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Abstract 

The serine/threonine kinase, Akt, is a central signaling hub linked to multiple cellular 

processes. The three mammalian isoforms of Akt (Akt1, Akt2, and Akt3) share common 

structural and functional characteristics. Despite their common features and shared 

activation pathway, the Akt isoforms exhibit divergent regulation of downstream processes. 

The molecular basis for these differences is unknown. Of the three isoforms, Akt2 was 

found to be uniquely regulated by hydrogen peroxide (H2O2), an established secondary 

messenger molecule. Akt2 kinase activity is reversibly inhibited by H2O2. This isoform has 

been implicated in the regulation of glucose homeostasis with Akt2 knockout mice 

displaying a type 2 diabetes mellitus (T2DM) like phenotype. Humans with mutation in the 

kinase domain of Akt2 exhibit severe insulin resistance. Additionally, increases in overall Akt 

expression have been linked to increased risk of breast cancer metastasis and poorer breast 

cancer prognosis. Hypotheses proposed to explain the increased cancer risk vary widely but none 

thus far have explored redox regulation of Akt2. Here, it was hypothesized that the relative balance 

of activating phosphorylation and inhibitory oxidative modification of Akt2 play critical functions in 

breast cancer progression through differential regulation of glucose uptake, cell cycle, migration, 

and invasion properties. The work presented here lays the foundations for further investigations 

into the role of Akt2 in breast cancer progression in relation to T2DM. 

  



6 
 

Introduction 

Akt, also known as protein kinse B (PKB), is serine/threonine protein kinase that acts 

as a central signaling hub linking many diverse cellular processes. The pathways regulated 

by Akt kinase activity play roles in glucose metabolism, cell survival, cell proliferation, cell 

migration, and angiogenesis among other processes [1]. Originally discovered as an 

oncogene within the mouse leukemia virus AKT8 [2], Akt has since been linked to many 

disease processes including breast cancer and diabetes [3, 4]. In mammalian cells, three 

highly related isoforms of the protein exist, Akt1, Akt2, and Akt3 (a.k.a. PKBα, PKBβ, and 

PKBγ respectively) [5]. Although there is evidence for distinct regulatory roles for these 

isoforms [5-9], they traditionally share a common activation pathway [1].  

 

The Akt Activation Pathway 

Akt activity is canonically regulated by the activation of G-protein coupled receptors 

and receptor tyrosine kinases (RTKs) (Figure 1a). The activation of one or more of these 

receptors (e.g. the binding of insulin to the insulin receptor, a RTK) leads to the activation of 

PI3-kinase (phosphoinositide 3-kinase). PI3-kinase go on to phosphorylate membrane-

bound phosphatidylinositol (3,4)-bisphosphate (PIP2) to phosphatidylinositol (3,4,5)-

trisphosphate (PIP3). The Pleckstrin Homology (PH) domain within Akt binds with high 

affinity PIP3, driving Akt to the cell membrane where it is phosphorylated by its activating 

kinases. The first of these kinases, phosphoinositide dependent kinase 1 (PDK1), 

phosphorylates residue T308, leading to partial activation of Akt kinase activity. The second 

of these kinases is mammalian target of rapamycin complex 2 (mTORC2) which  
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Figure 1. Regulation of Akt kinase activity.  a) Pathways leading to activation of Akt. b) 

Pathways leading to inhibition of Akt.  
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phosphorylates residue S473, leading to complete activation of Akt. It has been 

found that other proteins may phosphorylate the S473 site including integrin-linked kinase 

(ILK) and mitogen-activated protein kinase-activated protein kinase-2 (MAPKAPK2) [1]. 

Akt activation may be reversed by the dephosphorylation of PIP3 (Figure 1b). 

Phosphatase and tensin homolog (PTEN), a phosphatase, dephosphorylates PIP3 to PIP2 

which causes Akt to dissociate from the membrane [1, 10]. Protein phosphatase 2A (PP2A) 

dephosphorylates Akt at T308 [11]. Phosphatases from the PHLPP family directly 

dephosphorylate distinct Akt isoforms at S473 [12]. PHLPP1 dephosphorylates Akt2 and 3, 

while PHLPP2 dephosphorylates Akt1 and 3 [13]. The dephosphorylation of Akt by these 

processes lead to the reduction of Akt kinase activity. 

In addition to phosphorylation, Akt1 and Akt2, but not Akt3, may be directly 

regulated by ubiquitination at residue K63 [14-16]. During translation, Akt is normally 

phosphorylated at residue T450. Failure to phosphorylate this residue leads to protein 

misfolding and ubiquitination. Most of the ubiquitinated Akt is degraded by the 

proteasome. However, a small amount of ubiquitinated Akt is translocated to the nucleus in 

an ubiquitination-dependent manner. Importantly, ubiquitinated Akt may still be activated 

by the phosphorylation of its canonical regulatory residues. The ubiquitination of Akt may 

have clinical significance. E17K mutant Akt1 is found sporadically in breast and other 

cancers. This mutant is more efficiently ubiquitinated and phosphorylated than wild-type 

Akt1. Additionally, ubiquitinated/phosphorylated mutant Akt1 translocates more readily to 

the nucleus where it may phosphorylate nuclear targets [14]. 
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Akt activity is also regulated indirectly by both positive and negative feedback 

mechanisms. In a positive feedback loop, Akt1 and Akt2 indirectly activate the transcription 

factor NF-κB through IKKα repressing PTEN expresion [17-19]. Downregulated PTEN leads to 

increased PIP3 and Akt activation. Important for the scope of this project, PTEN is also redox 

regulated and inhibited by oxidation [20]. In a negative feedback loop, Insulin receptor 

substrate 1 (IRS-1) expression is negatively regulated by the activation of mTORC1 and S6K1, 

downstream targets of Akt. Additionally, S6K1 can directly inhibit IRS-1 binding to RTKs via 

phosphorylation at multiple serine residues. These mechanisms ultimately lead to a 

downregulation of PI3K activity and therefore Akt activity. 

Over 100 Akt substrates have been reported [1]. Although a thorough discussion of 

significant portion of these substrates is beyond the scope of this document, a few of these 

substrates such as actin, Akt phosphorylation enhancer (APE), Sodium-hydrogen exchanger 

1 (NHE1), glycogen synthase kinase 3 (GSK3), and Forkhead Box O (FoxO) may be of 

particular importance to the role of Akt signaling in breast cancer and T2DM.   

Actin, APE, and NHE1 may all be phosphorylated by Akt [21-23]. The 

phosphorylation of these components may increase cytoskeletal stability or promote 

migration via remodeling. Of interest, the protein Palladin is phosphorylated by Akt1 and 

may be partially responsible for the different roles of Akt1 and Akt2 for the 

promotion/inhibition of migration in breast cancer cells [24]. GSK3, the first Akt substrate 

reported, is a serine/threonine protein kinase [25]. In the absence of exogenous signals, 

GSK3 is generally active while phosphorylation by Akt inactivates the protein. GSK3 

phosphorylates proteins involved in promoting survival, proliferation, and metabolism. The 
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family of FoxO transcription factors, control a variety of gene targets related to the 

promotion survival, proliferation, and cell growth as well as an inhibition of metabolism. 

The phosphorylation of FoxO by Akt leads to its sequestration in the cytoplasm, and thus an 

inhibition of its regulatory role as a transcription factor. 

 

Akt Isoforms 

While the Akt signaling pathways have been extensively explored in the literature, 

substantially less work has gone into distinguishing the three mammalian Akt isoforms. 

Despite sharing 80% sequence identity, the three Akt isoforms have both distinct and 

overlapping regulatory roles. Mice with individual Akt isoforms knocked out display distinct 

phenotypes [5]. Akt1 knockout mice exhibit diminished size and weight. Akt2 knockout mice 

have a diabetes-like phenotype with hyperglycemia, hyperinsulinemia, glucose intolerance, 

and impaired muscle glucose uptake. Akt3 knockout mice have smaller brain sizes [5]. Mice 

with simultaneous deletion of both Akt1 and Akt2 die shortly after birth [26]. Additionally, 

simultaneous deletion of Akt1 and Akt3 is embryonic lethal [27]. However, mice with 

deletion of Akt2 and Akt3 and a single allele of Akt1 are viable [28]. 

Several hypotheses have been proposed to explain the functional differences 

between Akt isoforms. These include differences in tissue distribution, stimulus specific 

regulation, substrate specificity, subcellular localization, and regulatory partners.  

 Regulation of glucose homeostasis by Akt is strongly isoform specific and controlled 

primarily by Akt2. Mutation of the kinase domain of Akt2 cause severe insulin resistance 

and diabetes in humans [29]. 
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Isoform-specific Redox Regulation of Akt2 

The three Akt isoforms share common structural features. Among these isoforms, 

Akt2 is uniquely regulated by reactive oxygen species (ROS) such as hydrogen peroxide 

(H2O2) [30]. To investigate individual Akt isoforms direct response to oxidation, activity was 

measured at various H2O2 concentrations with a kinase assay using the substrate GSK-3α/β. 

Upon oxidation, the activity of recombinant Akt2 decreased and was significantly more 

sensitive than either Akt1 or Akt3. Recombinant active Akt2 was exposed to H2O2 and 

labeled with the sulfenic acid probe dimedone. Mass spectrometry analysis showed that 

dimedone was incorporated at C124 of the linker domain and C297 and C311 of the kinase 

domain of Akt2. In Akt1 and 3, the conserved residues C297 and C311 were found in an 

intramolecular disulfide bond. The C119 residue in Akt3 located within the linker domain 

does not align with C124 of Akt2 and was not labeled by dimedone or involved in disulfide 

bond formation. 

NIH 3T3 cells were treated with either exogenous H2O2 or catalase inhibition by 3-AT 

to increase intracellular H2O2. Akt1 and Akt2 phosphorylation at Thr308/9 increased 

following treatment with exogenous H2O2, corresponding with an increase of GSKα/β 

phosphorylation in kinase assays and reports of oxidation activating Akt through Thr308/9 

phosphorylation. However, treatment of cells with 3-AT led to isoform-specific inactivation 

of Akt2 via oxidation without altering phosphorylation of any Akt isoforms. When incubated 

with ROS scavengers N-acetyl cysteine or PEG-catalase, this decrease in activity was not 

observed.  
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A redox-resistant mutant of Akt2 was made in which the unique residue C124 was 

mutated to serine (C124S). Wild-type (WT) and C124S Akt2 immunoprecipitated from 

NIH3T3 cells exposed to H2O2 resulted in a significant reduction in WT activity relative to 

redox-resistant Akt2. The catalytic activity of immunoprecipitated Akt2 from PDGF-

stimulated cells was determined in the absence and presence of TCEP in order to quantify 

the inhibition of Akt2 kinase activity by oxidation. After accounting for non-PDGF induced 

oxidation, it was found that PDGF-mediated Akt2 oxidation is about 45% of the total active 

Akt2. These data suggest that activity of Akt2 is contingent upon oxidation and 

phosphorylation status simultaneously leading to a model of Akt2 signaling shown in Figure 

2. In this model Akt2 is activated by insulin binding to the insulin receptor. This leads to the 

activation of metabolic pathways, increased glucose uptake through glucose transporter 

translocation, and ultimately increased intracellular ROS leaked from the mitochondria. 

Additionally, the activation of the insulin receptor leads to the activation of NADPH-oxidase 

(NOX) and the production of extracellular ROS. The combination of intracellular and 

extracellular ROS act to inhibit Akt2 activity through oxidation. The relative effects of 

inhibitory ROS and activating phosphorylation determine the activity of Akt2 and the 

phosphorylation of Akt2 targets.  
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Figure 2. Model of Akt2 Regulation in the Context of Breast Cancer and Diabetes.
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ROS and Akt2 in Breast Cancer 

Given that Akt modulates many characteristics of cancer including proliferation, 

survival, metabolism, growth, invasiveness, and angiogenesis, it is not surprising that it is 

one of the most frequently upregulated proteins in cancer. Aberrant activation of Akt 

occurs by multiple mechanisms such as amplification, overexpression, mutations, and 

modifications to upstream regulators. Evidence for disregulation of specific Akt isoforms in 

the literature suggests that there may be Akt isoform specificity to cancer cell progression. 

 

Akt2 is found abundantly in breast tissue and increased expression in breast cancer 

tumors is associated with increased metastasis and poorer prognosis. In general, it is known 

that Akt activity promotes migration in normal cells through the phosphorylation of many 

cytoskeletal proteins. Aberrant activation of the Akt pathway is known to enhance 

migration and invasion in cancer. Akt isoforms are thought to contribute differently to these 

properties. Akt1 can inhibit migration via ERK phosphorylation, while Akt2 signaling 

contributes to invasive migration and tumor metastasis. Akt2 may enhance cancer cell 

migration partially through β1 integrin. Isoform specific regulation of Akt2 by ROS may 

provide another layer by which migration and invasion are disregulated in breast cancer. 

IQGAP, a cytoskeletal interacting protein, is reported to bind to the target of rapamycin 

complex 1 (mTORC1), an upstream activator of Akt. Subcellular localization of Akt2 may also 

influence the role of the protein in breast cancer progression. Breast cancer patients with 

greater nuclear Akt2 localization and phosphorylation have a longer time to progression 

compared to those with weaker nuclear localization of Akt2 [31]. 
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ROS and Akt2 in Type 2 Diabetes 

 T2DM is primarily the result of obesity. It has been established that T2DM is 

associated with chronic low-level inflammation and that this inflammation is associated 

with an increase in ROS [32-34]. Obesity-associated ROS are essential to T2DM progression 

[33-36]. Akt2 is widely known as a central regulator of glucose uptake and metabolism. Key 

components of the glucose uptake system including Akt2, PTEN, and GLUT4 have been 

found to be redox regulated. Sequence alignments of GLUT4 and GLUT3, a glucose 

transporter isoform upregulated in many breast cancers, show a conservation of oxidized 

sites, suggesting that GLUT3 may also be redox regulated. Excesses in glucose uptake can 

result in ROS production. Given these data, the increased levels of ROS in diabetic and 

obese patients may contribute to insulin resistance by inhibiting Akt2 through redox 

mechanisms. 

 

Links Between Obesity, Type 2 Diabetes and Breast Cancer 

  T2DM patients have a 20% increased risk of breast cancer. Those patients with 

T2DM have a 23% increased risk for breast cancer and a 38% increased cancer-specific 

mortality risk. Risk of metastasis has been shown to increase 128% for patients with ER-

negative breast cancer and T2DM relative to non-diabetics. ROS are believed to underlie 

part of the increased risks. Furthermore, breast cancer patients with high circulating fasting 

insulin concentration have a 100% increased risk of recurrence compared to patients with 

low circulating insulin. Give these data, Akt2 may also play a role in the intersection of 

breast cancer and diabetes and perhaps more so in obesity associated-T2DM. 
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Materials and Methods 

Cell Culture 

MCF10A cells were cultured in complete medium of DMEM/F12 containing 5 % 

horse serum, 20 ng/mL Epidermal Growth Factor (EGF), 0.5 mg/mL hydrocortisone, 100 

ng/mL cholera toxin, 10 μg/mL insulin, and 1 % penicillin/streptomycin. MCF10AT, MCF10 

DCIS.com, and MCF10CA Ia cells were grown in complete medium of DMEM/F12 containing 

10 % fetal bovine serum (FBS) and 1 % penicillin/streptomycin. Cells were incubated at 37 °C 

in 5 % CO2. 

 

Escherichia coli Transformation 

 Plasmid DNA was transfected into One-Shot TOP10 chemically competent E. coli 

cells from Invitrogen. Plasmid DNA was added to cells removed from -80 °C and incubated 

on ice from 5 minutes. Cells were then incubated for 45 seconds at 42 °C without shaking 

then transferred to ice for 2 minutes. Room temperature Super Optimal broth with 

Catabolite repression (SOC medium, 250 μL) or lysogeny broth (LB medium, 250 μL) was 

added to cells. Cells were incubated for 1 hour at 37 °C for one hour without shaking, then 

again for 1 hour with shaking. Cells were then spread on plates with desired selective 

antibiotics pre-warmed to 37 °C and allowed to grow overnight. Plates were checked the 

following day for colonies. Colonies containing the desired plasmids were prepared for 

desired usage by Qiagen Miniprep or Maxiprep depending on downstream application. 
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Site-Directed Mutagenesis 

Primers for site directed mutagenesis were generated using a web primer design 

program by agilent (http://www.genomics.agilent.com/primerDesignProgram.jsp). The 

primers used for site-directed mutagenesis are as follows; S474D Forward (5’-TCC CCC AGT 

TCG ACT ACT CGG CCA G3-3’), S474 Reverse (5’-CTG GCC GAG TAG TCG AAC TGG GGG A-3’), 

T309 Forward (5’-GCC ACC ATG AAA GAC TTC AGC GGG ACC-3’), and T309 Reverse (5’-GGT 

CCC GCT GAA GTC TTT CAT GGT GGC-3’). Site-directed mutagenesis was conducted by PCR 

using these primers on plasmids containing wild-type (WT) Akt2 or Akt2 with all cysteines 

mutated to serine (CS) (OriGene RC217733 and Blue Heron Bio DCW0CL respectively). Each 

of these is also tagged with a Myc-tag in a pCMV6 vector containing a kanamycin/neomycin 

resistance gene for prokaryotic and eukaryotic selection or GFP-tag in pCMV6 pcDNA 6.2/C-

EmGFP/YFP TOPO vector with ampicillin and blasticidin-resistance genes for selection.   

 

Generation of Akt2 KO Cells: CRISPR/Cas9 KO Plasmid and HDR Plasmid Transfection 

 CRISPR/Cas9 Akt2 KO plasmids and HDR plasmids were purchased from Santa Cruz 

Biotechnology (sc-400060, sc-400060-HDR) and used according to the manufacturer 

protocol with the following conditions. In a 6-well tissue culture plate, 2 x 105 cells were 

seeded in 3 mL of antibiotic-free standard growth medium per well, 24 hours prior to 

transfection and grown to a 40–80% confluency. For each transfection, 1 μg of each plasmid 

was diluted into 150 μL of Plasmid Transfection Medium (sc-108062) and let stand for 5 

minutes. 5 μL of UltraCruz Transfection Reagent (sc-395739) was diluted into 150 μL of 

plasmid transfection medium and let stand for 5 minutes. The plasmid DNA solution was 
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added dropwise directly to the diluted transfection reagent using a pipette. The solution 

was vortexed and incubated for 30 minutes at room temperature. The 300 μL of plasmid 

DNA and transfection reagent solution was added dropwise to the well and mixed by gentle 

swirling. Cells were incubated for 48 hours before selection with 1 μg/mL puromycin for 4 

days before confirmation by western blot isolation of single cell colonies. 

 

Akt Mutant Construct Transfection 

 Akt2 KO cells were seeded onto 6-well tissue culture plates at 2.0 x 105 cells/well 24 

hours prior to transfection and grown to 40-80% confluency. For each transfection, 1 μg of 

plasmid DNA was diluted into 150 μL of Plasmid Transfection Medium (sc-108062) and let 

stand for 5 minutes. UltraCruz Transfection Reagent (sc-395739, 5 μL) was diluted into 150 

μL of plasmid transfection medium and let stand for 5 minutes. The plasmid DNA solution 

was added dropwise directly to the diluted transfection reagent using a pipette. The 

solution was vortexed and incubated for 30 minutes at room temperature. The 300 μL of 

plasmid DNA and transfection reagent solution was added dropwise to the well and mixed 

by gentle swirling. Cells were incubated for 48 hours before selection with 1 μg/mL G418 for 

4 days before confirmation by western blot isolation of single cell colonies. 

 

Isolation of Single Cell Colonies 

 Cells were seeded onto 10 cm tissue culture plates at 10-50 cells/plate. Cells were 

then grown until colonies with a diameter of approximately 3 mm formed. Individual 

colonies were isolated by sealing plastic rings over the colony and trypsinizing the colony 
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within the ring. The detached colonies were expanded on 24-well and 10 cm cell culture 

plates and Akt2 status was verified by Western blot. 

 

Conjugating Antibodies to Protein A-Sepharose Beads 

 Isoform-specific Akt2 antibody (Cell Signaling 3063S) was conjugated to protein A 

Sepharose beads using a laboratory protocol. Briefly, 50 μL antibody was incubated with 

protein A-Sepharose beads (Life Technologies) on a nutator for 2 h at room temperature. 

After incubation the beads were sedimented at 2,000 rpm for 2 min, and the supernatant 

was discarded. The beads were washed twice with 1 mL sodium borate solution (0.2 M, pH 

9.0) and then incubated with 1 mL freshly prepared dimethyl pimelimidate solution (5 

mg/mL) on a nutator for 25 min at room temperature. After incubation, the beads were 

washed twice with 1 mL monoethanolamine solution (0.2 M, pH 8.0) and twice with 1× PBS 

(phosphate buffer saline). Finally, the beads were resuspended in 200 μL sterile PBS and 

stored at 4 °C. Cross-linked slurry (10–20 μL) was typically added to 100 μg cell lysates for 

immunoprecipitation in all experiments. 

 

Kinase Assay using Immunoprecipitated Akt2 Protein  

Cells were grown in their respective media and lyzed at 80% confluency with 

modified RIPA buffer (20 mM Tris-HCL pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 

200 U/mL catalase, 1 tablet/15.0 mL buffer phosSTOP (Roche), 1 tablet/15.0 mL buffer 

cOmplete ULTRA, EDTA free (Roche)). After Akt2 immunoprecipitation the beads were 

washed twice with 1× modified RIPA lysis buffer and twice with freshly prepared 1× kinase 
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buffer lacking DTT (25 mM Tris-HCL pH 7.4, 10 mM MgCl2, 1 tablet/15.0 mL buffer 

phosSTOP (Roche)), a kinase assay was performed with GSK-3α/β (1 μg, GST-linked) 

substrate in presence of 0.4 mM each ATP and MgCl2 at 30 °C for 30 min. For experiments 

that involved comparison of reaction kinetics under native and reducing conditions, tris(2-

carboxyethyl)phosphine (TCEP; 1 mM) was added to the reaction mixture before addition of 

GSK-3α/β substrate. The resultant reaction mixture was separated on SDS-PAGE gels, 

transferred to nitrocellulose membrane, and probed for pGSK-3α/β(Ser9/12), pAktT308/9, 

GST, and Akt2 proteins (Cell Signaling 9336S, 2625S, 9275, and 3063S, respectively). Band 

strength quantified using densitometry in ImageJ. pAkt and pGSK were normalized to Akt2 

and GST bands respectively. 

 

IncuCyte Scratch  Assay 

 Cells were seed onto a 96-well flat bottom tissue culture plate and allowed to grow 

to 100% confluence. Scratches were then made using a WoundMaker (Essen) according to 

the manufacturer protocol. Plates were placed into an IncuCyte ZOOM system and images 

taken every two hours. Wound repair was measured using IncuCyte Zoom 2016A software. 

 

IncuCyte Cell Proliferation Assay 

 Cells were seeded onto 24-well flat bottom tissue culture plates at 2.0 x 104 

cells/well and grown to approximately 10-20% confluence. The cell plate was placed into a 

IncuCyte ZOOM system at least 30 minutes prior to first scanning. Plates were scanned at 

10x objective using the phase contrast channel every two hours until cells reached 
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confluency. Cell confluence was measured at each time point using IncuCyte Zoom 2016A 

software. Data were plotted and doubling time was calculated by fitting the data to an 

exponential growth equation in SigmaPlot 12.0.  

 

Glucose Uptake Assay 

Cells were pre-seeded in 6-well plates to desired confluence at least 24 hours in 

advance of assay. Media was aspirated, and cells were washed two times with warm PBS 

buffer. Cells were incubated with reaction buffer containing 1 mM non-radioactive deoxy-D 

glucose and 1 μCi 2-[1,2 - 3H]-deoxy-D-glucose in PBS or negative control reaction buffer 

containing reaction buffer supplemented with 20 μM cytochalasin B for indicated reaction 

times 2-30 minutes. Reaction buffer was aspirated, and cells were lysed in 0.5 mL lysis 

solution containing 0.2 M NaOH in H2O agitated for 1 hour at room temperature. Lysis 

solution (0.4 mL) containing lysed cells was added to 4 mL scintillation fluid and assayed 

using a scintillation counter. Protein concentration of the remaining lysates was assayed 

using bicinchoninic acid assay (BCA assay). Radioactivity was normalized to protein 

concentration. Activity of the negative control was subtracted from experimental samples. 

 

Subcellular Fractionation 

 Cells were grown on 10 cm plates to approximately 80% confluency. Cells were 

treated as specified then detached using 0.25% Trypsin-EDTA solution and collected by 

centrifugation for 5 minutes at 300 x g at room temperature. Subcellular fractionation was 

performed using the Cell Fractionation Kit from Abcam (ab109719) following the 
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manufacturer protocol. Subcellular cytosolic, mitochondrial, and nuclear fractions were 

analyzed by Western blot. Membranes were probed for pAktT308/9, Akt2, α-tubulin, and 

VDAC (Cell Signaling 2625S, 3063S, 3873, and 4866, respectively). 

 

Global Protein and Akt2 Sulfenylation 

 Cells were lysed in modified RIPA buffer as described above containing 1 mM BP1 

and 200 U/mL catalase and incubated on ice for 30 min. Iodoacetamide was then added to a 

concentration of 20 mM to lysates and incubated for 30 minutes on ice. Lysates were 

cleared by centrifugation and protein was precipitated in 4-5 volumes cold acetone. The 

resulting pellet was resuspended in 1% SDS and the concentration of the resulting solution 

assayed by BCA assay. Lysates were then assayed by Western blot directly for total protein 

labeling using an anti-biotin antibody (Cell Signaling 7075S). Protein blots were stained 

using the Pierce Reversible Protein Stain Kit (Thermo 24580). Blots were quantified by 

dividing anti-biotin intensity by protein stain intensity.  

For immunoprecipitation of Akt2, 100 μg of lysate was incubated overnight with 10 

μL Akt2-crosslinked protein A sepharose bead slurry. Beads were washed 3x with lysis 

buffer. Bound protein was eluted from beads by boiling in sample buffer. Samples were 

assayed by Western blot and probed for biotin and Akt2 (Cell Signaling 7075S, 3063S). Blots 

were quantified by dividing biotin intensity by Akt2 intensity.  
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Statistics 

 Statistical analysis was performed using Excel or SigmaPlot 12.0. Data is presented as 

mean +/- standard error of the mean (SEM). One-way analysis of variance (ANOVA) was 

used to compare differences between cell lines. 

  



24 
 

Results 

In order to monitor the role of Akt2 redox-regulation in breast cancer, a previously 

established tissue culture model of breast cancer progression derived from MCF10A was 

used. In this model, MCF10A was transformed by transfecting a T24 c-Ha-ras oncogene. 

These transformed cells, called MCF10AT, form small nodules in nude/beige mice that 

persist for at least 1 year and sporadically progress to form carcinomas 0. To model ductal 

carcinoma in situ (DCIS), a third cell line called MCF10 DCIS.com was created by clonal 

selection from a xenograft lesion obtained after two passages of a lesion formed by 

premalignant MCF10AT cells [37]. Finally, through clonal selection after iterative isolation of 

MCF10AT lesions, a fully malignant fourth cell line called MCF10CA Ia was created [38-40]. 

This collection of MCF10A derived cell lines will be refered to as the MCF10A progression 

series. To understand Akt2 redox-regulation within this series, baseline properties of Akt, 

ROS, and cancer aggressiveness were evaluated in this model. 

 

Characterization of Baseline MCF10A Progression Series Cell Lines 

Baseline expression and phosphorylation of Akt in the MCF10A progression series 

was measured by Western blot (Figure 3). In order to assay the cells under similar media 

conditions, experiments were conducted under 1 hour serum and growth factor starvation. 

Akt2 expression increased from MCF10A cells to MCF10AT cells but decreased in further 

progressed cells MCF10 DCIS.com and MCF10CA Ia. General Akt phosphorylation at T308 

was not detected in MCF10A cell lines (antibody selective for Akt2 T308 phosphorylation is 

available but we found to be non-selective). Despite decreasing Akt2 expression in MCF10 
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DCIS.com and further in MCF10CA Ia, general Akt phosphorylation at T308 remained 

constant across transformed cell lines. This suggests that while Akt2 expression may be 

lower in these advanced cells, total activation of the Akt pathway may be higher or 

compensated for by overexpression and activation of other Akt isoforms. 

 

 

 

 

Figure 3. Baseline Expression and Phosphorylation of Akt in the MCF10A Progression Series 

(n = 1) 
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To assess subcellular localization of Akt2 within the MCF10 progression series, cell 

fractionation was performed on MCF10 progression series cell lines under similar 1 hour 

serum starvation (Figure 4). Akt2 as well as general Akt T308 phosphorylation was primarily 

detected in the cytosolic fraction of all transformed cell lines with little to no detection in 

either mitochondrial or nuclear fractions. No protein was detected for Akt2, pAkt, or loading 

controls in the MCF10A cells indicating an error in the processing of those samples. 

 

 

Figure 4. Subcellular Localization of Akt in the MCF10A Progression Series. C: cytosol, M: 

mitochondria, N: nucleus (n = 1). 
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General protein oxidation within the MCF10A progression series was measured by lysing 

serum starved cells in lysis buffer containing the biotin-labeled protein sulfenylation probe 

BP1 [41] and the H2O2 scavenger protein catalase (Figure 5a). It was found that BP1 labeling 

of protein lysates increased in more advanced cells of the progression series, indicating an 

increase in general protein sulfenylation and potential increase in general H2O2 or other 

ROS. In order to assess the general oxidation of Akt2 within the MCF10 progression series, 

immunoprecipitated Akt2 from BP1 labeled lysates was assayed by Western blot (Figure 

5b). BP1 labeling of Akt2 increased in more advanced cells of the progression model with 

Akt2 labeling in MCF10CA Ia cells being 17-fold higher than Akt2 labeling in MCF10A. Thus, 

Akt2 protein oxidation mirrors the trend in general protein oxidation and the results are 

consistent with the literature showing increased levels of ROS in cancer as compared to 

normal cells as well as mild levels of oxidative stress activating pathways associated with 

proliferation, migration, and invasion [42-44]. Ongoing studies in our group show 

mitochondria respiration as the primary source of these ROS (data not shown). The baseline 

proliferation rates of the MCF10A progression series were also monitored using IncuCyte 

proliferation assay. As expected, proliferation rates increased from MCF10A to the more 

aggressive cancer cells in the series (Figure 6). Consistent with these results, the glucose 

uptake measured using 3H-glucose uptake assay also increased within the progression series 

being approximately 3 times greater in MCF10CA1a cells as compared to MCF10A cells 

(Data produced by Tom Forshaw, Figure 7).  
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Figure 5. BP1 Labeling of Protein Lysates from the MCF10A Progression Series. BP1 labeling 

of a) whole cell lysates (n = 3) and b) immunoprecipitated Akt2 (n = 3) from the MCF10A 

progression series. 
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Figure 6. MCF10A Progression Series Proliferation. (n = 3)  
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Figure 7. MCF10A Progression Series Glucose Uptake (biological n = 1, technical replicates 

n=2) 
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Modification of Akt2 Status in the MCF10A Progression Series 

To investigate the role of Akt2 redox regulation, a panel of plasmids containing a 

variety of Akt2 mutations was created (Figure 8). In order to confer resistance to redox-

regulation, all cysteines in wild-type (WT) Akt2 were mutated into serines (CS). WT and CS 

Akt mutants were inserted into plasmids containing a myc tag to facilitate 

immunoprecipitation (WTM – wild-type myc-tagged Akt2 and CSM – all cysteine-to-serine 

mutated myc-tagged Akt2) or GFP to facilitate confocal microscopy (WTG – wild-type GFP-

tagged Akt2 and CSG – all cysteine-to-serine mutated GFP-tagged Akt2). Since CS mutation 

may change the regulation of Akt2, specifically its phosphorylation, additional 

phosphomimetic constructs were produced. Each of the previously mentioned Akt2 

mutants were altered with a combination of T309D and S474D phosphomimetic mutations 

of the primary regulatory phosphorylation sites on Akt2. 

 

Figure 8. Site-directed Mutagenesis of Akt2 to Generate Redox Resistant Constructs 
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Akt2-modification of the MCF10A Progression Series 

In order to evaluate the effect of Akt2 on cells of the progression series, endogenous 

expression of WT Akt2 in each of the cell lines in the MCF10A progression series was 

knocked out using CRISPR-Cas9  (Figure 9) and Akt2 KO cells were selected using puromycin 

as described in Materials and Methods.  

 

 

Figure 9.  Akt2 expression in Akt2-modified MCF10A Progression Series 
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Figure 10.  General Protein Oxidation in the MCF10A Akt2-modified progression series (n = 

3) 
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did not alter the general sulfenylation of proteins in the progression series (Figure 10). To 

evaluate the effect of Akt2 modification on cell proliferation, the progression series cell 

lines and their Akt2 modified derivatives were monitored by IncuCyte (Figure 11). The Akt2 

status of cells within each of the cell lines did not have a significant effect on proliferation 

rates in the MCF10A series. Cell migration was measured by IncuCyte scratch assay as 

described in Materials and Methods. Akt2 status appeared to have little effect on MCF10 

DCIS.com migration (Figure 12). However, KO of Akt2 in MCF10A increased cell migration 

while redox-resistant Akt2 decreased migration in these cells. In all, these preliminary data 

provide a foundation for future investigations into the role of Akt2 in these cells. 
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Figure 11. Cell Proliferation in the MCF10A Akt2-modified progression series. (n = 3) 
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Figure 12. Cell Migration in the MCF10A. (n = 1)  
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Discussion 

 The breast cell lines used in the studies presented here are known to exhibit 

increasingly aggressive phenotypes from MCF10A to MCF10CA Ia. Because of this and 

literature supporting the role of Akt2 in promoting breast cancer metastasis it was 

hypothesized that overall Akt2 would be more highly expressed or phosphorylated at a 

higher rate in more advanced cell lines of the progression series. This would lead to higher 

Akt2 kinase activity. However, ROS levels within these cells would also be expected to be 

higher. The higher levels of ROS would result in greater Akt2 oxidation and therefore a 

reduction in Akt2 kinase activity. The tension between these forces of increased activation 

through increased expression or phosphorylation and inhibition by ROS would resolve in a 

way to promote Akt2 activity overall in more aggressive cells of the progression model. An 

overall increase in general Akt kinase activity would manifest as increased aggressiveness in 

the form of migration and invasion in vitro while the increase in Akt2 activity would have a 

minimal effect on the proliferation rate of these cells.  Modification of the Akt2 status was 

expected to change the migration and invasion characteristics of these cells while leaving 

proliferation relatively unchanged. More specifically, knockout of endogenous Akt2 would 

result in decreased migration and invasion across all base cell lines of the progression 

model. Cells transfected with the oxidation resistant Akt2 would be expected to have 

increased migration and invasion compared to those transfected with the wild-type Akt2 

construct due to increased kinase activity from resistance to redox-regulation. Some 

aspects of this hypothesis have been supported by the data presented here while others are 
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not. Using the tools produced for these studies, further investigations may reveal more 

about the role of Akt2 and specifically Akt2 redox-regulation in breast cancer.  

The preliminary nature of the data presented here make interpretation difficult. 

However, analysis of the current data suggests some avenues for further investigation. 

Consistent with the hypothesis that increased aggressiveness would be associated with 

increased Akt2 activation, the relative phosphorylation of Akt2 appeared to increase in 

more advanced cells. Upregulation of Akt phosphorylation found in the transformed cell 

lines was expected since these cell lines were created by transfection with the c-Ha-ras 

oncogene.  As a G-protein, c-Ha-ras is upstream of Akt in the Akt activation pathway. 

Transformation with c-Ha-ras would be expected to increase general Akt translocation to 

the membrane and hence general Akt activation. However, after an initial increase in Akt2 

expression from MCF10A to MCF10AT, Akt2 expression appeared to decrease in more 

advanced cell lines of the model from MCF10AT to MCF10 DCIS.com to MCF10CA Ia. This 

unexpected finding needs to be confirmed with biological replicates, but indicates the need 

for activity assays of Akt2 to evaluate whether this apparent decrease in expression can be 

compensated for by increases in activation of Akt2 via phosphorylation. Additionally, targets 

of Akt2 kinase activity should be evaluated in these cells in order to study the ultimate 

effect of Akt2 expression, phosphorylation, and oxidation status on downstream 

phosphorylation within these cells. 

Anticipated increases in more advanced cell lines of both general protein and Akt2 

oxidation were confirmed. Many studies report general increases in ROS levels in aggressive 

tumors of various tissue origin [44-46]. These increases may be due to increases in 
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metabolic rate of these cells, supported by the increase in mitochondrial H2O2 (preliminary 

data, not shown). The increased level of Akt2 oxidation would be expected to result in 

decreased kinase activity relative to fully reduced Akt2, once again highlighting the need to 

understand the activity of Akt2 within these cells in order to understand the effect on the 

respective cellular phenotype. Unexpectedly, ROS levels within the cytosol appeared to 

decrease while ROS levels in mitochondria increased in the more advanced cell lines of the 

MCF10A progression model (preliminary data, not shown). Since Akt2 was found primarily 

in the cytosolic fraction of these cells and ROS levels within the cytosol are lower in more 

advanced cells of the progression series, one might expect Akt2 in these more aggressive 

cells to be more reduced instead of oxidized. In the same time, a more reduced and thus 

more active Akt2 would be consistent with increase glucose uptake profile.  

If the reduction of cytosolic ROS proves true, the data suggest a mechanism by 

which breast cancer cells protect against ROS-mediated inactivation of Akt2 kinase activity. 

Increased glucose consumption may lead to increased ROS production by the mitochondria. 

In normal cells these ROS would act to inhibit Akt kinase activity, thereby decreasing 

glucose uptake by inhibiting glucose transporter membrane localization, inhibiting proteins 

involved in glucose metabolism, or downregulating expression of glucose transport proteins 

in addition to altering other processes regulated by Akt2 kinase activity. By downregulating 

the levels of ROS in the cytosol, cancer cells may bypass this feedback mechanism, acting to 

maintain high levels of glucose consumption needed for cancer cell metabolism.  This may 

especially be the case in cancer cells with already disregulated activation of the Akt 

pathway. As previously reported, treatment of cells with exogenous H2O2 may lead to 
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activation of Akt by phosphorylation of T308/9. In cancer cells with disregulated Akt 

activation, increased ROS may have no effect on phosphorylation already due to pathway 

disregulation. Therefore, cancer cells with this property may further increase the activity of 

Akt2 by downregulating ROS in the cytosol. 

Glucose uptake increased in more advanced cells of the progression series. 

Increased glucose uptake and subsequent metabolism may play a role in overall protein and 

Akt2 oxidation. However, it was found that the status of Akt2 did not affect the overall level 

of protein oxidation. This suggests either Akt2-independent regulation of glucose uptake or 

that Akt2-dependent glucose uptake does not significantly contribute to ROS levels in these 

cells. If Akt2 activation and expression were to hypothetically upregulate the metabolic rate 

or glucose uptake of these cells, overall ROS production would be expected to decrease 

with Akt2 KO and increase with Akt2 redox-resistance. In order to see if Akt2 does not alter 

glucose uptake in these cells, or that changes in glucose uptake do not significantly alter the 

ROS production of the mitochondria within these cells with altered Akt2 status, glucose 

uptake assays of the Akt2 modified cell lines need to be conducted. Also, these experiments 

should be coupled with measurements of the antioxidant capacity of cells (e.g., expression 

and activity of antioxidant proteins).  

The full impact of Akt2 redox regulation on the MCF10A progression series has yet to 

be fully evaluated. However, preliminary results suggest that, as expected, the proliferation 

rate of more aggressive cell lines in the series was greater than in MCF10A. Akt2 KO or Akt2 

redox-resistant mutants did not appear to significantly alter the proliferation rate of cell 

lines within the progression series.  This is consistent with some evidence in the literature 
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that suggests that Akt2 has minimal impact on the regulation of proliferation in breast 

cancer [47]. The levels of Akt1 expression may be enough to sustain proliferation in the 

absence of Akt2. Preliminary data suggest that modification of the Akt2 status of these cells 

may impact migration. However, contrary to expectations, in MCF10A, KO of Akt2 appeared 

to increase migration of those cells. Additionally, Akt2 redox resistant mutants appeared to 

have little effect in MCF10 DCIS.com cells. The role of Akt2 on cell migration appears to be 

context dependent based on the literature [47-49]. In contrast, in NIH3T3 cells, decreased 

Akt2 expression was associated with decreased migration [48]. Expression of redox-

resistant and hypothetically more active Akt2 in these cells resulted in a reduction of cell 

migration. The context dependence of the impact of Akt2 on cell migration may manifest 

itself not just between breast cancer cells and other cell types but also within breast cancer 

progression. Future studies must look at the impact of cellular context on the role of Akt2 

and Akt2 redox-regulation in not just migration but also invasion. 

These studies provide a foundation for further investigations into the role of Akt2 

redox regulation on breast cancer progression.  Key to interpreting these findings and the 

role of Akt2 redox-regulation overall in these cells is the kinase activity assay. Assessments 

of the phosphorylation of downstream proteins of Akt2 may elucidate the mechanisms by 

which Akt2 influences cell migration and invasion in these cells. Modification of the redox 

state of the cells would elucidate the role of ROS and Akt2 redox regulation in influencing 

the phenotype.  In addition to the foundational preliminary data presented here, the tools 

created for this project will assist further investigations. The Akt2 mutant constructs will 

allow targeted investigation of the effects of redox-regulation of Akt2. Additionally, the 
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phosphomimetic mutant constructs will allow future work to decouple the possible effects 

of Akt2 redox-resistance from Akt2 phosphorylation. Finally, these mutant constructs 

coupled with the CRISPR mediated knockout of Akt2 in the MCF10A progression series will 

allow for experiments investigating the role of Akt2 in breast cancer progression.  
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