Elite How Cytometer (Beckman Coulter). 

4.2.6 Quantitative Real-Time PCR (Q-PCR) 

Quantitative real-time PCR was performed as previously described in Chapter 2.5 

and 2.6. The cDNA from the 96-h Reagent Control was used to calibrate the standard curve 

and S28 ribosomal protein was used as a quantification control. The mRNA expression 

levels were calculated by the ratio of [Akt2/S28 RNA] and [p27/S28 RNA]. The following 

primers (below) were used in the PCR reactions (300 nM), and data was acquired using an 

ABI Prism 7900 HT Sequence Detection System (SDS) and analyzed with ABI SDS 

software (version 2.1) (Applied Biosystems). 

Akt2: Forward 5'-CAAGGATGAAGTCGCTCACACA-3' 
Reverse 5'-GAACGGGTGCCTGGTGTTC-3' 

p27: Forward 5'-CGGTGGACCACGAAGAGTTAA-3' 
Reverse 5'-GGCTCGCCTCTTCCATGTC-3'. 

S28: Forward 5'-TCCATCATCCGCAATGTAAAAG-3' 
Reverse 5'-GCTTCTCGCTCTGACTCCAAA-3'. 
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4.2.7 Detection of Autophagy 

MDA-MB231 cells were plated onto sterile 1.8-cm glass coverslips and transfected 

with Akt2 siRNA and scrambled siRNA prior to being evaluated for autophagy/mitophagy at 

120 h and 144 h post-transfection initiation. Cells on coverslips were first incubated in a 

humidified cell culture incubator at 37°C with 50 nM MitoTracker Red CMXRos probe in 

cell culture medium for 30 min, prior to the addition of acridine orange and 

monodansylcadaverine (a specific marker for autophagolysosome formation) as described 

previously (Kim et al., 2007; Kuo et al., 2006; Munafo and Colombo, 2001; Takeuchi et al., 

2005). Monodansylcadaverine (0.05 mM) and acridine orange (1 ug/mL) were 

simultaneously added to each well and incubated for an additional 10 min at 37°C. The cells 

on coverslips were then rinsed with PBS and mounted on glass slides for visualization by 

microscopy. The cells were stained individually with each label (AO, MDC and 

MitoTracker) in addition to the triple staining condition to verify the specificity of the 

staining. This also ensured that all channels viewed in the triple staining condition were 

separate and showed no bleedthrough. Fluorescent images were captured using a LSM 510 

Meta confocal microscope (Zeiss) with the 63x objective, and processed using LSM 510 

Meta analysis software as described in Chapter 2.8.3). 

To determine the process of autophagy, the induction of LC3B was examined in cells 

transfected with Akt2 or scrambled siRNA, as previously outlined (Chapter 4.2.4), and at 96 

h post-transfection, plated onto sterile glass coverslips. At the indicated timepoints (120 h 

and 144 h post-transfection initiation), cells were washed in PBS, fixed in 4% 

paraformaldehyde, and permeabilized with 100% (v/v) ice-cold methanol for 10 min at -

20°C. The cells on coverslips were then treated with blocking solution for 1 h at room 

-108-



temperature. The primary antibody (LC3B) was diluted in 1% (w/v) BSA in TBS, added to 

the cells and incubated overnight at 4°C. The next day, the cells on coverslips were washed 

and incubated with the secondary antibody in the dark. Cells were rinsed and counterstained 

with DRAQ5 (10 urn) for 30 min at room temperature (Biostatus Ltd., Shepshed, 

Leicestershire, UK) prior to visualization by confocal microscopy. 

4.2.8 Densitometric Analysis 

Intensity of the protein bands (scanned images) was determined via densitometry 

using AlphaEase Fluorochem (FC) 8900 version 4.0.1 software, which was supplied with the 

Alpha Innotech scanner (Fisher Scientific). Protein levels were expressed as a ratio 

[protein/loading control] and graphed using Excel (Microsoft Office 2003, Microsoft). All 

Western blots shown are representative of 3-4 independent trials. The densitometry is a 

compiled average of the ratios for 2 or more of these trials. Because most of the proteins 

were examined over a prolonged timecourse, it was determined that the average ratios would 

better represent the protein expression observed in these experiments, Thus, each timepoint 

was analyzed accordingly with the scrambled control at the same timepoint and the average 

was compiled for these experiments. 

4.2.9 Statistical Analyses 

A univariate 2-way ANOVA, with subsequent post-hoc analyses for significance 

testing (Tukey p<0.05) was used to determine differences in cellular proliferation and BrdU 

incorporation of the Akt siRNA conditions over time, as well as in the analyses of 

mitochondrial area. Univariate analysis of variance (Oneway ANOVA) was performed on 
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the focus formation assay data to analyze differences in clonogenic survival among the Akt-

transfected conditions. All statistics were performed using SPSS v.12.0 for Windows. 

4.3 RESULTS 

4.3.1 Akt2 siRNA downregulated DNA replication and cell proliferation 

To gain insight into the unique role of each Akt isoform, siRNA oligonucleotides 

were transfected into MDA-MB231 cells. The isoform specificity of the oligonucleotides 

was confirmed by Western blotting in these experiments and no cross-reactivity was 

observed (i.e., knockdown of Aktl did not knockdown Akt2, or Akt3) (Fig. 4.1c). 

Quantification of the scanned gel images by densitometry (Fig. 4.Id and e) showed that the 

downregulation of each Akt isoform was routinely achieved in the range of —40-70% of the 

trial shown here (Aktl 30.0%, Akt2 64.4% and Akt3 68.1 %), which was consistent with the 

transfection efficiency obtained with the second set of Akt isoform-specific siRNA (~40%-

70.3% knockdown). Morphological changes in the Akt2-transfected cells were apparent near 

the last timepoints of the experiment (120-144 h post-transfection initiation), with these cells 

appearing more elongated and granular with larger cytoplasmic extensions (please refer to 

Fig. A10 in Appendix IV to view phase contrast pictures of MDA-MB231 cells after siRNA 

transfection). 

Akt has been established as a critical regulator of the cell cycle and cell cycle 

progression (reviewed in Liang & Slingerland, 2003). However, published data regarding the 

involvement of the Akt isoforms in cell cycle regulation have resulted in conflicting reports. 

Several groups have reported a role for either Aktl (Heron-Milhavet et al., 2006; Meng et al., 

2006), Akt2 (Cheng et al., 1997; Noske et al., 2007; Sithanandam et al., 2005) or Akt3 

(Cristiano et al., 2006) in cell proliferation. To examine the role of each Akt isoform on 
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cell proliferation, MTT assays were carried out with cells transfected with isoform-specific 

siRNA oligos 72-144 h post-transfection. The results of the experiment indicated that by 144 

h post-transfection initiation, knockdown of any Akt isoform resulted in a decrease in cell 

proliferation (Fig. 4.1a-b). However, the decrease was most pronounced with cells 

transfected with Akt2 siRNA (p<0.05) (Fig. 4.1a-b). The results obtained from the second 

set of isoform-specific siRNA oligos were also consistent with these findings (Fig. 4-lb). 

Further, reduced cellular proliferation was also observed in the double knockdown 

conditions when Akt2 was one of the isoforms involved in the knockdown (i.e., Akt 1/2 

and/or Akt2/3). Interestingly, the double knockdown did not show synergistic effects and 

compared to cells transfected with Aktl, Akt2, or Akt3 single siRNA (Fig. 4-la-b). 

To further confirm the results of the MTT assay, DNA replication activities were 

examined by analyzing the incorporation of BrdU in MDA-MB231 cells transfected with 

Akt2 siRNA and scrambled siRNA. As shown in Fig. 4.2a-b, the incorporation of BrdU into 

DNA was dramatically decreased in the cells transfected with Akt2 siRNA (p <0.001). At 24 

h, when samples were incubated in serum-free medium during the transfection procedure, 

cell proliferation was reduced in all transfection conditions. However, when the cells were in 

full serum at 48-72 h, BrdU-positive staining was seen only in the control cells and was not 

evident in the Akt2-siRNA treatment confirming that these cells were not proliferating (p < 

0.001). Further, this effect was independent of serum-withdrawal. This result was observed 

with both Akt2-targeted siRNA oligos (Akt2 siRNA #1 and siRNA #2). 

Next, clonogenic cell survival was measured to examine if long-term Akt2 ablation 

also caused reduced colony formation and cell survival. MDA-MB231 cells were transfected 

with both sets of isoform-specific siRNA(s), and colony formation was examined 12-14 days 

post-transfection initiation. Consistent with the data shown in 4.1, Akt2 knockdown caused 
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the most significant decrease in the colony forming ability among the three Akt isoforms (p < 

0.001) (Fig. 4.3). Colony-forming assays performed with the second set of siRNA oligos 

confirmed the same trend although the effect was more pronounced for siRNA Set #1 

(compare Fig. 4.3a with Fig. 4.2b). Taken together, the data presented in Fig(s). 4.1-4.2 

suggests that Akt2 is most relevant for both cell proliferation and survival among the three 

isoforms. 

4.3.2 The knockdown of Akt2 induced cell cycle arrest 

Since both cellular proliferation and DNA replication were downregulated in the 

Akt2-ablated cells (Figs. 4.1 to 4.3), analysis of cell cycle progression was performed next 

using flow cytometry. Cells were transfected with Akt2 siRNA in serum-free medium for 24 

h. At the end of 24 h, cells were maintained in normal growth medium containing 10% FBS 

for 48-144 h post-transfection initiation (thus, only the 24 h timepoint is in serum-free 

conditions). At the 24 h timepoint, the cell cycle profiles for the controls and Akt2 siRNA-

treated conditions were similar, and were consistent with cell profiles that are synchronized 

with reduced serum medium (serum-starved cells are usually synchronized in G0/G1) (see 

Fig. 4.4,24 h timepoint). However, after the medium was replaced with complete medium at 

24 h, the FACS profile indicated that both the negative and mock-transfected reagent 

controls progress into the cell cycle with the majority of cells accumulating at the S and 

G2/M phase at 48 h (see Fig. 4.4,48 h timepoint). In contrast, Akt2-siRNA-treated cells did 

not progress into the cell cycle and the medium change at 24 h to complete medium did not 

change the flow profile compared to the controls (see Akt2 siRNA condition, Fig. 4.4,48 h). 

However, at the later timepoints (i.e., 120-144 h post-transfection), some cells treated with 

Akt2-siRNA progress slowly into S-phase (see Fig. 4.4,120 h in the Akt2-transfected cells). 
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Given that the average transfection efficiency of Akt2 in these experiments is approximately 

70-85 % (protein expression determined by densitometry and mRNA determined by Q-PCR, 

respectively), it is likely that these cycling cells are the untransfected sub-population. Given 

the essential role that Akt plays in cell survival, both floating and adhered cells were 

collected for the FACS analysis in these experiments. Surprisingly, there was no observed 

sub-Gl population in the Akt2-transfected cells, suggesting that the reduced cell number 

observed in both the MTT proliferation assays and the clonogenic assays was not likely due 

to increased apoptotic cell death (Fig. 4.4). 

4.3.3 Akt2-ablated cells downregulated Cdk2 protein 

To further investigate the mechanism of the cell cycle block mediated by Akt2-

ablation, proteins involved in cell cycle control were examined next. Protein expression of 

Cdk2 was chosen as a preliminary candidate as previously published reports have indicated 

Akt involvement and some isoform specificity in its regulation (Bacqueville et al., 1998; 

Skeen et al., 2006). All siRNA transfection conditions were included in this experiment to 

simultaneously examine Aktl and Akt3 at the same timepoint (48 h post-transfection 

initiation). Data obtained from a Western blot assay showed that the level of Cdk2 was 

downregulated in the cells transfected with Akt2 siRNA, but not with Aktl or Akt3 siRNA 

by 48 h post-transfection initiation (Fig. 4.5a and b). The downregulation of Cdk2 in the 

Akt2-ablated cells was further confirmed by indirect immunostaining of the Akt2-siRNA-

transfected cells with an anti-Cdk2 antibody at 48 and 72 h post-transfection. Note that both 

Akt2 siRNA oligos showed the downregulation of Cdk2 compared to the control in Fig. 4.5c. 

The downregulation of Cdk2 at 48 h post-siRNA transfection prompted a more thorough 

analysis of Cdk2 across the timecourse. Fig 4.5d shows that Cdk2 is downregulated in the 
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Akt2-transfected condition at all timepoints compared to the scrambled controls (Western 

blot and densitometry). This result was observed with both Akt2 siRNAs (Akt2 siRNA #1 

and#2)(Fig.4.5d). 

The involvement of other key cell cycle regulators was also examined. Levels of p21 

protein were upregulated only during the 24 h timepoint in both the Akt2-siRNA cells and 

scrambled controls, corresponding to the incubation time in serum-free conditions during 

transfection (Fig 4.5e) and G1/G0 arrest. Once cells were released into complete medium 

after transfection, protein expression levels of p21 were downregulated and there was no 

appreciable difference between the Akt2 siRNA or scrambled siRNA conditions at any other 

timepoint. Phosphorylated-Cdkl (pCdc2 Y15), which occurs in G2/M of the cell cycle, was 

completely downregulated in the Akt2-ablated cells, suggesting that the cells were not 

entering G2/M phase. This finding is consistent with the results of the MTT and BrdU 

incorporation assays (Fig. 4.5e). Thus, this data supports the hypothesis that the cell-cycle 

arrest of Akt2-ablated cells, was, at least in part, mediated by the downregulation of Cdk2. 

Next, levels of cyclin A, D, and E proteins were measured in the Akt2-siRNA 

transfected cells and the scrambled controls 24-144 h post-transfection initiation (Fig. 4.6a). 

Cyclin D was markedly downregulated in cells transfected with Akt2-specific siRNA and 

this result is consistent with the cell cycle arrest in G0/G1 (Fig. 4.6a and c). Levels of cyclin 

E were upregulated in the Akt2-siRNA transfected cells (Fig. 4.6a and d). Cyclin E is 

degraded by the ubiquitin pathway through SCF-Fbw7-ubiquitin ligase, and subsequent 

binding to Skpl (reviewed in Hwang & Clurman, 2005). Turnover or degradation of cyclin E 

is prevented by when Cdk2-cyclin E complexes are inhibited by p27, a Cdk inhibitor (data in 

presented in the next figure will clarify this point). Thus, Cdk2-p27 binding inhibits the 
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turnover of cyclin E. In contrast, no changes in the levels of cyclin A were observed between 

the Akt2-knockdown and scrambled conditions (Fig. 4.6a and b). 

4.3.4 p27 is upregulated and is localized in the nucleus in the Akt2-knockdowns 

The finding that Akt2-ablated cells arrest in G0/G1 prompted an examination of p27 

regulation. The p27 cyclin-dependent kinase inhibitor is a key mediator in G0/G1 cell cycle 

arrest, and is involved in mediating cell cycle progression at Gl/S-phase. p27 is regulated 

either transcriptionally or post-translationally (reviewed in Caldon et al., 2006). When levels 

of p27 are upregulated, cells are arrested in G0/G1. Cancer cells, which are constantly 

cycling, usually have extremely low levels of p27 protein. 

When p27 is active, it is bound in a complex with Cdk2-cyclin D in the nucleus to 

inhibit progression of the cell cycle. p27 is a known target of the PI3K/Akt pathway and 

regulation can occur indirectly via downstream signaling to substrates such as the FOXO 

transcription factors (Medema et al., 2000) and mTOR (Nourse et al., 1994); and also 

directly through phosphorylation of p27 by Akt itself on 2 threonine residues, T157 (Liang et 

al., 2002; Shin et al., 2002; Viglietto et al., 2002) and T198 (Kossatz et al., 2006). The Akt-

mediated phosphorylation of p27 is inhibitory and promotes the translocation of p27 from the 

nucleus to the cytoplasm. Cytoplasmic retention of phosphorylated p27 results in ubiquitin-

mediated proteasomal degradation by Skp2, which is required for cell cycle progression to 

occur (reviewed in Caldon et al., 2006). p27 is also phosphorylated by Cdk2-cyclin E at 

T187 during S-phase which also targets it for Skp2-mediated degradation (Caldon et al., 

2006). Furthermore, inhibition of PI3K/Akt by LY294002 and wortmannin (Bacqueville et 

al., 1998; Gao et al., 2004), as well as by rapamycin (Nourse et al., 1994; Shapira et al., 
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2006), has been found to upregulate protein levels of p27 and promote a G0/G1 cell cycle 

arrest. 

To determine the regulation of p27 in the Akt2 knockdown, the subcellular 

localization and phosphorylation status of the relevant threonine residues on p27 were 

examined. It was hypothesized that p27 would be localized in the nucleus in the Akt2-

siRNA-transfected cells, thereby mediating the observed inhibition of the cell cycle. Analysis 

of the subcellular distribution of p27 by immunostaining revealed that p27 was localized in 

the nucleus of Akt2-ablated cells 24-72 h post-transfection, while a cytoplasmic-nuclear 

localization of p27 was observed in the controls 48-72 h post transfection. Note that the 24 

timepoint would be serum-starved, which would experimentally induce a G0/G1 arrest. 

Release into the cell cycle at 24 h post-transfection by the addition of full serum only caused 

a change in the localization of p27 at 48 h and 72 h in the controls (see Fig. 4.7a). This result 

indicated that cell cycle progression was indeed inhibited in the Akt2-siRNA transfected 

cells through the regulation of p27 (Fig. 4.7a). Further, this result was observed with both 

siRNA oligos (Akt2 siRNA #1 and siRNA #2) at all timepoints examined (Fig. 4.7a). Thus, 

the nuclear localization of p27 in the Akt2-ablated cells coincides with the cell cycle arrest in 

G0/G1. 

If the nuclear localization of p27 was mediated through phosphorylation by Akt, then 

levels of p-p27, particularly on the T157 residue would be downregulated relative to the 

scrambled controls. Surprisingly, both Akt-mediated phosphorylation sites (T157 and T198) 

were not significantly altered by the Akt2-ablation (Fig. 4.7c and d). Further, an additional 

phosphorylation site, T187 was found upregulated in the Akt2-siRNA transfected cells 

compared to the scrambled controls (Fig. 4.7e). Since this phosphorylation site targets 
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p27 for ubiquitin-mediated proteasomal degradation by Skp2, the results observed from the 

above analyses of p27 in the Akt2-siRNA cells suggested that the rate of protein degradation 

of p27 may also be affected by the Akt2 knockdown, since cytoplasmic localization of p27 is 

necessary for degradation by Skp2. Analysis of Skp2 by immunoblotting analysis determined 

that Skp2 was completely downregulated in the Akt2 siRNA-transfected cells, across the 

timepoints examined, with the exception of 144 h (Fig. 4.7b). Further, Skp2 expression was 

downregulated in the scrambled controls only during the 24 h timepoint, coincident with the 

nuclear localization of p27 in serum-free conditions at this time (Fig. 4.7b, lane 7). 

Expression levels of Skp2 increased with the return to full serum incubation in the scrambled 

controls (48-144 h post-transfection initiation) (Fig. 4.7b, lanes 8-12). Thus, nuclear 

localized p27 was in part mediating the cell cycle arrest in the Akt2-knockdown, along with 

the observed downregulation of Cdk2. Downregulated levels of Skp2 and the concurrent 

upregulation of p27 would affect the turnover of p27 as well as levels of cyclin E (from Fig 

4.6a and d). As expected, the levels of p27 protein were upregulated in the Ak2-transfected 

cells compared to the scrambled controls, particularly at 72 h and 96 h post-transfection 

initiation (Fig. 4.7f). Thus, p27 was both localized to the nucleus, and upregulated in the 

Akt2-transfected cells (Fig. 4.7a and f). 

Since the regulation of p27 in the Akt2-transfectants was not mediated by the T157 

and T198 Akt-mediated phosphorylation sites, the mRNA regulation of p27 and Akt2 was 

examined next across all timepoints using quantitative real-time PCR (Q-PCR). Cells that 

were maintained in serum-free medium for 24 h (i.e., the duration of the entire siRNA 

transfection) contained a high level of p27 mRNA, regardless of the Akt2 status (Fig. 4.8a, 

24 h timepoint). This result is consistent with the FACS profile, which showed that most of 

the cells (both Akt2 siRNA control conditions) maintained in the serum-free medium were at 
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G0/G1 at this time (Fig. 4.4). However, once cells were released into complete medium after 

transfection, the 48 h timepoint showed that the level of p27 mRNA was lower in the Akt2-

ablated cells than the control at 48 h post-transfection initiation (Fig. 4.7a, 48 h). This result 

was surprising since the p27 Western blot indicated that the protein level was higher in the 

Akt2-ablated cells than in the controls at the same timepoint (compare lanes 2 and 8, Fig. 

4.7f). This result, although surprising at first, suggests that p27 protein was more stable upon 

release into complete medium, and this could potentially be the result of the downregulation 

of Skp2 (Fig. 4.7b). However, after 48 h, the mRNA levels of p27 are upregulated in Akt2-

siRNA conditions at 72-96 h post-transfection (Fig. 4.8a from 72-120 h). Further, the 

upregulated p27 mRNA levels were observed for both Akt2 siRNA oligos (Akt2 siRNA #1 

and Akt2 siRNA #2). Thus, the mRNA upregulation of p27 in the Akt2-ablated cells was 

consistent with a G0/G1 arrest, thereby further confirming the data obtained by flow 

cytometry and the nuclear localization of p27 in the Akt2-knockdown samples. 

The analysis of Akt2 mRNA expression (Fig. 4.8b) indicated that the siRNA 

transfection efficiency ranges from 83.7-96.1% at the mRNA level for these experiments 

(Akt2 siRNA #1: 83.7-91.8%; Akt2 siRNA #2: 89.2-96.1%) as determined by Q-PCR when 

the remaining levels of Akt2 were quantified in relation to their scrambled control at each 

timepoint. 

4.3.6 The ablation of Akt2 markedly downregulated the phosphorylation of p70S6K at 

Thr 389 

Akt has been shown to regulate the cell cycle through a series of activating or 

inactivating phosphorylations on multiple downstream substrates. Regulation can occur 

through the phosphorylation and inhibition of GSK-3p (reviewed in Caldon et al., 2006) and 
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the phosphorylation and inactivation of the Forkhead (FoxO) transcription factors (Medema 

et al., 2000). Further, mTOR and TSC2 (tuberin, an upstream regulator of mTOR) also 

regulate the cell cycle by the upregulation and stabilization of p27 (Liang & Slingerland, 

2003; Nourse, 1994; Rosner et al., 2006), in addition to regulating protein synthesis and 

translation through p70S6K and 4E-BP1. Thus, the downstream Akt signaling substrates 

involved in the Akt2-knockdown were examined next. 

Data obtained from Western blotting showed that the phosphorylation at S256 of 

FoxOl was not altered by Akt2 ablation (Fig. 4.9b), although the levels of non-

phosphorylated FoxOl were downregulated in the Akt2-ablated cells from 72-144 h post-

transfection (Fig. 4.9b). Previously published reports have indicated that overexpression of 

FoxO factors (FoxOl, Fox03a, and Fox04) can result in increased p27 (reviewed in 

Burgering & Kops, 2002; Liang & Slingerland, 2003). Since the levels of FoxOl were 

downregulated in this study, this may suggest that the upregulation of p27 transcription was 

independent of FoxOl in this system. Western blot analysis also showed little difference 

between the Akt2-siRNA conditions and the scrambled controls in the levels of p-GSK-3a/p 

(S21/S9), and GSK-30 protein (Fig. 4.9c). To ensure that the reduction in cell proliferation 

was not due to the downregulation of the MAPK pathway, protein levels of p-ERKl/2 

(p42/44) were also examined. The phosphorylation pattern of ERK1/2 (p42/44) did not 

substantially differ between cells transfected with Akt2 siRNA or scrambled siRNA (Fig. 

4.9). Thus, the inhibition of cell proliferation and subsequent G0/G1 arrest in these 

experiments was not being mediated through ERK, GSK-3, or FoxOl signaling (Fig. 4.9a 

through d). The knockdown of Akt2 across all experimental timepoints is also shown (Fig. 

4.9a). 
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Since Akt can also regulate cell cycle progression through the mTOR signaling 

pathway, the activities of the two branches of the mTOR pathway, p70S6K and 4E-BP1 

(eukaryotic initiation factor 4E-binding protein 1) were examined. Knockdown of Akt2 

resulted in a complete downregulation of phosphorylated-p70S6K, across all timepoints 

examined, while there were no significant differences in the amount of total endogenous 

p70S6K between the Akt2-treated cells and the scrambled controls (Fig. 4.9e). This 

suggested that the activation and regulation of the mTOR pathway was mediated by Akt2. 

Conversely, no differences in p-4E-BPl were observed compared to the scrambled controls, 

except at the 48 h timepoint, which is the first timepoint measured after serum repletion (Fig. 

4.9f). Collectively, these results demonstrate that Akt2 was the specific Akt isoform involved 

in the regulation of cell proliferation and protein synthesis through signaling via mTOR-

p70S6K inMDA-MB231 cells. 

Hahn-Windgassen et al., (2005) have recently placed Akt upstream of AMPKa. 

AMPKa is a regulator of cellular energy and is activated when cells experience an energy 

crisis, or shifts in the ATP/ADP ratio within the cells. AMPKa can phosphorylate and 

regulate TSC2 thereby constraining mTOR activity (Um et al., 2006). Akt signaling can 

further regulate mTOR through Akt-mediated inhibition of AMPKa. (Please refer to Fig. 

4.10 for a schematic illustration of Akt signaling through AMPK, FoxO and p27). Since it 

has been established that knockout of Akt2 in either cells or knockout mice is known to 

impart defects in glucose uptake and promote an insulin-resistant phenotype which is 

implicated in the pathogenesis of Type 2 diabetes (Bae et al., 2003; Cho et al., 2001a; 

Dummler et al., 2006; Jiang et al., 2003; Katome et al., 2003), it was essential to assess 

whether the downregulation of mTOR through Akt2-ablation was mediated by activation of 
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AMPKa. Western blot analysis of phosphorylated AMPKa (p-AMPKa) indicated that p-

AMPKa was downregulated in the Akt2-siRNA treated cells. Levels of p-AMPKa protein 

were lowest at 24 h and 48 h post-transfection initiation and increased at the last timepoints 

of the experiment (120 h and 144 h). If decreases in nutrients and growth factors were 

responsible for the mTOR downregulation in this system, then AMPKa would be activated 

and high levels of T172 phosphorylation would be apparent throughout the entire timecourse 

studied, as evident in the scrambled control at the serum-starved 24 h (Fig. 4.1 la-note the 

increased level of p-AMPKa at 24 h in the scrambled controls). Levels of non-

phosphorylated AMPKa in the Akt2-transfected cells showed no difference from the 

controls at 24 h and 48h, and then decrease at 72-144 h post-transfection initiation (Fig. 

4.11b). A level of complication in this analysis, however, is the fact that MDA-MB231 cells 

are null for LKB1, the kinase responsible for phosphorylating AMPKa (Shen et al., 2002; 

Dowling et al., 2007). However, other kinases have been identified that phosphorylate the 

T172 residue such as CaMKKs (Hurley, et al., 2005). The fact that activation of AMPKa 

was seen in response to incubation in serum-free medium (in the scrambled controls) 

indicated that signaling through AMPKa can occur in LKBl-null MDA-MB231 cells. 

Furthermore, AMPKa activation was not mitigating the regulation of mTOR in this system. 

It was therefore concluded that the regulation of the cell cycle and p27 in the Akt2-siRNA 

treated cells was mediated through regulation of the mTOR pathway and was independent of 

GSK3, FoxO, ERK1/2, and AMPKa. 

4.3.7 The mitochondrial volume was increased in Akt2-ablated cells 
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It was previously demonstrated that Akt2 is co-localized and subfractionated with the 

mitochondrial portion of cell extracts in a variety of different cancer cells lines, including 

MDA-MB231 cells, suggesting that there was a physical association between Akt2 and the 

mitochondria (Chapter 3.0). If this is true, then Akt2 may be involved in the regulation of 

mitochondrial function. To gain insight into this aspect, the mitochondrial status of the Akt2-

ablated cells was examined in conjunction with MitoTracker Red CMXRos, a membrane 

potential-dependent dye that is incorporated only into actively respiring cells, to discern if 

the knockdown of Akt2 caused any alternations to the mitochondria. Surprisingly, there was 

a very different mitochondrial size and morphology between the Akt2-siRNA transfected 

cells and the scrambled controls examined between 24-72 h post-transfection initiation (Fig. 

4.12a). First, MitoTracker Red and Akt2 inimunostaining were co-localized in the scrambled 

controls, a finding which is consistent with the previous observations (Chapter 3.0). Second, 

the mitochondria in the control cells usually exhibited one of two morphologies: a rounded, 

punctuate cellular localization or perinuclear localization (Fig.4.12a, xv and xviii), also 

consistent with previous observations. In contrast, mitochondria in the Akt2-ablated cells 

were substantially larger and spread throughout the cells beginning at 24 h (Fig. 4.12a, iii) 

and increasing to 72 h post-transfection initiation (Fig.4.12a, ix). A computer-assisted 

analysis of the mitochondrial surface area indicated that the mitochondria in the Akt2-siRNA 

cells occupied a larger cellular surface area, approximately double than that of the controls 

(p<0.001) (Fig. 4.12b). Further, the total cell area remained relatively constant suggesting 

that the observed phenomenon was not due to an increase in overall cell size at these times 

measured (Fig. 4.12c). (For the confocal microscopy pictures of Fig. 4.12a with Akt2 siRNA 

#2, please see Appendix IV, Fig. A11). 
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To determine if the increase in the mitochondrial volume in Akt2-ablated cells, 

affected the levels of a mitochondrial protein, VDAC1, a major component of the 

permeability transition pore on the outer mitochondrial membrane, was examined. As 

previously discussed in Chapter 3.3.2, hexokinases bind VDAC1, and pan-Akt is associated 

with mitochondrial hexokinases (Gottlob et al., 2001; Majewski et al., 2004b; Mathupala et 

al., 2006). Western blot analysis of VDAC1 indicated that the there was no difference in the 

level of VDAC1 protein in the Akt2-ablated cells relative to the controls, suggesting that the 

increase in mitochondrial volume did not cause an upregulation in the protein levels of 

VDAC1 (Fig. 4.13a). 

Mitochondria are the site of energy metabolism within cells. It was hypothesized that 

because of the increased size of the mitochondria, and the role that Akt2 plays in regulating 

glucose metabolism, the increased mitochondria in the system may be due to increased 

mitochondrial biogenesis. Mitochondrial biogenesis has been shown to be regulated by 

components of the AMPK pathway (Zong et al., 2002), FoxO pathway (Puigerserver et al., 

2003) and by levels of nitric oxide (NO) (reviewed in Reznick & Shulman, 2006). The 

mTOR pathway has also been demonstrated to regulate mitochondrial biogenesis through 

upstream AMPK signaling to mTOR, as well as mTOR itself (Aguilar et al., 2007; 

Cunningham et al., 2007). Experimental manipulation of any of these pathways results in the 

inhibition/activation of PGC-la (peroxisome proliferator-activated receptor-coactivator la), 

a transcriptional co-activator involved in mitochondrial biogenesis, and the transcription of 

genes involved in gluconeogenesis, such as glucose-6-phosphatase, and PEPCK 

(phosphoenolpyruvate carboxykinase) (reviewed in Liang & Ward, 2006). 
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There were two particular signaling pathways regulating mitochondrial biogenesis 

that were of interest in the Akt2-knockdown system. First, it is known that insulin suppresses 

FoxOl transcription in an Akt phosphorylation-dependent mechanism, preventing the 

binding of FoxOl to PGC-la, and thus inhibiting the transcription of gluconeogenic genes 

(Puigserver, et al., 2003). Since there were no observed differences in the phosphorylation 

status of S256 on FoxOl in the Akt2-ablated cells, this was unlikely the mechanism. Second, 

it was recently demonstrated that Akt2 can phosphorylate PGC-la at Ser 570, and inhibit the 

transcription of genes involved in gluconeogenesis in a manner independent of FoxOl in 

hepatocytes (Li et al., 2007). Thus, it was hypothesized that if this was occurring in this 

system, then the knockdown of Akt2 would be unable to phosphorylate and inhibit PGC-la. 

Therefore, the regulator of mitochondrial biogenesis, PGC-la was examined next to 

determine if Akt2-ablation was responsible for its induction. Since an antibody specific for 

the Ser570 site was not commercially available, the protein levels of PGC-la were examined 

as an alternative. Protein levels of PGC-la analyzed across the timepoints revealed that 

PGC-la was upregulated in the Akt2-siRNA-treated cells (Fig. 4.13b). There were no 

changes in the protein expression levels of PGC-la in the scrambled controls at any of the 

timepoints examined. Thus, it was concluded that increased levels of mitochondrial 

biogenesis were occurring in the Akt2-knockdowns, contributing to the observed increase in 

mitochondrial volume. 

4.3.8 MDA-MB231 cells transfected with Akt2 siRNA underwent autophagic cell death 

A cell may activate autophagy when the mTOR pathway is blocked; the upregulation 

of p27 persists; or the downregulation of Cdk2 is prolonged (Fujiwara et al., 2007, Liang et 

al., 2007b). All of these abnormalities were observed in Akt-ablated MDA-MB231 cells 
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(Fig(s). 4.1-4.7). In addition, the colony-forming ability was markedly downregulated 

suggesting that a high rate of cell death occurs in Akt2-ablated cells (Fig. 4.3). However, the 

data from flow cytometry analysis suggested that the mode of cell death was neither 

apoptosis nor necrosis, as there was no sub-genomic DNA fraction (Fig. 4.4). All of these 

observations suggested that the Akt2-ablated cells may undergo autophagy. Induction of 

autophagy was determined by analysis of LC3B, a known marker for autophagic cell death. 

During the activation of autophagy, LC3B-I is converted to LC3B-II, and becomes 

associated with newly formed autophagosomes (Kim et al., 2007). 

As anticipated, Western blot analysis of the entire timecourse showed that during the 

24 h serum-free timepoint, both the Akt2 siRNA-treated cells and the scrambled controls 

showed increased amounts of LC3-II conversion coincident with increased autophagy 

observed during conditions of serum starvation (Fig. 4.14a, 24 h timepoint, lanes 1 and 7). 

However, at 48 hours post-transfection, there was no increase in the conversion of LC3B-I to 

LC3B-II in the scrambled controls, indicating that other than at the 24 hour timepoint, the 

scrambled controls were not undergoing autophagy. In contrast, LC3B-II protein levels in the 

Akt2-treated cells were increased at every timepoint, indicating that the inhibition of the 

mTOR pathway through Akt2 caused increased autophagy (Fig 4.14a). 

To further confirm the activation of autophagy in Akt2-ablated cells, LC3B 

immunostaining at 120 and 144 h post-transfection initiation was examined. Cells were also 

concurrently stained with MitoTracker Red CMXRos to examine the subcellular localization 

of autophagosomes and the mitochondria in the Akt2 siRNA-transfected cells. Results 

presented in Fig 4.14b, suggest that the mitochondria were co-localized with 

autophagosomes in cells transfected with Akt2, but not in the control cells (Fig. 4.14b, 

compare iv and viii with xii and xvi). Further, the immunostaining analysis of LC3B 
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determined the presence of LC3B in the Akt2 siRNA-transfected cells, while no observable 

amounts of LC3B staining were observed in the scrambled controls (Fig. 4-14b, compare iv 

and viii with xii and xvi). 

In order to examine this further, the uptake of monodansylcadaverine (MDC), an 

autofluorescent drug shown to be incorporated into autophagolysosomes (Munafo et al., 

2001) was examined. Cells were concurrently stained with acridine orange (AO) to identify 

the overall cell morphology and staining of acidic vesicular organelles (Takeuchi et al., 

2005) and MitoTracker Red (CMXRos) to label the mitochondria. The results of the 

experiment demonstrated that the mitochondria were visibly enlarged (see top panel, Fig. 

4.15) and co-localized with MDC, indicating that the mitochondria in the Akt2 siRNA-

treated cells were selectively targeted for autophagic degradation, or mitophagy, at the later 

timepoints of the experiment. Acridine orange staining indicated an increase in the amount of 

acidic vesicles relative to the controls. However, the mitochondria were largely collapsed by 

144 h post-transfection initiation (Fig. 4.15). Together, this data suggests that the 

mitochondria were selectively targeted for autophagic degradation in the MDA-MB231 cells 

transfected with Akt2 siRNA. Thus, Akt2-ablated cells activated autophagy of the 

mitochondria, perhaps by dysregulation of mitochondrial biogenesis. (For the fluorescent 

microscopy pictures of Fig. 4.15 with Akt2 siRNA #2, please see Appendix IV, Fig. A12). 

4.4 DISCUSSION 

In the current study, it was demonstrated that the knockdown of Akt2 resulted in 

devastating cellular and metabolic effects for MDA-MB231 cells compared to the 

knockdown of any other Akt isoform in this in vitro model of breast cancer. The data 
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obtained from these experiments indicates that Akt2 was the most critical isoform regulating 

both cell proliferation and cell survival compared to the other isoforms. Furthermore, 

ablation of Akt2 promoted a G0/G1 -arrest through downregulation of Cdk2, mTOR activity, 

and subsequent transcriptional upregulation of p27. Akt2 was not involved in the regulation 

of known pan-Akt downstream substrates such as FoxOl, p21, GSK-3a/p, and ERK1/2 in 

MDA-MB231 cells in this system. The downregulation of Akt2 produced alterations in 

mitochondrial function, initially shown by an induction of mitochondrial biogenesis, and 

then in the later stages, mitochondrial-targeted autophagic degradation, or mitophagy. For a 

summary and proposed model of regulation from the results of this study, please see Fig. 

4.16. 

4.4.1 The role of Akt2 in the regulation of cell cycle progression and cell proliferation 

In the current study, the targeted knockdown of Akt2 with siRNA reduced cellular 

proliferation through the downregulation of Cdk2 and cyclin D and the upregulation of p27, 

causing a G0/G1 cell cycle arrest. Studies in which the Akt isoforms have been targeted by 

siRNA-mediated interference and the regulation of their downstream signaling pathways 

evaluated have produced conflicting findings. With regard to Aktl, Meng et al. (2006) 

showed reduced proliferation in ovarian cancer cells with siRNA-targeted interference to 

Aktl. Ablation of Aktl was associated with reduced proliferation, invasion, and 

phosphorylation of p-p70S6Kl, but these findings were similar to those induced by siRNA 

targeted to pi 10a, the catalytic subunit of PI3K. Furthermore, Aktl was the only Akt 

isoform targeted in this study. 
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Similar to the results presented here, Noske et al. (2007) found reduced proliferation 

associated with Akt2-siRNA knockdown in ovarian cancer, while Sithanandam et al. (2005) 

found that ablation of Akt2 suppressed invasion and migration, compared to Aktl and Akt3 

in lung adenocarcinoma. Conversely, the overexpression of Akt2 was reported to show 

increased invasion and metastasis in both breast and ovarian cancer (Arboleda et al., 2003), 

coincident with increased pl-integrin expression. Further, activated Akt2 was associated 

with distinct changes in cell morphology (multinucleation) (Jin & Woodgett, 2005). 

Currently, there is only one report for Akt3 isoform-specific cell cycle regulation: Cristiano 

et al. (2006) reported siRNA-mediated interference of Akt3 regulated G2/M progression in 

ovarian cancer cells, although the cell lines utilized in this particular study did not express 

Akt2. 

The data presented here indicate that over a prolonged timecourse, beginning at 24 h 

post-transfection and followed 6 days later to 144 h post-transfection, decreases in cell 

proliferation were seen only in the Akt2-transfectants. While there is some reduced 

proliferation in both Aktl and Akt3-siRNA transfected cells compared to the controls, 

proliferation levels of Akt2 siRNA transfectants consistently fell below that of Aktl and 

Akt3 at 144 hours post-transfection, and furthermore, proliferation in Akt2-siRNA cells did 

not increase significantly across the timecourse studied. Knockdown of the Akt isoforms in 

combination (double knockdown condition) did not potentiate a synergistic effect on either 

cell proliferation or survival, lending further support to the growing amount of evidence in 

the literature that the Akt isoforms regulate specific functions and may not be functionally 

redundant. However, differential representation of the isoforms among different cell lines 
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and cell types, as well isoform-specific regulation of biological and physiological functions 

adds another level of increased complexity to the Akt pathway. 

The downregulation of Cdk2 has been observed prior in studies that have examined 

the PI3K/Akt signaling axis, but isoform-specific regulation has not yet been implicated. 

Previously published reports showed a downregulation of Cdk2 and a subsequent 

upregulation of p27 protein expression upon inhibition of PI3K in vascular smooth muscle 

cells (VSMCs) (Bacqueville et al., 1998). Downregulation of cyclin Dl and p21 during an 

LY294002-induced Gl-arrest in ovarian cancer cells was also reported (Gao et al., 2004). 

Further, this study also demonstrated inhibition of p-p70S6K, with no alterations in Erkl/2, a 

finding similar to the results reported here. The decreased expression of cyclin Dl and p21 

observed in Gao's study, and not observed here, may be explained by the fact that LY294002 

inhibits upstream of Akt, and thus inhibits all Akt activity; whereas it is assumed that 

downstream Aktl- and Akt3-regulated processes and signaling would still be intact 

following the selective inhibition of Akt2 in the present study. Moreover, the downregulation 

of Cdk2 in the present study is of interest given that Nourse et al. (1994) found no alterations 

in Cdk2 expression or activity in cells treated with rapamycin concurrent with their noted 

upregulation of p27. Medema et al. (2000) reported no decreases in protein levels of cyclin E 

and Cdk2 when p27 was upregulated in their Forkhead transfectants, findings which are in 

contrast to those reported here. 

Heron-Milhavet et al. (2006) recently published that cell proliferation was regulated 

by Aktl and cell cycle exit was under the domain of Akt2 in nontransformed cells. Their 

results differ from this study in many ways. First, Aktl inhibition by siRNA reduced cyclin 

A expression and showed reduced BrdU incorporation, while Akt2 inhibition was found to 

increase proliferation in undifferentiated myoblasts. Second, Akt2 was shown to be bound to 

-151-



p21 and associated with p21 in co-precipitation experiments. However, in the present study, 

knockdown of Akt2 produced no difference in p21 protein levels with the exception of the 

serum-free conditions, and the only differences observed in the analysis of cyclins was the 

downregulation of cyclin D (although cyclin E was also upregulated it is most likely due to 

the decreased levels of protein degradation in this system). The binding status of p21, p27 or 

Cdk2 to each of the isoforms was not assessed in the present study, although there were some 

preliminary observations that Akt2 protein co-precipitated with Cdk2 and not p27 in MDA-

MB231 cells (please see Fig. A13, Appendix IV). This would suggest that Akt2 could 

potentially regulate Cdk2 in MDA-MB231 cells. Consistent with this hypothesis, Maddika et 

al. (2008) recently showed that pan-Akt could phosphorylate Cdk2 at T39. Although their 

study did not examine the Akt isoforms, it could be possible that this phosphorylation is 

mediated by Akt2. Despite the preliminary evidence in the appendix, this is still speculative, 

and further investigation is required to determine the mechanism of how Akt2 and Cdk2 

interact. Nonetheless, the differences between this study and Heron-Milhavet's could simply 

be due to the fact that cell cycle regulation in cancer cells is regulated by the Akt isoforms in 

a manner that is different from nontransformed cells. Hill et al. (1999) found differential 

regulation and expression levels of Aktl and Akt2 in 3T3-L1 fibroblasts cells prior to being 

differentiated into adipocytes, indicating that isoform specificity exists between 

undifferentiated and differentiated cells. Bouzakri et al. (2006) also noted differences in Akt2 

expression between undifferentiated myoblasts and differentiated myotubes. Further, MDA-

MB231 cells are highly metatstatic, estrogen receptor negative, and p53 negative, all factors 

which could ultimately influence proliferation. 

The results of the present study then demonstrated that cell cycle progression, at least 

in MDA-MB231 cells occured in an Akt2-dependent manner through the regulation of Cdk2, 
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mTOR and p27, showing an intricate level of isoform specificity. Since a prolonged 

timecourse was examined in this study, it is difficult to know which is causative or which 

occurred first, since the effects of Cdk2, p27 and mTOR were all observed at the 24 h 

timepoint (i.e., did the downregulation of Cdk2, cause the upregulation of p27, or vice 

versa). Conversely, is the observed upregulation of p27 either mTOR- or Akt2-dependent 

since reports indicate that rapamycin inhibition of mTOR upregulates p27 (Nourse et al., 

1994; Martin et al., 2004)? Future studies discerning this will be of great interest. 

With respect to the regulation of p27 by Akt, the data presented here found that the 

upregulation of p27 in Akt2-ablated cells was mainly due to the increase in mRNA. 

However, the upregulation of p27 during the first 24 h after Akt2-ablation (i.e., 48 h post-

transfection initiation) was due to an increase in protein stability. Since the Skp2 subunit of 

the ubiquitin complex was substantially downregulated in Akt2-ablated cells, this might have 

resulted in the stabilization of p27 protein. These data are consistent with published data that 

the p27 protein level is regulated by both transcription and protein stability (Fujita et al., 

2002; Medema et al., 2000; Liang et al., 2002). However, the finding that Akt2 siRNA 

knockdown regulated p27 transcriptionally was an unprecedented finding, and denotes a 

novel level of signaling associated with this isoform. Thus, in consideration that p27 can 

prevent autophagy and regulate cell cycle progression, signaling through p27 represents the 

central tenet of Akt2-regulated signaling in MDA-MB231 cells. Please see Fig 4.16 for a 

schematic of the findings from the present study and the proposed model of regulation via 

p27. 

4.4.2 Akt2 regulates p70S6K 
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The finding that Akt2 signaled exclusively through mTOR to regulate cell cycle 

progression and cell proliferation was surprising in that no other branches of Akt signaling 

pathways examined in the present study such as FoxOl were regulated in the same manner. 

Early studies examining the Akt isoforms often speculated that all downstream signaling 

substrates were redundant, a finding not supported here. However, the involvement of the 

mTOR pathway through downstream signaling to p70S6K, is not surprising considering that 

it regulates protein synthesis, while Akt2 regulates glucose transport and gluconeogenesis; 

ultimately, both are controllers of cellular energy and metabolism. Many published reports 

have demonstrated the link between energy metabolism (AMPK) and mTOR via TSC2 

signaling. However, prior to Hahn-Windgassen's (2005) study, the regulation of TSC2 by 

Akt was considered to be independent of AMPK-signaling. 

In order to rule out the possibility that p-p70S6K downregulation in the Akt2-siRNA 

transfected cells was not regulated by AMPKa, or by an alteration in the cellular ratio of 

ATP/ADP due to altered signaling through the insulin pathway, the activation of AMPKa in 

the Akt2-transfected cells was assessed, and phosphorylation was found only in the 

scrambled controls during the serum-free timepoints. However, p-AMPKa was upregulated 

in the Akt2-transfected condition during the later timepoints of the study that coincide with 

autophagy/mitophagy. Levels of non-phosphorylated AMPK were not different between the 

Akt2-ablated cells and scrambled controls in the early timepoints. However, the Akt2-ablated 

cells displayed lower levels of AMPK in the later timepoints (72-120 h, Fig. 4.11b). It is 

speculative, but the slight downregulation of AMPKa may be due to the fact that knockdown 

of Akt2 is associated with an insulin-resistant phenotype. Activation of AMPKa is often 

seen in studies where cells are serum-starved or deprived of nutrients as evidenced under the 
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serum-free conditions here at 24 h in the scrambled controls (Fig. 4.11a). It could very well 

be possible that even though the Akt2 knockdown is associated with defects in glucose 

uptake, there are reports that indicate that some of the functions of insulin signaling may be 

redundant and can be mediated through Aktl in the absence of Akt2 (Jiang et al, 2003). 

Thus, in this system, if some of the energy requirements are being met through signaling via 

Aktl or Akt3, then AMPKa would not be activated. 

Prior reports have indicated that cells deficient in LKB1, the kinase responsible for 

activating AMPKa often do not respond to stimuli that would normally activate AMPKa 

(Corradetti et al., 2004), although there are other additional kinases that can regulate the 

phosphorylation of AMPKa (Hurley et al., 2005). It could be argued that the lack of 

AMPKa activation in the Akt2-cells was due to the LKBl-null status of MDA-MB231 cells. 

However, AMPKa activation was evidenced in the 24 h serum-free timepoints in the 

controls, which was abolished by the repletion of full serum, suggesting that the LKBl-null 

status of MDA-MB231 cells is not a factor here. 

Thus, the link between Akt2 and the mitochondria and the regulation of p70S6K 

through mTOR was suggestive regarding the metabolism in MDA-MB231 cancer cells. 

Typically, cancer cells are dependent on glycolysis for their increased glucose consumption 

(Mathupala et al., 2006). The co-localization of Akt2 with the mitochondria, the regulation of 

mTOR, and the association of Akt and hexokinases places Akt2 in position to be the master 

regulator of cell metabolism, beyond glucose transport. 

4.4.3 Akt2-siRNA transfected cells initially undergo mitochondrial biogenesis, but are 
ultimately targeted for mitophagy 
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One of the most exciting discoveries in the present study is the observation that the 

ablation of Akt2 had severe effects on the mitochondria of MDA-MB231 cells. The 

subcellular localization results of the previous studies within this thesis (Chapter 3.0) 

detailing the co-localization of Akt2 and the mitochondria provided the rationale to examine 

the mitochondria during the timecourse of the Akt2 knockdown. Surprisingly, increased 

mitochondrial size and surface area were upregulated in the Akt2 siRNA-treated cells, 

suggesting that the Akt2-ablated cells had increased their mitochondrial content. 

Complicating the analysis further is the fact that mitochondrial biogenesis can be regulated 

by mTOR (Cunningham et al., 2007), by FoxO in an Akt-dependent manner (Li et al., 2007; 

Puigserver et al., 2003), and by AMPK through an mTOR regulated pathway (Aguilar et al., 

2007). It was previously shown that insulin treatment suppresses FoxO 1-mediated 

transcription of PGC-lcc, a transcription coactivator required for mitochondrial biogenesis, 

through Akt-mediated phosphorylation of FoxOl at S256 (Puigserver et al., 2003). There 

were no notable differences in the levels of FoxOl phosphorylation between the Akt2-

siRNA and scrambled conditions, suggesting that these effects may not be mediated through 

the Forkhead pathway. However, the subcellular status of FoxOl, or the binding of FoxOl to 

PGC-la was not examined in the present study. 

It was recently shown by Li et al., (2007) that signaling to PGC-la can occur in a 

FoxOl-independent manner, regulated by Akt2 signaling. At present, this is the only 

published report to suggest that this level of regulation can occur. These authors 

demonstrated that after insulin treatment, Akt2 phosphorylates S570 of PGC-la, thereby 

inhibiting the activation of PGC-la and preventing the transcription of genes involved in 

gluconeogenesis. Certainly then, the reverse should be true; and downregulation of Akt2 
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would likely increase the activation of PGC-la, because the mechanism to constrain 

mitochondrial biogenesis would be absent. In support of this hypothesis, the increased 

mitochondrial volume in the Akt2-siRNA treated cells was consistent with the upregulated 

protein expression of PGC-la. Thus, the findings of the present study further validate the 

findings by Li et al. (2007), and extend the analysis to incorporate the deregulation of the 

mechanism after prolonged Akt2 inhibition. Unfortunately, examination of the S570 

phosphorylation residue directly was not possible, due to the lack of a commercially 

available antibody. The data reported here suggest that the apparent increase in the 

mitochondria in this system was independent of FoxO signaling and rendered by Akt2 

regulation. There is accumulating evidence that mitochondrial dysfunction underlies the 

pathogenesis of diabetes (reviewed in Reznick & Shulman, 2006) and since mitochondrial 

biogenesis is regulated by insulin signaling pathways it will be very interesting to see what 

the results of future studies conclude. However, at this time, the role of isoform-specific 

Akt2 regulation in this process is novel. 

Levels of PGC-la were upregulated in the Akt2 siRNA-treated cells relative to the 

scrambled controls. However, other mechanisms in addition to the upregulation of PGC-la 

may be responsible for the morphological changes observed in the mitochondria of the Akt2-

siRNA treatment. Liang et al., (2007) showed that while increases in mitochondrial 

biogenesis in their study were attributable to their 2-fold upregulation of PGC-la in their 

transfected cells, reduced rates of mitochondrial protein degradation, and not de novo protein 

synthesis were also a contributing factor. Even though the half-life of mitochondrial protein 

degradation was not measured in the present study, downregulated Skp2 in the Akt2 siRNA-

treated cells was shown, indicating that protein degradation was compromised in the Akt2-
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ablated cells. Since protein synthesis is not occurring, as evidenced by the downregulation of 

p-p70S6K in this system, this hypothesis may indeed be valid. 

While this thesis was in preparation, Finocchietto et al., (2008) published a study 

demonstrating that insulin signaling in muscle mitochondria is regulated by activated Akt2 

and mtNOS (mitochondrial nitric oxide synthase). The results of their study showed that 

insulin caused the translocation of phosphorylated-Akt2 to the mitochondria thereby 

regulating mtNOS, and other metabolic parameters, providing evidence of the role of Akt2-

regulation of the mitochondria in insulin signaling. According to their model, Akt2-ablation 

would decrease NOS activity and would lead to increased glucose and oxygen uptake in the 

mitochondria. In support of this theory, short term inhibition of eNOS in bovine aortic 

endothelial cells (BAEC) and HUVEC cells caused an initial short-term increase in PGC-la 

(24 hours) (Borniquel et al., 2006). It is uncertain whether or not this level of regulation by 

Akt2 was occurring in the present study and remains to be elucidated. Furthermore, 

parameters of mitochondrial function such as rates of oxidative phosphorylation, cellular 

ATP levels and alterations in mitochondrial membrane potential, were not investigated. 

However, these studies will shed further insight into the physiological significance of the co-

localization of Akt2 and the mitochondria and further delineate the potential role of Akt2-

mediated mitochondrial regulation. 

Mitochondria within cells constantly undergo fusion and fission to ensure that their 

relative number remains constant. Alterations in either one of these energy states can 

produce mitochondrial dysfunction (reviewed in Alirol & Martinou, 2006). Recently 

published findings (Navratil et al., 2008), indicated that inhibition of Class III PI3-Ks by 

using 3-methyladenine (3-MA), a classical tool used to inhibit autophagy in cells, promoted 
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the formation of giant mitochondria that could not fuse with one another. It is convenient to 

speculate that knockdown of Akt2 promotes the formation of giant mitochondria through an 

imbalance of degradation and increased fusion compared to fission. However, these 

conditions are favorable only when autophagy is inhibited. 

During the process of autophagy, cells sequester organelles into compartments 

targeted for degradation. Inhibition of mTOR is a well-known regulator of autophagy. Liang 

et al., (2007) found that the upregulation of p27 alone could also mitigate the decision to 

enter autophagy. It is still uncertain whether the targeted degradation of the mitochondria 

promotes cell death through autophagy, or removes or recycles damaged organelles 

(reviewed in Kim et al., 2007). Regardless, the data included in this thesis are the first to 

show 1) co-localization of Akt2 to the mitochondria, and 2) knockdown of Akt2 

downregulated mTOR activity and promoted mitochondrial degradation by autophagy, or 

mitophagy. One interesting finding from this study is that the early timepoints examined 

were associated with mitochondrial biogenesis from 24-72 hours, while at 120-144 hours 

large accumulations of MDC incorporation in autophagolysosomes were observed. Further, 

MitoTracker Red staining co-localized with MDC labeling, suggesting that the mitochondria 

were specifically targeted for autophagy. 

The issue of how the uncontrolled increase in mitochondrial volume leads to 

mitophagy still remains unaddressed, however. Since Akt2 is co-localized with the 

mitochondria, ablation of Akt2 leads to increased mitochondrial volume. Akt2 is also linked 

to mTOR through p70S6K and ablation of Akt2 downregulates protein synthesis. The 

mechanism of Akt2 regulation in this system is thus summarized as follows: In the early 

timepoints, the mTOR-p70S6K pathway is downregulated and new protein synthesis is 

limited in Akt2-ablated cells. Under these conditions the usage of proteins would have to be 
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closely monitored. The uncontrolled mitochondrial biogenesis caused by the inactivation of 

Akt2-mediated inhibition would use large amounts of proteins. Since uncontrolled growth 

occurs while protein synthesis is limited, the newly synthesized mitochondria may not have a 

normal function or structure (Kim et al., 2007). A low level of autophagy may occur in the 

early stages to eliminate dysfunctional mitochondria. Ultimately, the cells respond in this 

manner for a short period of time before the system is overwhelmed. If the removal becomes 

excessive, then pathological mitophagy may occur. 

In terms of cancer therapy, selective inhibitors for Akt isoforms have been developed 

but have not yet reached clinical trials (reviewed in LoPiccolo et al., 2008 and discussed in 

Chapter 1.3.5). Clinical trials with rapamycin have been shown to effective in some, but not 

all cancers. Although the sample size was small, O'Reilly et al., (2006) showed that 

treatment with current rapamycin analogues can activate Akt during treatment due to the 

negative regulation of p70S6K through IRS. The results of the present study provide 

evidence that selective inhibition of Akt2, either singularly or in combination with other 

treatments, may be a viable route for the treatment of breast cancer. 

-160-



CHAPTER 5.0 

GENERAL DISCUSSION 

- 1 6 1 -



5.0 GENERAL DISCUSSION 

5.1 Summary and conclusions 

The main objective of the present study was to characterize the Akt isoforms and 

determine which isoform(s) was the most critical for breast cancer survival. Previously, it 

was assumed that the Akt isoforms were functionally redundant based on their amino acid 

sequence similarity, and a propensity for early studies to examine or inhibit all Akt activity. 

However, in light of recently published studies which have shown that the Akt isoforms may 

display functional specificity, the studies included within the thesis asked an important 

question: was one isoform predominantly important for breast cancer survival and 

progression? 

The data obtained from these studies systematically demonstrated that Akt2 was the 

most important isoform for cell proliferation and survival in the MDA-MB231 breast cancer 

cell line. A combination of different approaches which analyzed cell survival, cellular 

proliferation and selective isoform inhibition by siRNA showed that Akt2 is necessary for 

cancer cell survival. In addition, the data from these studies challenge the previously 

accepted notions for Akt isoform regulation, by demonstrating differences in preferential 

substrate specificity (Akt2 to mTOR), survival (Akt2), as well as subcellular localization. 

These data also suggest that the cellular processes regulated by the Akt isoforms are far more 

intricate than previously thought. 

5.2 Significant findings from the studies and suggestions for future work: 

1. The Akt isoforms display differential subcellular localization 

The data from the experiments described in Chapter 3.0 demonstrated that Aktl, 

Akt2 and Akt3 occupy distinct subcellular locations. The localization of Aktl was mainly 
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cytoplasmic, while Akt3 was entirely nuclear. Akt2 was localized to the cytoplasm in one of 

two distinct morphologies: one was perinuclear and the other was a punctate aggregate 

localized within the cytoplasm. Further analysis demonstrated that Akt2 was co-localized 

with the mitochondria. Previous studies have shown that pan-Akt may have various functions 

associated with the mitochondria, including the regulation of apoptosis, and an association 

with mitochondrial hexokinases. However, this is the first study to show the co-localization 

of Akt2 to the mitochondria and also demonstrate that it is isoform-specific. Furthermore, the 

data presented in Chapter 3.0 demonstrate that Akt2 and the mitochondria co-localize in 

many different types of cancer cells, and that this mitochondrial localization is not specific to 

breast cancer or MDA-MB231 cells. The fact that Akt2 co-fractionated with the 

mitochondria suggested that they may be physically associated. Thus, the data shown in 

Chapters 3.0 and 4.0 together demonstrate that Akt2 regulates some of the functions 

associated with the mitochondria, including the regulation of mitochondrial biogenesis. 

Further, the targeted ablation of Akt2 leads to mitochondrial autophagy or mitophagy. 

The nuclear localization of Akt3 was reported previously, although the study was 

carried out using only one cell line and focused on the nuclear import/export properties of 

Aktl (Saji et al., 2005). The data presented in this thesis confirm the initial report by Saji et 

al. (2005), and extend their findings further to other cell lines. Further, the results of these 

studies also confirm that the localization of Akt3 is not due to translocation from the 

cytoplasm: Akt3 resides in the nucleus. In fact, this was one of the more interesting findings 

from these studies. Why is Akt3 localized to the nucleus? Little is known about the 

regulation and function of Akt3, because, at least in part, Akt3-specific antibodies were not 

commercially available until very recently. Barnett et al. (2005) made isoform-specific 

compounds that inhibited both Aktl and Akt2 by blocking activation or phosphorylation of 
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these two by inhibiting PDK1. However, neither of these inhibitors was able to inhibit Akt3. 

Thus, it is possible that Akt3 doesn't function in the same manner as Aktl and Akt2. The 

data presented in this thesis suggest that the different subcellular localization of Akt3 may be 

an important factor in the regulation of Akt3, and suggest that Akt3 may be regulated in a 

different manner. However, future studies need to examine the mechanisms of Akt3 

functioning. The data reported herein suggest that Akt3 may not be a factor in cell 

proliferation or cell survival in MDA-MB231 cells, which prompts further questions about 

the function of Akt3. It should be noted that others have reported a negligible role for Akt3 

in glucose regulation (Easton et al., 2005). Ultimately the role and regulation of Akt3 and it's 

localization in the nucleus needs to be examined further. 

One surprising result from the studies described in Chapter 3.0 was the observation 

that the isoforms were steadfast in their subcellular localization. Analysis of changes in the 

subcellular localization of the Akt isoforms suggested that a compensatory mechanism was 

not present even when one or more of the isoforms were ablated with isoform-specific 

siRNA. This conclusion was derived from the observation that the isoforms did not change 

their location to compensate for the function of the missing isoform. However, changes in 

the levels of kinase activities or phosphorylation may have occurred, but these were not 

examined in the current study. It is difficult to discern isoform-specific differences in 

phosphorylation status as the activation residues are only one amino acid apart in the three 

Akt isoforms. 

When PI(4,5)P2 is converted to PI(3,4,5)P3 by PI3K, Akt translocates from the 

cytoplasm to the plasma membrane where it is phosphorylated and subsequently activated 

(see Fig. 1.2, Chapter 1.0 for a schematic of the proposed model of Akt activation and 

regulation). Given that all three isoforms share the same activating residues (T308/S473 for 
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Aktl, T309/S474 for Akt2 and T305/S472 for Akt3), this model is widely accepted as the 

functional model for the different Akt isoforms. However, this model is only applicable if all 

three isoforms are localized within the cytoplasm. The data in this thesis show that Aktl is 

localized within cytoplasm. In contrast, Akt2 was co-localized with the mitochondria, while 

Akt3 was primarily localized within the nucleus. The different localizations of both Akt2 and 

Akt3 suggest that the widely accepted model of Akt regulation is most likely that of Aktl. 

The localization of both Akt2 and Akt3 question whether these isoforms are phosphorylated 

and activated at the plasma membrane, according to what is known for pan-Akt, or Aktl. 

The finding that neither Akt2, nor Akt3 shared a classical targeting sequence (to the 

mitochondria and nucleus respectively) requires further investigation, but suggests that the 

localization may be due to protein-protein interactions. Future studies using mass 

spectrometry to identify protein interactions may assist in uncovering binding proteins that 

may either anchor or localize Akt2 to the mitochondria and Akt3 within the nucleus. In 

addition, sequence mapping using various deletion constructs for both Akt2 and Akt3 may 

define the region(s) involved in the targeting of the unique localization observed for these 

isoforms. 

Ultimately, functional studies assessing the activation of both Akt2 and Akt3 need to 

be conducted in order to determine if (1) they are activated in accordance with the widely 

accepted model of activation, or (2) if they are activated primarily within the mitochondria 

and nucleus for Akt2 and Akt3, respectively. Bijur and Jope (2003) found pan-Akt within the 

mitochondria (inner and outer mitochondrial membranes) was activated when treated with 

IGF-1. The authors hypothesized that selective uptake of Akt into the mitochondria occurred; 

however the mechanisms as to how this was regulated were not investigated. Saji et al., 

(2005) identified a leucine-rich region within Aktl that could act as a nuclear export 
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sequence (NES). When the sequence within this region was altered using mutation 

constructs, Aktl showed reduced interactions with CRM-1, a nuclear export protein, and 

thus, Aktl remained localized within the nucleus. However, a rebuttal publication by Wang 

and Brattain (2006), found that Akt did not have a nuclear export sequence. Further, more 

than one region/segment of Akt was required for translocation into the nucleus. The authors 

concluded that the observed translocation of pan-Akt into the nucleus ultimately resided in 

protein-protein interactions, or alternatively, was determined by the conformation of Akt 

(Wang and Brattain, 2006). Further, these authors noted a nuclear localization of Akt in the 

cell lines used in their study (the Akt antibody used in their study however, Bl from Santa 

Cruz, was cross-reactive with all three isoforms). After treatment of cells with IGF-1, they 

found activated Akt within their nuclear extracts, suggesting that Akt was activated within 

the nucleus, and not translocated from the cytoplasm. The finding that Akt could be activated 

within the nucleus, suggests that the proposed regulation of Akt needs further investigation. 

If the results of their study are extended and interpolated with the results obtained in Chapter 

3.0 of this thesis, it suggests that Akt3, which was found primarily localized within the 

nucleus and nuclear membrane can be phosphorylated and activated there. 

The data shown in this study suggest that ultimately the structure and location of the 

isoforms must play a role in dictating their function; so much so that the other isoforms do 

not move in response to forced downregulation using targeted siRNA, treatment with X-rays 

or stimulation with growth factors. Although stimulation with growth factors or X-ray 

irradiation may have produced more changes in the levels of activated Akt, this is the first 

study to show that the isoforms do not alter their localization in response to this stimulation. 

Nevertheless, small changes were observed. For example, higher levels of Aktl were found 

in the nucleus after both treatments which is consistent with previous reports that 
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phosphorylated Akt translocates into the nucleus, suggesting that the observed translocation 

is isoform-specific (Andjelkovic et al., 1997; Borgatti et al., 2000; Borgatti et al., 2003; Das 

et al., 2007; Xuan Nguyen et al., 2006). However, this also adds another level of complexity 

in the regulation of Akt signaling. 

This is the first systematic study to examine the subcellular localization status of the 

Akt isoforms. Further, these results have been verified by in vitro experimentation (i.e., the 

immunofluorescence experiments both supported and confirmed the fractionation 

experiments). 

2. Akt2 regulates cell proliferation and cell survival. 

The data shown in Chapter 3.0 were critical for the rest of the experiments described 

in the thesis. The data from those experiments led to the establishment of methods to 

effectively evaluate the isoforms. More importantly, the results from those experiments 

provided the initial impetus to examine both Akt2 and the mitochondria in the studies 

described in Chapter 4.0. Thus, once the differential localization of the isoforms was 

determined and the methods to be able to evaluate the isoforms were established, the 

functional analysis of the isoforms was possible. In the first part of Chapter 4.0, the isoforms 

were examined after targeted ablation using siRNA to determine if one or more of the 

isoforms regulated both cell proliferation and/or cell survival. The results of the study 

revealed that Akt2 was critical for cell proliferation. More surprising was the fact that the 

combined ablation of two isoforms was not more effective in cell killing than the ablation of 

Akt2 alone. Examining both proliferation and cell survival in this study was critical: the 

results from both studies implicated Akt2 as the most relevant cancer target to focus on. 

Performing the survival assays alone would have led to the conclusion that Akt2 was most 
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relevant for cell survival; however it would not have been able to elucidate the mechanism, 

or the manner of cell death. It should be noted that targeted ablation using siRNA reduced 

cell proliferation in all three Akt isoforms, although not to the extent observed with Akt2 

ablation. This finding alone is extremely important since the data clearly shows that Akt2 is 

the most important Akt isoform for cell survival in MDA-MB231 breast cancer cells. Not 

only did this finding demonstrate isoform-specificity and regulation, but it provides further 

evidence for the development of more specific Akt-targeted cancer treatments. 

3. Targeted ablation of Akt2 induces autophagy of the mitochondria through the 

upregulation of p27 and downregulation of p70S6K, Cdk2 and cyclin D. 

The initial results from the analysis of cell survival and proliferation in the Akt2-

siRNA treated cells led to the elucidation of the cellular mechanisms regulated by Akt2. That 

is, Akt2 ablation resulted in the inhibition of cell proliferation by upregulating p27 and 

downregulating both Cdk2 and cyclin D. The combined effects of this strategically arrested 

the cells in G0/G1. Previous studies had demonstrated that Akt could regulate p27 on many 

levels: 1) p27 could be post-translationally regulated by Akt via phosphorylation on two Akt-

specific residues, T157 and T198. Akt could also transcriptionally regulate the level of p27 

through alteration in the phosphorylation status of FoxOl, or overexpression of non-

phosphorylated FoxOs. Further, mTOR could also upregulate p27. The results from this 

study are the first to elucidate an isoform-specific role for Akt regulation in this process i.e., 

that the targeted downregulation of Akt2 and not Aktl or Akt3, leads to the transcriptional 

upregulation of p27 in breast cancer cells. This result was initially surprising, as most 

documented Akt regulation of p27 occurred via phosphorylation and second, that the 

mechanism was isoform-specific. 
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It was found that Akt2 preferentially regulated mTOR signaling as demonstrated by 

the downregulation of phosphorylated p70S6K in the Akt2 ablated cells. This finding raises 

the possibility that each isoform may function on unique downstream targets. Thus, having 

the PAS motif (phospho-Akt motif, RXRXX(S/T) does not confer definitive regulation by all 

Akt isoforms. The fact that well-known Akt targets such as GSK-3 and FoxO were unaltered 

after the Akt2 ablation, further strengthens this argument. 

With respect to cancer treatment, however, the data presented in this thesis provide 

support for targeting the mTOR pathway, particularly in aggressive breast cancers. 

Currently, rapamycin-like derivatives (or rapalogues) are in clinical trials. One caveat to 

inhibiting this pathway, however, is the presence of the feedback loop from p70S6K to the 

insulin receptor, which constitutively activates Akt signaling, thereby, making the cancers 

more resistant to therapy (O'Reilly et al., 2006). Thus, if Akt2 signaling is the preferential 

upstream substrate to mTOR treatment, the results from this study provide further support for 

the continued pursuance of the mTOR pathway as targeted treatment. However, if efficient 

and specific Akt2 inhibitors were used, thereby, targeting the proliferating cancer cells by 

acting on mTOR activity, the feedback loop may potentially be circumvented. 

4. Prolonged downregulation of Akt2 induced autophagy of the mitochondria. 

The co-localization of Akt2 and the mitochondria in this thesis was a novel finding. 

This finding is very significant, since it implies that Akt2 is associated with the regulation of 

the mitochondria. However, it has also opened the door to many new questions. Akt can 

regulate many of the same functions as the mitochondria—mainly, aspects of cell survival 

and metabolism, and as indicated in the study can also regulate mitochondrial biogenesis. 

Akt-mediated mitochondrial biogenesis has previously been shown to be regulated through 

-169-



insulin signaling downstream to FoxOl. However, another level of regulation was recently 

shown, where Akt2 could phosphorylate and inhibit mitochondrial biogenesis via a 

phosphorylation site at S570 on PGC-la, the master regulator of mitochondrial biogenesis 

(Li et al., 2007). Therefore, the downregulation of Akt2 would lead to deregulation of this 

pathway. Thus, the results of this study confirm those of Li et al., (2007) and extend it further 

by determining what happens if this process is uncontrolled in cancer cells. 

The process of mitophagy is still not well understood and various models have been 

proposed to explain why it occurs. It is known that it exists to remove dysfunctional or 

damaged mitochondria (Kim et al., 2007). Further, mitophagy is known to occur under 

conditions of severe nutrient deprivation. Thus, the regulation of Akt2, its subcellular 

localization, and the functional role that Akt2 plays in glucose transport are functionally 

linked with the mitochondria. Without a doubt, the significance of the mitochondria-Akt2 

interaction is multifactorial and needs further investigation. Furthermore, the specific 

mechanism of Akt2 in cancer cell metabolism needs to be further clarified. The results of this 

study are significant in that it is the first to show that Akt2 is localized to the mitochondria. 

Further, Akt2-ablation deregulates mitochondrial metabolism by inhibiting mitochondrial 

biogenesis, which extends the results of a previous study. Lastly, this is the first study to 

show that Akt2 ablation resulted in the loss of mitochondrial homeostasis, leading to the 

autophagy of the mitochondria. 

The fact that Akt2 is associated with the mitochondria and regulates certain aspects of 

its functions is novel. However, much work needs to be continued to determine the exact 

mechanisms at play. The data presented in this thesis may also shed new light on the 

regulation of glucose metabolism in diabetes via Akt2-specific signaling. However, the 
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question remains: if loss of Akt2 in knockout mice causes insulin resistance then how can 

this be beneficial in terms of cancer treatment? Both LoPiccolo et al. (2007) and Bayascas et 

al. (2008) speculate that the side effects acquired by Akt2 inhibition (insulin resistance) may 

be treatable during a cancer treatment, providing that the inhibition is not long-term. While 

this is purely speculative, it is a worthwhile point to consider: if the in vitro studies on insulin 

regulation showed that Aktl could compensate for some of the glucose regulation, then the 

targeted inhibition of Akt2 may not be as problematic as what has been seen in treatment for 

Akt inhibitors that inhibit all Akt function and activity. Nonetheless, much knowledge needs 

to be learned regarding Akt2 function. 

5.3 Summary 

An ideal cancer therapeutic treatment would exhibit specificity towards cancer cells 

while having little impact on normal cell function. The data shown in the thesis were 

designed to specifically examine Akt isoform regulation in breast cancer. However, the 

results of these studies need to be extended further to normal cells to determine if targeted 

inhibition of Akt2, exhibits preferential specificity towards constantly proliferating cancer 

cells. The data from these studies have provided insight that Akt2 is most important to target 

in breast cancer. Further, the results from these studies have also shown the mechanisms 

through which Akt2 regulates cancer proliferation, as well as the mode of cell death when 

inhibited. The current challenge is to develop effective and efficient therapeutics that would 

target Akt2 and minimize the off-target effects observed with pan-Akt inhibition. 
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Akt 1 ATGAGCGACGTGGCTATTGTGAAGGAGGGTTGGCTGCACAAACGAGGGGAGTACATCAAG 6 0 
Akt2 ATGAATGAGGTGTCTGTCATCAAAGAAGGCTGGCTCCACAAGCGTGGTGAATACATCAAG 60 
Akt 3 ATGAGCGATGTTACCATTGTGAAAGAAGGTTGGGTTCAGAAGAGGGGAGAATATATAAAA 60 

**** ** ** * * * ** ** ** *** * ** ** * ** ** ** ** ** 

Aktl ACCTGGCGGCCACGCTACTTCCTCCTCAAGAATGATGGCACCTTCATTGGCTACAAGGAG 12 0 
Akt2 ACCTGGAGGCCACGGTACTTCCTGCTGAAGAGCGACGGCTCCTTCATTGGGTACAAGGAG 12 0 
Akt 3 AACTGGAGGCCAAGATACTTCCTTTTGAAGACAGATGGCTCATTCATAGGATATAAAGAG 120 

* **** ***** * ******** * **** ** *** * ***** ** ** ** *** 

Akt 1 CGGCCGCAGGATGTGGACCAACGTGAGGCTCCCCTCAACAACTTCTCTGTGGCGCAGTGC 180 
Akt 2 AGGCCCGAGGCCCCTGATCAGACTCTACCCCCCTTAAACAACTTCTCCGTAGCAGAATGC 180 
Akt3 AAACCTCAAGATGTGGATTTACCTTA TCCCCTCAACAACTTTTCAGTGGCAAAATGC 177 

** * * ** * *** * ******** ** ** ** * *** 

Akt 1 CAGCTGATGAAGACGGAGCGGCCCCGGCCCAACACCTTCATCATCCGCTGCCTGCAGTGG 240 
Akt2 CAGCTGATGAAGACCGAGAGGCCGCGACCCAACACCTTTGTCATACGCTGCCTGCAGTGG 24 0 
Akt3 CAGTTAATGAAAACAGAACGACCAAAGCCAAACACATTTATAATCAGATGTCTCCAGTGG 237 

*** * ***** ** ** * ** ** ***** ** * ** * ** ** ****** 

Akt 1 ACCACTGTCATCGAACGCACCTTCCATGTGGAGACTCCTGAGGAGCGGGAGGAGTGGACA 3 00 
Akt2 ACCACAGTCATCGAGAGGACCTTCCACGTGGATTCTCCAGACGAGAGGGAGGAGTGGATG 3 00 
Akt3 ACTACTGTTATAGAGAGAACATTTCATGTAGATACTCCAGAGGAAAGGGAAGAATGGACA 2 97 

** ** ** ** ** * ** ** ** ** ** **** ** ** **** ** **** 

Aktl ACCGCCATCCAGACTGTGGCTGACGGCCTCAAGAAGCAGG AGGAGGAGGAGATG 354 
Akt 2 CGGGCCATCCAGATGGTCGCCAACAGCCTCAAGCAGCGGGCCCCAGGCGAGGACCCCATG 3 60 
Akt 3 GAAGCTATCCAGGCTGTAGCAGACAGACTGCAGAGGCAAG AAGAGGAGAGAATG 3 51 

** ****** ** ** ** * ** ** ** * ***** *** 

Aktl GACTTCCGGTCGGGCTCACCCAGTGACAACTCAGGGGCTGAAGAGATGGAGGTGTCCCTG 414 
Akt2 GACTACAAGTGTGGCTCCCCCAGTGACTCCTCCACGACTGAGGAGATGGAAGTGGCGGTC 420 
Akt 3 AATTGTAGTCCAACTTCACAAATTGATAATATAGGAGAGGAAGAGATGGATGCCTCTACA 411 

* * ** * * *** ** ******** * * 

Akt 1 GCCAAGCCCAAGCACCGCGTGACCATGAACGAGTTTGAGTACCTGAAGCTGCTGGGCAAG 474 
Akt2 AGCAAGGCACGGGCTAAAGTGACCATGAATGACTTCGACTATCTCAAACTCCTTGGCAAG 480 
Akt 3 ACCCATCATAAA AGAAAGACAATGAATGATTTTGACTATTTGAAACTACTAGGTAAA 468 

* * *** ***** ** ** ** ** * ** ** ** ** ** 

Akt 1 GGCACTTTCGGCAAGGTGATCCTGGTGAAGGAGAAGGCCACAGGCCGCTACTACGCCATG 534 
Akt2 GGAACCTTTGGCAAAGTCATCCTGGTGCGGGAGAAGGCCACTGGCCGCTACTACGCCATG 54 0 
Akt3 GGCACTTTTGGGAAAGTTATTTTGGTTCGAGAGAAGGCAAGTGGAAAATACTATGCTATG 52 8 

** ** ** ** ** ** ** **** ******** * ** ***** ** *** 

Aktl AAGATCCTCAAGAAGGAAGTCATCGTGGCCAAGGACGAGGTGGCCCACACACTCACCGAG 5 94 
Akt 2 AAGATCCTGCGGAAGGAAGTCATCATTGCCAAGGATGAAGTCGCTCACACAGTCACCGAG 600 
Akt3 AAGATTCTGAAGAAAGAAGTCATTATTGCAAAGGATGAAGTGGCACACACTCTAACTGAA 588 

***** ** *** ******** * ** ***** ** ** ** ***** * ** ** 

Aktl AACCGCGTCCTGCAGAACTCCAGGCACCCCTTCCTCACAGCCCTGAAGTACTCTTTCCAG 654 
Akt2 AGCCGGGTCCTCCAGAACACCAGGCACCCGTTCCTCACTGCGCTGAAGTATGCCTTCCAG 660 

-190-



Akt3 AGCAGAGTATTAAAGAACACTAGACATCCCTTTTTAACATCCTTGAAATATTCCTTCCAG 648 
* * * ** * ***** * ** ** ** ** * ** * **** ** * ****** 

Akt 1 ACCCACGACCGCCTCTGCTTTGTCATGGAGTACGCCAACGGGGGCGAGCTGTTCTTCCAC 714 
Akt 2 ACCCACGACCGCCTGTGCTTTGTGATGGAGTATGCCAACGGGGGTGAGCTGTTCTTCCAC 720 
Akt 3 ACAAAAGACCGTTTGTGTTTTGTGATGGAATATGTTAATGGGGGCGAGCTGTTTTTCCAT 708 

** * ***** * ** ***** ***** ** * ** ***** ******** ***** 

Akt 1 CTGTCCCGGGAGCGTGTGTTCTCCGAGGACCGGGCCCGCTTCTATGGCGCTGAGATTGTG 774 
Akt 2 CTGTCCCGGGAGCGTGTCTTCACAGAGGAGCGGGCCCGGTTTTATGGTGCAGAGATTGTC 780 
Akt 3 TTGTCGAGAGAGCGGGTGTTCTCTGAGGACCGCACACGTTTCTATGGTGCAGAAATTGTC 768 

**** * ***** ** *** * ***** ** * ** ** ***** ** ** ***** 

Akt 1 TCAGCCCTGGACTACCTGCACTCGGAGAAGAACGTGGTGTACCGGGACCTCAAGCTGGAG 834 
Akt2 TCGGCTCTTGAGTACTTGCACTCGCGGG ACGTGGTATACCGCGACATCAAGCTGGAA 837 
Akt3 TCTGCCTTGGACTATCTACATTCCGGAA AGATTGTGTACCGTGATCTCAAGTTGGAG 825 

** ** * ** ** * ** ** * * ** ***** ** ***** **** 

Akt 1 AACCTCATGCTGGACAAGGACGGGCACATTAAGATCACAGACTTCGGGCTGTGCAAGGAG 894 
Akt2 AACCTCATGCTGGACAAAGATGGCCACATCAAGATCACTGACTTTGGCCTCTGCAAAGAG 8 97 
Akt3 AATCTAATGCTGGACAAAGATGGCCACATAAAAATTACAGATTTTGGACTTTGCAAAGAA 8 85 

** ** *********** ** ** ***** ** ** ** ** ** ** ** ***** ** 

Akt 1 GGGATCAAGGACGGTGCCACCATGAAGACCTTTTGCGGCACACCTGAGTACCTGGCCCCC 954 
Akt2 GGCATCAGTGACGGGGCCACCATGAAAACCTTCTGTGGGACCCCGGAGTACCTGGCGCCT 957 
Akt 3 GGGATCACAGATGCAGCCACCATGAAGACATTCTGTGGCACTCCAGAATATCTGGCACCA 945 

** **** ** * *********** ** ** ** ** ** ** ** ** ***** ** 

Akt 1 GAGGTGCTGGAGGACAATGACTACGGCCGTGCAGTGGACTGGTGGGGGCTGGGCGTGGTC 1014 
Akt2 GAGGTGCTGGAGGACAATGACTATGGCCGGGCCGTGGACTGGTGGGGGCTGGGTGTGGTC 1017 
Akt 3 GAGGTGTTAGAAGATAATGACTATGGCCGAGCAGTAGACTGGTGGGGCCTAGGGGTTGTC 1005 

****** * ** ** ******** ***** ** ** *********** ** ** ** *** 

Akt 1 ATGTACGAGATGATGTGCGGTCGCCTGCCCTTCTACAACCAGGACCATGAGAAGCTTTTT 1074 
Akt2 ATGTACGAGATGATGTGCGGCCGCCTGCCCTTCTACAACCAGGACCACGAGCGCCTCTTC 1077 
Akt 3 ATGTATGAAATGATGTGTGGGAGGTTACCTTTCTACAACCAGGACCATGAGAAACTTTTT 1065 

***** ** ******** ** * * ** ***************** *** ** ** 

Akt 1 GAGCTCATCCTCATGGAGGAGATCCGCTTCCCGCGCACGCTTGGTCCCGAGGCCAAGTCC 1134 
Akt 2 GAGCTCATCCTCATGGAAGAGATCCGCTTCCCGCGCACGCTCAGCCCCGAGGCCAAGTCC 1137 
Akt 3 GAATTAATATTAATGGAAGACATTAAATTTCCTCGAACACTCTCTTCAGATGCAAAATCA 1125 

** * ** * ***** ** ** ** ** ** ** ** * ** ** ** ** 

Akt 1 TTGCTTTCAGGGCTGCTCAAGAAGGACCCCAAGCAGAGGCTTGGCGGGGGCTCCGAGGAC 1194 
Akt2 CTGCTTGCTGGGCTGCTTAAGAAGGACCCCAAGCAGAGGCTTGGTGGGGGGCCCAGCGAT 1197 
Akt 3 TTGCTTTCAGGGCTCTTGATAAAGGATCCAAATAAACGCCTTGGTGGAGGACCAGATGAT 1185 

***** * ***** * * ***** ** ** * * ***** ** ** * ** 

Akt 1 GCCAAGGAGATCATGCAGCATCGCTTCTTTGCCGGTATCGTGTGGCAGCACGTGTACGAG 1254 
Akt 2 GCCAAGGAGGTCATGGAGCACAGGTTCTTCCTCAGCATCAACTGGCAGGACGTGGTCCAG 1257 
Akt 3 GCAAAAGAAATTATGAGACACAGTTTCTTCTCTGGAGTAAACTGGCAAGATGTATATGAT 1245 

** ** ** * *** ** * ***** * * ***** * ** * 

Aktl AAGAAGCTCAGCCCACCCTTCAAGCCCCAGGTCACGTCGGAGACTGACACCAGGTATTTT 1314 
Akt 2 AAGAAGCTCCTGCCACCCTTCAAACCTCAGGTCACGTCCGAGGTCGACACAAGGTACTTC 1317 
Akt 3 AAAAAGCTTGTACCTCCTTTTAAACCTCAAGTAACATCTGAGACAGATACTAGATATTTT 13 05 

** ***** ** ** ** ** ** ** ** ** ** *** ** ** ** ** ** 
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Akt 1 GATGAGGAGTTCACGGCCCAGATGATCACCATCACACCACCTGACCAAGATGACA 1369 
Akt2 GATGATGAATTTACCGCCCAGTCCATCACAATCACACCCCCTGACCGCTATGACA 1372 
Akt 3 GATGAAGAATTTACAGCTCAGACTATTACAATAACACCACCTGAAAAATATGATGAGGAT 1365 

***** ** ** ** ** *** ** ** ** ***** ***** **** 

Aktl -GCATGGAGTGTGTGGACAGCGAGCGCAGGCCCCACTTCCCCCAGTTCTCCTACTCGGCC 142 8 
Akt2 -GCCTGGGCTTACTGGAGCTGGACCAGCGGACCCACTTCCCCCAGTTCTCCTACTCGGCC 1431 
Akt 3 GGTATGGACTGCATGGACAATGAGAGGCGGCCGCATTTCCCTCAATTTTCCTACTCTGCA 1425 

* *** * **** ** ** * ** ***** ** ** ******** ** 

Aktl AGCGGCACGGCCTGA 1443 
Akt2 AGCATCCGCGAGTGA 1446 
Akt 3 AGTGGACGAGAATAA 1440 

** * * * 

Aktl siRNA #1 
Aktl siRNA #2 

Akt2 siRNA #1 
Akt2 siRNA #2 

Akt3 siRNA #1 
Akt3 siRNA #2 

Figure Al. Nucleotide alignment of the coding sequences of Aktl, Akt2 and Akt3 
(alignment performed using Clustal W software). Sequences of the siRNAs used in the 
experiments within the thesis are denoted in coloured font. 
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Aktl MSDVAIVKEGWLHKRGEYIKTWRPRYFLLKNDGTFIGYKERPQDVDQREAPLNNFSVAQC 60 
Akt3 MSDVTIVKEGWVQKRGEYIKNWRPRYFLLKTDGSFIGYKEKPQDVDLP-YPLNNFSVAKC 59 
Akt2 MNEVSVIKEGWLHKRGEYIKTWRPRYFLLKSDGSFIGYKERPEAPDQTLPPLNNFSVAEC 60 

* . I*! I ; * * * * ; * * * * * * * * ^ * * * * * * * * * ^ A * . * * * * * * . * . * * * * * * * * * * * 

Aktl QLMKTERPRPNTFIIRCLQWTTVIERTFHVETPEEREEWTTAIQTVADGLKKQE--EEEM 118 
Akt3 QLMKTERPKPNTFIIRCLQWTTVIERTFHVDTPEEREEWTEAIQAVADRLQRQE--EERM 117 
Akt2 QLMKTERPRPNTFVIRCLQWTTVIERTFHVDSPDEREEWMRAIQMVANSLKQRAPGEDPM 12 0 

********.****.****************..*.***** *** ** . *::; *: * 

Aktl DFRSGSPSDNSGAEEMEVSLAKPKHRVTMNEFEYLKLLGKGTFGKVILVKEKATGRYYAM 178 

Akt3 N B B B H B B B B E M D A S T T H H K _ R K T M N D F D Y L K L L G K G T F G I W I L " ^ ^ E I ^ S G K Y Y J ^ 176 

Akt2 DYKCGSPSDSSTTEEMEVAVSKARAKVTMNDFDYLKLLGKGTFGKVILVREKATGRYYAM 180 
. * * _ ***._. .. . . ***.*.****************.***.*.**** 

Akt 1 KILKKEVIVAKDEVAHTLTENRVLQNSRHPFLTALKYSFQTHDRLCFVMEYANGGELFFH 23 8 
Akt3 KILKKEVIIAKDEVAHTLTESRVLKNTRHPFLTSLKYSFQTKDRLCFVMEYVNGGELFFH 236 
Akt2 KILRKEVIIAKDEVAHTVTESRVLQNTRHPFLTALKYAFQTHDRLCFVMEYANGGELFFH 240 

* * * . * * * * . * * * * * * * * . A * * * * ; * ; * * * * * * . * * * . * * * . * * * * * * * * * * * * * * * * * 

Aktl LSRERVFSEDRARFYGAEIVSALDYLHSEKNWYRDLKLENLMLDKDGHIKITDFGLCKE 298 
Akt3 LSRERVFSEDRTRFYGAEIVSALDYLHSGK-IVYRDLKLENLMLDKDGHIKITDFGLCKE 2 95 
Akt2 LSRERVFTEERARFYGAEIVSALEYLHSRD-WYRDIKLENLMLDKDGHIKITDFGLCKE 2 99 

*******.*.*.***********.**** .****.*********************** 

Aktl GIKDGATMKTFCGTPEYLAPEVLEDNDYGRAVDWWGLGWMYEMMCGRLPFYNQDHEKLF 358 
Akt3 GITDAATMKTFCGTPEYLAPEVLEDNDYGRAVDWWGLGWMYEMMCGRLPFYNQDHEKLF 355 
Akt2 GISDGATMKTFCGTPEYLAPEVLEDNDYGRAVDWWGLGWMYEMMCGRLPFYNQDHERLF 359 

** _ * m****************************************************.** 

Aktl ELILMEEIRFPRTLGPEAKSLLSGLLKKDPKQRLGGGSEDAKEIMQHRFFAGIVWQHVYE 418 
Akt3 ELILMEDIKFPRTLSSDAKSLLSGLLIKDPNKRLGGGPDDAKEIMRHSFFSGVNWQDVYD 415 
Akt2 ELILMEEIRFPRTLSPEAKSLLAGLLKKDPKQRLGGGPSDAKEVMEHRFFLSINWQDWQ 419 

******. * . * * * * * B | . ********* ***••*****__****.*_* ** . **_* > 

Aktl KKLSPPFKPQVTSETDTRYFDEEFTAQMITITPPD--QDDSMECVDSERRPHFPQFSYSA 476 
Akt3 KKLVPPFKPQVTSETDTRYFDEEFTAQTITITPPEKYDEDGMDCMDNERRPHFPQFSYSA 475 
Akt2 KKLLPPFKPQVTSEVDTRYFDDEFTAQSITITPPD--RYDSLGLLELDQRTHFPQFSYSA 477 

*** **********^************ ******* * > .. ..* ********* 

Aktl SGTA 480 
Akt3 SGRE 479 
Akt2 SIRE 481 

* 

Figure A2. Amino acid alignment of Aktl, Akt2 and Akt3 (alignment performed using 
Clustal W software). Red highlight denotes targeting of Akt3 antibody from Upstate 
Biotechnology (sequences for the other antibodies were unavailable). 
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Table Al.Li 
Primary 
Antibodies 
Akt (pan) 
Aktl (2H10) 
Aktl (D-17) 
Aktl 
Akt2 (F-7) 

Akt2 
Akt2 
Akt3 
Akt3 
Akt3 
Akt3 (M-14) 
p-Akt (S473) 
P-
AMPKa(T172) 

AMPKa 
Calnexin 
p-Cdc2p34 
(T15) 
Cdk2 
Cyclin A (H-
432) 
Cyclin D (H-
295) 
Cyclin E 
p-ERK (E-4) 
P-4E-BP1 
(S65) 
4E-BP1 

p-FoxOl 
(S256) 
FoxOl 
GSK-3P 
p-GSK3-o/p 
LaminBl 
LC3B 
p21 
p27 
p-p27(T187) 
p-p27 Kipl 
T157 
p-p27 Kipl 
T198 
p70S6K 
p-p70S6K 
T389 
PGC-la 
PDI (H-160) 
PTEN 
Skp2 
TGN38 (C-15) 
a-tubulin 
y-tubulin 
VDAC1 (D-16) 

ist of Ant 
Cat. 
Number 
9272 
2967 
sc-7126 
07-419 
sc-5270 

2962 
07-372 
05-780 
07-383 
4059 
sc-11521 
9271 
2535 

2532 
sc-11397 
sc-7989 

MS-617 
sc-751 

sc-753 

sc-247 
sc-7383 
9456 

9644 

9461 

9462 
9332 
9331 
sc-20682 
2775 
sc-397 
sc-1641 
sc-16324 
AF1555 

AF3994 

9202 
9206 

sc-13067 
sc-20132 
9552 
4358 
sc-27680 
T5168 
T6557 
sc-32063 

ibodies and Dilutions used in the experiments 
Company 

Cell Signal 
Cell Signal 
Santa Cruz 
Upstate 
Santa Cruz 

Cell Signal 
Upstate 
Upstate 
Upstate 
Cell Signal 
Santa Cruz 
Cell Signal 
Cell Signal 

Cell Signal 
Santa Cruz 
Santa Cruz 

Lab Vision 
Santa Cruz 

Santa Cruz 

Santa Cruz 
Santa Cruz 
Cell Signal 

Cell Signal 

Cell Signal 

Cell Signal 
Cell Signal 
Cell Signal 
Santa Cruz 
Cell Signal 
Santa Cruz 
Santa Cruz 
Santa Cruz 
R&D 
Systems 
R&D 
Systems 
Cell Signal 
Cell Signal 

Santa Cruz 
Santa Cruz 
Cell Signal 
Cell Signal 
Santa Cruz 
Sigma 
Sigma 
Santa Cruz 

Dilution 

1:1000 
1:2000 
1:10 
1:1000 
1:100/1:10 

1:100 
1:500 
1:1000 
1:1000 
1:500 
1:100/1:10 
1:1000 
1:500 

1:500 
1:10-1:20 
1:200 

1:200/1:10 
1:200 

1:200 

1:200 
1:1000 
1:2000 

1:2000 

1:500 

1:500 
1:500 
1:500 
1:200/1:10 
1:500/1:50 
1:200 
1:200/1:10 
1:200 
1:1000 

1:1000 

1:500 
1:500 

1:1000 
1:10 
1:500 
1:500 
1:10 
1:2000 
1:20 000 
1:200 

Applicatio 
n 
Western 
Western/IP 
IF 
Western 
Western/IP/ 
IF 
Western 
Western 
Western 
Western 
Western 
Western/IF 
Western 
Western 

Western 
IF 
Western 

Western/IF 
Western 

Western 

Western 
Western 
Western 

Western 

Western 

Western 
Western 
Western 
Western/IF 
Western/IF 
Western 
Western/IF 
Western 
Western 

Western 

Western 
Western 

Western 
IF 
Western 
Western 
IF 
Western 
Western 
Western 

Secondary 
Species 
Rabbit 
Mouse 
Goat 
Rabbit 
Mouse 

Rabbit 
Rabbit 
Mouse 
Rabbit 
Rabbit 
Goat 
Rabbit 
Rabbit 
mAb 
Rabbit 
Rabbit 
Goat 

Mouse 
Rabbit 

Rabbit 

Mouse 
Mouse 
Rabbit 
mAb 
Rabbit 
mAb 
Rabbit 

Rabbit 
Rabbit 
Rabbit 
Rabbit 
Rabbit 
Rabbit 
Mouse 
Rabbit 
Rabbit 

Rabbit 

Rabbit 
Mouse 

Rabbit 
Rabbit 
Rabbit 
Rabbit 
Goat 
Mouse 
Mouse 
Goat 

Lot 
Number 
10 
2,3 
See Sec. 3.0 
24350 
See Sec. 3.0 

1 
22444 
26827 
26508 
1 
LI 702 
7, 8, 9, 10 
8 

4 
K2404 
G1905 

617P508F 
G0104 

C2804 

C2304 
11806 
1 

2 

5 

5 
1 
2A 
11504, J2105 
2,4 
G182 
F1907 
E0407 

8 
6,7 

J2307 
E1905 
1 
1 
D2205 
016K4886 

C2306 

Thesis 
Section 
3.0 
Throughout 
Throughout 
3.0 
Throughout 

3.0 
3.0 
Throughout 
3.0 
3.0 
Throughout 
3.0 and 5.0 
4.0 

4.0 
3.0 
4.0 

4.0 
4.0 

4.0 

4.0 
4.0 
4.0 and 5.0 

4.0 and 5.0 

4.0 and 5.0 

4.0 and 5.0 
4.0 
4.0 
3.0 
4.0 
4.0 
4.0 
4.0 
4.0 

4.0 

4.0 and 5.0 
4.0 and 5.0 

4.0 
3.0 
3.0 
4.0 
3.0 
3.0 
Throughout 
3.0 
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Secondary Antibodies 
Anti-mouse IgG peroxidase antibody 
(rabbit) 
Anti-rabbit ImmunoPure peroxidase 
conjugated 
Anti-goat IgG H+L Chain (rabbit) 
Peroxidase 

Catalogue No. 
A9044 

31460 

401515 

Company 
Sigma 

Pierce 

Calbiochem 

Dilution 
1:5000 

1:5000 

1:10 000 

Lot Number 

AG605297/F18167610 

D21183 

Secondary Antibodies 
(Immunofluorescence) 
AffiniPure Fab fragment rabbit anti-goat 

Fluorescein (FITC)-conjugated 
AffiniPure donkey anti-mouse IgG 
Cy5-conjugated AffiniPure donkey anti-
rabbit IgG 
Donkey anti-goat IgG FITC 
Donkey anti-goat IgG Rhodamine 
Goat anti-mouse IgG FITC 
Goat anti-mouse IgG Rhodamine 
Goat anti-rabbit IgG FITC 
Donkey anti-rabbit IgG Rhodamine 

Catalogue 
Number 
305-007-003 

715-095-150 

711-175-152 

sc-2024 
sc-2094 
sc-2010 
sc-2092 
sc-2012 
sc-20905 

Company 

Jackson 
Immunoresearch 
Jackson 
Immunoresearch 
Jackson 
Immunoresearch 
Santa Cruz 
Santa Cruz 
Santa Cruz 
Santa Cruz 
Santa Cruz 
Santa Cruz 

Dilution 

100 ug/ml 

1:100 

1:500 

1:100 
1:100 
1:100 
1:100 
1:100 
1:100 

Lot Number 

64029 

66086 

63978 

L3003 
10303 
CI 004 
L1003 
D1504 
H0503 
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Akt1 

Reagent Akt1 siRNA 10 nm 

24 48 72 24 48 72 

Akt2 

Reagent 24 h 48 h 72 h 

24 48 72 10 20 30 10 20 30 10 20 30 nM 

.-»« --»5 - A . I - , . . . . . . . . . . . 

Akt3 

Reagent 24 h 48 h 72 h 

2448 72 10 20 30 10 20 30 10 20 30 nM 

B 5 10 20 30 Reagent 

uu. A|(t1 ^ " ^ * p '*VHi *WW» "•WW M P 

5 10 Reagent 

W: Akt2 

5 10 20 Reagent 

W: Akt3 

Fig. A3. Optimization/Dose curves for siRNA (A) siRNA Set #1 (B) 
siRNA Set #2 
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Fig. A4: Optimization of Confocal Microscopy Experiments: MDA-MB231 cells were 
plated onto glass coverslips and stained with (A) Aktl/FITC, (B) Akt3/Rhodamine, and (C) 
Lamin Bl/Cy5. Images were captured with all channels open with the identical settings used 
for all the experiments in the thesis. These results show the stringent settings and filters used 
in the experiments and show that each fluorophore recognized the intended target with no 
bleedthrough into the other channels when captured simultaneously. 
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MTT Assay Standard Curve 
ATCC MDA-MB 231 and MOA-MB 468 cells 

3.000 

2.500 

K 2.000 

€ 1.500 

1.000 

0.500 

0.000 

Sffff^ifWJ'ifWiffWWWf/' 

Figure A5. Optimization curves for MTT Assays. Determination of the plating number for 
the MTT assay. Cells were plated for all experiments in the linear portion of the curve based 
on the results from this test. 
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Fig. A6. Set-up of Gulmay X-ray Irradiation machine. Cells are placed on a Perspex 
plate, on the second lifting shelf. 
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Green Channel Red Channel Merged Image 

MDA-MB231 cells 

Green Channel Red Channel Merged Image 

B 

LNCaP cells 
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Green Channel Red Channel Merged Image 

Fig. A7. Assessment of bleedthrough on MitoTracker experiments. Cells 
were fixed and permeabilized and labelled with either Akt2 (green) or 
MitoTracker (red), and both. (A) MDA-MB231 cells, (B) LNCaP cells, (C) HeLa 
cells. All MitoTracker loading was performed using 50 nM of MitoTracker. Note 
that the signal from MitoTracker alone in the red channel is stronger than when 
incorporated with the antibody staining (green). This is due to the fact that cells 
labelled with MitoTracker only were only fixed, and not permeabilized. 
Permeabilization results in a loss in the intensity of MitoTracker. All images 
were captured with the same filters and microscopy settings used in the 
experiments within the thesis. 
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Akt1 & Akt2 & Akt3 

B 

Primary Omission 
controi-FITC 

Primary Omission 
control-Rhodamine 

Primary Omission 
control-Cy5 
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Fig. A8. Alternate for Fig. 3.4 Panel D (Akt2/Akt3) has been replaced with an alternate 
image from the same trial. All other images are as presented in Fig. 3.4 
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Fig. A9. Alternate for Fig. 3.14 showing all controls (primary omission and bright field) for 
every timepoint during the radiation timecourse. 
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6-7 d post-transfection 

Fig. A10. Morphological changes in transfected cells 6-7 days post-
transfection initiation (note the changes in Akt2). 
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Akt2 siRNA #2 

Akt2 & MitoTracker 

Akt2 & MitoTracker 

Akt2 & MitoTracker 

Scrambled siRNA 

Fig. Al l . Fig. 4.12 incorporating Akt2 siRNA #2 (top panel). Note that the 
controls were kept the same as in the original figure for comparison 
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Scrambled siRNA Akt2 siRNA #2 
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Fig. A12. Fig. 4.15 incorporating Akt2 siRNA #2 (top panel). Note that the 
controls were kept the same as in the original figure for comparison 
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Trial 1 

WB: Akt2 

Cycling MDA-MB231 cells (two trials). Checking to see if Akt2 
interacts and co-precipitates with Cdk2 endogenously 

Short Exposure 

WCE p27 Cdk2 p27 Cdk2 
IP IP S S 

Long Exposure 

%9 . 

SO • 
am 

WCE p27 Cdk2 p27 Cdk2 
IP IP S S 

Trial 2 

WB: Akt2 

Short Exposure 

WCE p27 Cdk2 p27 Cdk2 
IP IP S S 

Long Exposure 

WCE p27 Cdk2 p27 Cdk2 
IP IP S S 

Fig. A13. Co-precipitation of Akt2 and Cdk2 in cycling MDA-MB231 cells. Preliminary 
results. 
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