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ABSTRACT 

INHIBITION OF AKT-1 FOR THE TREATMENT OF HUMAN NON-SMALL CELL 

LUNG CANCER 

Paige Chorner                                                                                                                    Advisor: 
University of Guelph, 2017                                                                         Dr. Roger Moorehead 

 AKT is a serine-threonine kinase implicated in tumorigenesis as a central regulator of 

cellular growth, proliferation, survival, and metabolism. Activated AKT is overexpressed in 

50-70% of non-small cell lung cancer (NSCLC) tumors and AKT inhibitors are currently under 

clinical investigation for the treatment of human NSCLC. However, these agents broadly target 

all three AKT isoforms and recent evidence suggests opposing roles in lung tumorigenesis where 

loss of Akt1 inhibits while the loss of Akt2 enhances tumor development in a transgenic mouse 

model. Based on these findings, we hypothesized that preferential inhibition of AKT-1 would 

warrant a more effective therapeutic strategy for NSCLC. Dose escalation studies revealed that 

an AKT-1 inhibitor A-674563 is significantly more effective at reducing NSCLC cell survival 

relative to a pan-AKT inhibitor MK-2206. Comparison of the downstream effects of the 

inhibitors suggests that altered cell cycle progression, isoform compensation, p-AKT-1 

subcellular localization, and off-target CDK2 inhibition are likely vital to the improved efficacy 

of A-674563 over MK-2206. 
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INTRODUCTION 

 Lung cancer is the leading cause of cancer-associated mortality accounting for 

approximately 27% of all cancer death (Siegel et al. 2015). It is the third most commonly 

diagnosed cancer and has a devastatingly low 5-year survival rate of only 16% (Wao et al. 2013).  

Surgical resection is currently the most successful curative treatment option but approximately 

70% of lung cancer patients present with locally advanced or metastatic disease at the time of 

diagnosis (Wao et al. 2013). For those with advanced NSCLC, the gold-standard is a platinum-

based doublet therapy, however, only 30% of these patients respond to the chemotherapy due to 

intrinsic or acquired resistance (Cimino et al. 2013). As a result, the median overall survival for 

advanced NSCLC patients is only a year with 3.5% of these patients surviving five years after 

their initial diagnosis (Sandler et al. 2006). Accordingly, lung cancer research has shifted to focus 

on the identification of driver mutations to use as new molecular targets for therapy. AKT, a 

serine/threonine kinase is an ideal candidate for lung cancer treatment. It’s hyper-activated in 

50-70% of NSCLC tumors and is a central regulator of cellular growth, proliferation, 

metabolism, and survival (Yip 2015). Currently, a pan-AKT inhibitor MK-2206 is under clinical 

investigation for the treatment of advanced human NSCLC in combination with an epidermal 

growth factor receptor (EGFR) tyrosine kinase inhibitor (TKI). AZD5363, another pan-AKT 

inhibitor is in an ongoing phase II clinical trial on NSCLC patients that have been stratified into 

biomarker cohorts for targeted drug response. Nevertheless, these inhibitors target all 3 isoforms 

of AKT and recent evidence suggests that the isoforms play opposing roles in lung 

tumorigenesis. Transgenic mouse models of lung cancer have demonstrated that Akt1 ablation 

delays and inhibits while Akt2 ablation accelerates and promotes tumorigenesis (Linnerth-Petrik 
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et al. 2014; Franks et al. 2016). Therefore, we believe that selective inhibition against AKT-1 

would warrant a more effective therapeutic strategy for the reduction of tumor burden in NSCLC 

patients compared to the current clinical approach of broad-AKT inhibition.  

!2



LITERATURE REVIEW  

Incidence, Epidemiology, and Prognosis 
 Lung cancer is the leading cause of cancer-associated mortality (Siegel et al, 2016) 

accounting for 1.6 million deaths per year with an anticipated increase to 3 million by 2035 

(Didkowska et al. 2016). It is one of the most frequently diagnosed cancers with approximately 

224,390 new cases diagnosed per year in the United States alone (Siegal et al. 2016). Overall, 

men have a 1 in 14 and women a 1 in 17 chance of developing lung cancer during their lifetime 

(Siegal et al. 2016). But despite its high prevalence, little improvement has been observed in the 

5-year survival rate increasing from only 12% to 16% over the past 40 years (Siegal et al. 2016). 

This is largely attributed to the lack of public engagement and the social stigma surrounding lung 

cancer (Weiss et al. 2014). As a result, the quantity and quality of lung cancer research is not held 

to the same standard as other carcinomas, most unfairly impacting the 10-15% of lung cancer 

patients that are never smokers (Samet et al. 2009).  

 The majority of lung cancer deaths occur in less developed countries but the mortality 

rates are ~1.5x higher in developed countries (Didkowska et al. 2016). For men, the world-wide 

incidence rate is 33.8 cases per 100,000 people with the highest incidence rates in North 

America, East-Asia, Central-Eastern, and Southern Europe with the lowest rates in Africa, 

Central America, South America, and South-Central Asia (Jemal et al. 2010; Ridge et al. 2013; 

Islami et al. 2015). For women, the world-wide incidence rate is 13.5 cases per 100,000 people 

with the highest rates in North America and Northern Europe and the lowest in Africa, South-

Central Asia, and Latin America (Ridge et al. 2013; Islami et al. 2015). In addition to a lower 
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incidence rate, women also have a higher 5-year survival rate of 19% compared to 14% for men 

(Howlader et al. 2016). 

 The survival rate of an individual is highly dependent on the stage of lung cancer at the 

time of diagnosis. Patients lucky enough to be diagnosed with localized cancer have a 5-year 

survival rate of 55%, which decreases to 28% for regional, and 4% for distant cancer (Howlader 

et al. 2016). Unfortunately, the majority of patients present with locally advanced or metastatic 

disease at the time of diagnosis since early stage lung cancer often remains asymptomatic (Ellis 

and Vandermeer 2011). Once symptoms are present, they mirror the signs of other respiratory 

conditions further attenuating a delay in diagnosis (Ellis and Vandermeer 2011; Hammerschmidt 

and Wirtz 2009). As a result, 70% of lung cancer patients are diagnosed with late-stage cancer 

(Cimino et al. 2013).  

Diagnosis and Treatment  
 Patients that present with lung cancer symptoms including but not limited to coughing, 

chest pain, wheezing, hoarseness, dyspnea, pneumonia, weight loss, fatigue, and fever may 

undergo a diagnostic workup (Hammerschmidt and Wirtz 2009). Diagnostic procedures may also 

be performed on asymptomatic early stage lung cancer patients if abnormal results are reported 

during screening (Rivera et al. 2013). Current screening recommendations include 55-74 year-

olds with at least a 30 pack a year smoking history who still smoke or have quit within the last 15 

years (Lewin at al. 2016). Therefore only a small subset of individuals receive low-dose 

computed tomography (CT) screening that can detect lesions prior to symptom onset.  

 Diagnostic procedures often begin with fibreoptic bronchoscopies, a minimally invasive 

technique used for the diagnosis and staging of lung cancer. They are commonly paired with 
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non-ultrasound guided transbronchial needle aspiration to perform a biopsy on endobronchial 

tumors. Peripheral lesions that cannot be accessed from the bronchial tree require the use of 

transthoracic needle biopsies that are guided by ultrasounds. Positron emission tomography—

computed tomography (PET-CT), magnetic resonance imaging (MRI), or single-photon emission 

computed tomography (SPECT) can also be used to determine if the lesion is malignant and 

assist in staging (The Diagnosis And Treatment Of Lung Cancer (Update) 2011).  

 Following a positive diagnosis, a suitable treatment plan is developed for each individual 

patient. 20-30% of cases are diagnosed at stage I or stage II and surgical resection is the first-line 

treatment option (Cimino et al. 2013). The procedure typically involves a lobectomy but for 

some cases only a wedge or segmental resection (Zappa and Mousa 2016; Parashar et al. 2013).  

In addition to surgery, patients with stage II tumors receive platinum-based adjuvant 

chemotherapy to kill any remaining cancer cells (Hammerschmidt and Wirtz 2009). Similar to 

the early stage cases, the 15-20% of patients with Stage IIIA lung cancer often undergo tumor 

resection followed by adjuvant chemotherapy (Hammerschmidt and Wirtz 2009). Stage IIIB 

patients (10-15%) and stage IV patients (40-50%) are generally only given palliative 

radiochemotherapy treatment (Hammerschmidt and Wirtz 2009). Late-stage lung cancer patients 

are categorized into scores called performance status (PS) that estimate a patients ability to live 

independently. The scale ranges from 0 to 4, with 0 being completely functional and 

asymptomatic and 4 referring to being bedridden. Those with late-stage lung cancer and a PS of 

0-1 receive platinum based-doublet therapy of cisplatin or carboplatin in combination with other 

anti-cancer agents such as antimicrotubule agents, antimetabolite agents, antiangiogenic agents, 

or topoisomerase inhibitors (Zappa and Mousa 2016; Masters et al. 2015). Those with a PS of 2 
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are often given a non-platinum-based monotherapy and patients with a PS of 3 just receive 

palliative care (Zappa and Mousa 2016). Palliative care can include radiotherapy which is also 

commonly used on patients that are not eligible candidates for surgical resection (Zappa and 

Mousa 2016; Parashar et al. 2013).  

 Targeted therapy is now being used clinically in patients with EGFR sensitizing or ALK 

gene rearrangements (Zappa and Mouse 2016; Masters et al. 2015). Advanced NSCLC patients 

with EGFR activating mutations receive an EGFR TKI as a first-line treatment such as gefitinib, 

erlotinib, or afatinib (Thunnissen et al. 2014). ALK-positive advanced NSCLC patients are given 

crizotinib as a first-line treatment (Passaro et al. 2016).  ALK-positive patients that have 

progressed on or could not tolerate crizotinib are given a second-generation ALK inhibitor such 

as certinib, alectinib, or brigatinib (Passaro et al. 2016).   

Types of Lung Cancer 
 Lung cancer is classified into two types; small cell lung cancer (SCLC) accounting for 

15% of cases and non-small cell lung cancer (NSCLC) accounting for 85% (Zappa and Mousa 

2016). NSCLC further divides into three histological subtypes of squamous cell carcinomas, 

adenocarcinomas, and large cell carcinomas. The 5-year survival rates differ between the 

histological subtypes with rates of approximately 34% for squamous cell carcinomas, 20% for 

adenocarcinomas, 16% for large cell carcinomas, and 8% for small cell carcinomas (Campobasso 

et al. 1974). Squamous cell carcinomas make up 25-30% of lung cancer cases (Zappa and Mousa 

2016). They develop from transformed squamous cells in the bronchial tubules, resulting in 

lesion formation in the centre of the lung (Zappa and Mousa 2016). They’re classified based on 

the presence of keratinization, intercellular bridges, and squamous pearl formation (Petersen 
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2011; Davidson et al. 2013). Adenocarcinomas are the most common type of lung cancer 

accounting for 40% of cases (Zappa and Mousa 2016). They arise from type 2 alveolar cells and 

primarily develop as peripheral lesions (Zappa and Mousa 2016). They are characterized based 

on the presence of mucus formation and unique growth patterns such as glandular/acinar growth, 

papillar differentiation, growth along the alveolar septum/bronchioles, cytologic atypia, and 

mucin production (Travis et al. 2004; Petersen 2011). Large cell carcinomas account for 5-10% 

of lung cancer cases, arise from the centre of the lungs (Zappa and Mousa 2016), and are 

partially necrotic (Davidson et al. 2013). They’re classified based on poor differentiation and the 

lack of other NSCLC subtype characteristics (Petersen 2011). Small cell carcinomas are poorly 

differentiated small tumor cells with a diameter of less than 3 small resting lymphocytes 

(Petersen 2011; Travis et al. 2004). They have scant cytoplasms, ill-defined borders, finely 

granular nuclear chromatin, and absent or faint nucleoli (Travis et al. 2004). 

Risk Factors 
Tobacco Smoke 
 Tobacco smoke is the leading risk factor for lung cancer development, substantially 

increasing the risk of all lung cancer subtypes but predominantly squamous cell and SCLC 

(Pikor et al. 2013). It’s the most preventable cause of lung cancer death increasing the risk by 

23x a for males and 13x for females (Schane et al. 2010). A direct correlation was first 

established in 1950 where epidemiological studies revealed a significant association between 

lung cancer and smoking (Wynder et al.1950; Doll and Hill 1950). Overall, approximately 80% 

of all lung cancer patients are smokers (Dela-Cruz et al. 2011) including 90% of squamous cell 

carcinoma, 90% of small cell lung carcinoma, and 50% of adenocarcinoma patients (Yokota et 

al. 2010). In addition, the risk of lung cancer attributable to smoking is 88% overall and 91% for 
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squamous cell carcinomas, 89% for small cell carcinomas, 95% for large cell carcinomas, and 

82% for adenocarcinomas (Barbone et al. 1997). 

 Second-hand smoke is also an established risk factor for lung cancer development. It was 

first identified in 1981 where an epidemiological study revealed that the risk of lung cancer 

development in non-smoking wives was largely dependent on the smoking habits of their 

husbands (Hirayama 1981). Some carcinogens are eliminated from tobacco smoke by inhalation 

from the active smoker but it still retains numerous carcinogens (Witschi et al. 1997). As a result, 

adulthood exposure increases lung cancer risk by 28% (Hori et al. 2016) and childhood exposure 

increases the odds of lung cancer by 2.25 times (Olivo-Marston et al. 2009).  

 Cigarette smoke contains over 4800 compounds, 69 of which are known carcinogens 

(Hoffmann et al. 2001). Among these are polycyclic aromatic hydrocarbons (PAHs), N-

nitrosamines, aromatic amines, aldehydes, phenolic compounds, volatile hydrocarbons, and other 

organic and inorganic compounds (Hecht 2002). The majority of these compounds form 

electrophilic carbocation and epoxide intermediates during their metabolism. These 

intermediates can then react with the nucleophilic sites of deoxyribonucleic acid (DNA) to form 

DNA adducts (Hecht 2012). Under normal physiological conditions, DNA damage is repaired by 

alkyltransferases, nucleotide excision repair, mismatch or double strand repair (Hecht 2006; 

Pfeifer et al. 2002). Excessive DNA damage or inefficient function of DNA repair enzymes can 

result in persistent adducts that cause errors during DNA replication (Hecht 2006; Hecht 2012). 

Smoking-induced mutations are typically G:C to T:A transversions (Le Calvez et al. 2005) and 

when they occur in oncogenes or tumor suppressor genes they result in uncontrolled cellular 

growth and ergo tumorigenesis (Hecht 2012). Common genetic aberrations in smokers include 
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Kras, p53, Braf, Stk11, and Jak2/3 mutations as well as hypermethylation of p16 and Lgals4 

(Pikor et al. 2013).  

 Some components of tobacco smoke such as nicotine and the nitrosamines 4-

(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) and N’- nitrosonornicotine (NNN) bind to 

and activate cellular receptors to promote tumorigenesis (Schuller 2002; Hecht 2011). NNK 

resembles β-adrenergic agonists and binds β-adrenergic receptors on the surface of pulmonary 

epithelial cells (Wen et al. 2011). This goes on to activate numerous signalling cascades 

including protein kinase A (PKA), EGFR, and the PI3K/AKT pathway (Wen et al. 2011). 

Furthermore, nicotine and NNK are able to bind nicotinic acetylcholine receptors (Wen et al. 

2011) resulting in calcium influx, depolarization, and subsequent activation of voltage-gated 

calcium channels (Schuller 2009). This then triggers the release of growth and angiogenic factors 

that activate protein kinase C (PKC), RAF1, and mitogen activated protein kinase (MAPK) to 

promote cellular growth, migration, and inhibit apoptosis (Schuller 2009). Cigarette smoke also 

contains free radicals such as hydrogen peroxide (Nakayama 1984) which phosphorylates and 

activates the EGFR in human airway epithelial cells. This activates downstream molecules such 

as AKT and the extracellular signal regulated kinases (ERK1/2) (Goldkorn and Filosto 2010).  

Radon Exposure 
 Radon exposure is the second most common cause of lung cancer accounting for 10% of 

lung cancer deaths in the United States (Sethi et al. 2012). It is a known carcinogen that 

heightens the risk of all lung cancer subtypes both as an independent factor and synergistically 

with tobacco smoke (Sethi et al. 2012). Radon-222 forms from the decay of uranium-238 which 

occurs naturally within the earth’s crust (Sethi et al. 2012; Al-Zoughool and Krewski 2009). 
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Radon decay products produce high levels of alpha radiation and low levels of beta and gamma 

radiation that induce severe DNA damage through base mutations and chromosomal breaks 

(Robertson et al. 2013; Sethi et al. 2012). The radiation can also lead to the production of 

reactive oxygen species (ROS) that can further induce DNA damage (Sethi et al. 2012; 

Robertson et al. 2013). Outdoor radon levels are typically low but vary between countries, 

seasonally, and diurnally (Al-Zoughool and Krewski 2009). However, radon can accumulate 

indoors due to diffusion into low air pressure through subsoil, structural defects, permeable 

ground material, and radon-containing building materials (Al-Zoughool and Krewski 2009). 

Radon levels are notably high in underground mines, especially those containing uranium (Sethi 

et al. 2012) and can diffuse into ground water from rocks of the terrestrial crust (Al-Zoughool 

and Krewski 2009). Therefore, miners and water workers have an especially elevated risk of high 

radon exposure (Vogiannis and Nikolopoulos 2015).  

Asbestos Exposure 
 Asbestos is a fibrous mineral that occurs naturally in rocks and soils (Heintz et al. 2010; 

Goldberg and Luce 2009). Asbestos exposure and lung cancer risk is a dose-response 

relationship (Gustavsson et al. 2002). One year of heavy asbestos exposure or 5-10 years of 

moderate exposure increases the risk of lung cancer by at least 2 fold (Nielsen et al. 2014). 

Asbestos exposure is primarily linked to adenocarcinomas as well as squamous cell carcinomas 

(Uguen et al. 2017) and works synergistically with tobacco smoke to promote lung cancer 

development (Erren et al. 1999). It promotes lung cancer by altering cell signalling through 

direct interactions with receptors and the production of reactive oxygen species (ROS), 

ultimately impacting the Ras-Raf extracellular signal-regulated kinase (ERK) and PI3K/AKT 
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pathways (Heintz et al. 2010). This promotes cell proliferation, migration, survival, and 

neoplastic transformation (Heintz et al. 2010). Occupational exposure to asbestos occurs in 

careers such as mining, manufacturing, construction, waste elimination, and work directly 

involving asbestos-containing materials (Goldberg and Luce 2009). Domestic exposure can 

occur from the soil, asbestos-insulated buildings, living with asbestos workers, or living near 

asbestos mines and manufacturing plants (Goldberg and Luce 2009). 

Air Pollution  
 Air pollution is a product of emissions from natural processes such as wildfires, volcano 

eruptions, and dust storms (Møller et al. 2008). It also occurs due to man-made combustion 

processes such as heating, power production, industry, and vehicles (Demetriou and Vineis 

2015). As a result, urban air contains numerous carcinogens such as benzo[a]pyrene (BaP), 

benzene, arsenic, chromium, PAHs, diesel exhaust, and radionuclides (Cohen and Pope 1995). It 

also contains carbon-based particles that absorb carcinogens, oxidants such as ozone and 

nitrogen dioxide, and oxides of sulphur and nitrogen (Cohen and Pope 1995; Cohen 2003). When 

inhaled, these pollutants lead to the formation of DNA adducts, promote DNA hypomethylation 

(Demetriou and Vineis 2015), and induce the production of ROS (Møller et al. 2008). 

Accordingly, there is a dose-response relationship between lung cancer and ambient particulate 

matter (Fajersztajn et al. 2013) where each 10-ug/m3 elevation in particulate air pollution is 

associated with an 8% increase in lung cancer mortality (Pope et al. 2002). Therefore, individuals 

that live or work in environments with poor air quality have an elevated risk of lung cancer 

development. 

!11



Diet  
 Dietary factors modify an individuals risk of lung carcinogenesis. A number of studies 

have revealed that high intakes of fruit, vegetables (Linseisen et al. 2007; Büchner et al. 2010; 

Wang et al. 2015a; Wang et al. 2015b), fish (Song et al. 2014; Takezaki et al. 2003; Tu et al. 

2016), poultry (Yang et al. 2012) and soy (Yang et al. 2011) are inversely associated with lung 

cancer risk. On the contrary, diets consisting of mainly red and processed meats can increase the 

risk of lung cancer as high as 35% (Yang et al. 2012; Xue et al. 2014). Evidence suggests that 

overall dietary pattern dictates lung cancer risk since no individual vitamin has been found to be 

significantly associated with lung cancer (Cho et al. 2006). Furthermore, some individual 

supplements have been reported to potentially increase cancer risk, incidence, and mortality 

(Alpha-Tocopherol, Beta Carotene Cancer Prevention Study Group 1994; Omenn et al. 1996; 

Klein et al. 2014).  

 Fruits and vegetables contain an abundance of anti-carcinogenic substances including 

allium compounds, carotenoids, coumarins, dithiolthiones, flavonoids, folic acid, indole-3-

carbinol, inositol hexaphosphate, isoflavones, isothiocyanates, D-limonene, phytosterols, 

protease inhibitors, saponins, selenium, vitamin C, and vitamin E (Steinmetz K and Potter J 

1996). Some of which are also present in soy (Santell et al. 2000; Kerwin 2004). These nutrients 

provide a wide range of anti-carcinogenic functions such as antioxidant activity, carcinogen 

detoxification, immune system stimulation, decreased proliferation, migration, angiogenesis, and 

invasion, augmented cellular differentiation, apoptosis and histone acetylation, altered estrogen 

metabolism, stimulation of carcinogenic efflux, and prevention of DNA hypomethylation (You et 

al. 1989; Troll 1989; Michnovicz et al. 1991; Phang et al. 1993; Steinmetz and Potter 1996; 
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Pietta 2000; Vucenik and Shamsuddin 2006; Zeng and Combs 2008; Lee 2009; Woyengo et al. 

2009: Man et al. 2010; Boddupalli et al. 2012; Yi and Su 2013; Doldo et al. 2015) 

 Dietary fish and fish oil are rich in omega-3 polyunsaturated fatty acids which have 

demonstrated anti-tumor effects on a wide range of cancers (Wendel and Heller 2009). Omega-3 

fatty acids can alter the composition of glycerophospholipids in cell membranes to contain 

omega-3 instead of omega-6 fatty acids (Gu et al. 2013). This then decreases raft-associated 

signal transduction through impaired lipid raft formation (Gu et al. 2013). In addition, omega 3- 

fatty acids induce apoptosis, decrease angiogenesis, and attenuate cellular proliferation through 

decreased AKT and nuclear factor-kappa B (NF-κB) signalling (Schley et al. 2005; Wendel and 

Heller 2009). The fish oil itself inhibits NSCLC cell growth by decreasing integrin-linked kinase 

expression through peroxisome proliferator-activated receptor gamma (PPAR-γ) activation (Han 

et al. 2009). This attenuates cell growth, survival, motility, contraction, invasion, angiogenesis, 

and epithelial to mesenchymal transition (Hannigan et al. 2005). 

 Red and processed meat contribute to lung carcinogenesis by exposing individuals to N-

nitroso compounds (NOCs), heterocyclic amines (HCAs) and PAHs (Lijinsky 1999). During the 

processing, cooking, and preservation of the meat, these carcinogenic compounds are formed 

resulting in direct dietary exposure (Cross and Sinha 2004). Red meat is also rich in heme iron 

which induces cytotoxic lipid peroxidation of endothelial phospholipids (Jeney et al. 2002). 

Currently, there is no explanation as to why poultry is associated with a decreased risk of lung 

cancer. Its possible that it may be due to decreased exposure to red meat since poultry contains 

lower heme iron levels making it a healthier alternative (Cross et al. 2012).  

!13



Exercise 
 Physical activity is another aspect of lifestyle that contributes to the risk of lung cancer 

development. Numerous studies have shown a 30-40% decrease in lung cancer risk among 

individuals who partake in regular physical activity (Friedenreich and Orenstein, 2002). This has 

been found to be a dose-response relationship where more rigorous exercise is associated with a 

greater magnitude of risk reduction (Tardon et al. 2005). Exercise is associated with a larger 

reduction in lung cancer risk in women than men (Brown et al. 2012) and is specific to SCLC 

and adenocarcinomas (Thune and Lund 1997). 

 Several physiological mechanisms may contribute to the inverse relationship of exercise 

and lung cancer development. Exercise improves pulmonary function (Thune and Lund 1997) 

and low forced expiratory volume-one second (FEV1) which is directly associated with lung 

cancer risk (Nomura et al. 1991). Likewise, exercise improves pulmonary ventilation and 

perfusion (Sui et al. 2010) which reduces the exposure of airways to carcinogens by minimizing 

interaction time (Tockman et al. 1987). It improves immunosurveillance of malignant cells by 

enhancing natural killer cell cytotoxicity (Bigley and Simpson 2015), decreases systemic 

inflammation by reducing resting c-reactive protein levels (Kasapis and Thompson 2005), 

increases antioxidant activity, and improves low-density lipoprotein (LDL) resistance to 

oxidation (Elosua et al. 2003).  

Genetic Factors  
 A family history of lung cancer is an established risk factor for lung cancer development 

(Brownson et al. 1997; Nitadori et al. 2006; Coté et al. 2012; Lin et al. 2015). First-degree 

relatives of lung cancer patients have a 1.51 fold increase in lung cancer risk (Coté et al. 2012) 

and approximately 13.7% of lung cancer cases have at least one first-degree relative with lung 
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cancer (Bailey-Wilson et al. 2004). Tobacco smoke is the primary risk factor for lung cancer 

development and accordingly, inherited polymorphisms that encode phase I and phase II 

enzymes that metabolize tobacco carcinogens are implicated in smoke-induced risk (Dela-Cruz 

et al. 2011). Among these genes is Cyp1a1 which activates PAHs (Yokota et al. 2010). A single 

nucleotide polymorphism of ILe462Val encodes a more active protein which is associated with a 

higher lung cancer risk (Yokota et al. 2010). Other enzymes such as glutathione S-transferases 

detoxify carcinogens within tobacco smoke and consequently, individuals with the low activity 

Gstm1 null polymorphism have an increased risk of 18% (Ye et al. 2006). Myeloperoxidase, a 

phase 1 enzyme that metabolizes BaP into reactive epoxides has a low activity polymorphism 

G-463A in the promoter region which decreases activity and is inversely associated with smoke-

induced lung cancer risk (Taioli et al. 2007). Fast and high activity polymorphisms of the 

tobacco carcinogen metabolizing enzymes N-acetyltransferase-2 (NAT2) and microsomal 

epoxide hydrolase (mEH) are associated with a 2-fold increase in risk for heavy smokers (Zhou 

et al. 2002).  

 Polymorphisms in genes involved in DNA repair mechanisms are also associated with 

lung cancer risk as they dictate an individuals susceptibility to mutagenesis. Low or impaired 

activity polymorphisms such as the 326Cys allele in the Ogg1 gene (Yamane et al. 2004), the AA 

genotype in the 5’non-coding region of XPA (Wu et al. 2003), the Gln939Gln polymorphism of 

XPC (Jin et al. 2014), and the 751CC genotype of XPD (Hu et al. 2004) are associated with an 

increased risk of lung cancer. There are also polymorphisms that are only associated with lung 

cancer risk in certain populations such as the 312Asp/Asp genotype of XPD, increasing lung 

cancer risk by 2 fold in light smokers exclusively (Butkiewicz et al. 2001).  
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 Lung cancer susceptibility genes have been identified through genome-wide association 

(GWA) studies. One of which is within the 15q24-25.1 region of the chromosome that encodes 

the nicotinic acetylcholine receptor subunits expressed in pulmonary epithelial cells, likely 

influencing tobacco dependence (Yokota et al. 2010; Amos et al. 2008). 5p15.33 is a genomic 

region that encodes telomerase reverse transcriptase (TER) as well as cleft lip and palate 

transmembrane protein 1-like gene (CLPTM1L) and is associated with adenocarcinoma risk in 

non-smokers (Yokota et al. 2010; Wang et al. 2010). Chromosome 6q23-25 is another 

susceptibility region and it encodes RGS17, a negative regulator of G-protein signalling (You et 

al. 2009). RGS17 is commonly overexpressed in lung cancer tumors and has shown to promote 

tumor growth in xenografts models and induce proliferation of cancerous cells (You et al. 2009).  

AKT Structure and Activation  
 AKT or protein kinase B (PKB) is a serine/threonine kinase that belongs to the cAMP-

dependent protein kinase A/protein kinase G/ protein kinase C (AGC) subfamily (Yang et al. 

2002). It consists of an N-terminal pleckstrin homology (PH) domain, a central kinase catalytic 

(CAT) domain, a 25 residue linker region between the PH and CAT domains, and a C-terminal 

extension (EXT) which contains a regulatory hydrophobic motif (HM) (Kumar and Madison 

2005). The PH domain is implicated in membrane translocation and the recognition of upstream 

kinases by interacting with both phosphatidylinositol (3,4)-bisphosphate (PIP2) and 

phosphatidylinositol (3,4,5)-trisphosphate (PIP3) (Hanada et al. 2004). The kinase domain is 

highly homologous to other AGC kinases, is located in the central region of the molecule, and 

contains the activation segment within the C-lobe of the domain (Peterson and Schreiber 1999; 
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Hanada et al. 2004). The C-terminal extension consists of approximately 40 residues that contain 

the F-X-X-F/Y-S/T-Y/F hydrophobic motif present in all AGC kinases (Hanada et al. 2004). 

 Full activation of AKT requires the phosphorylation of Thr308 located in the CAT 

domain and Ser473 within the HM (Hanada et al. 2004). Phosphorylation of the Thr residue 

causes it to form a salt bridge with His196 within the αC helix (Yang et al. 2002). It also contacts 

Arg274 of the catalytic loop and Lys298 of the activation segment, configuring the molecule into 

an active conformation (Yang et al. 2002). Phosphorylation of the Ser residue results in an 

intramolecular interaction between the HM and the hydrophobic groove of the N-lobe of the 

kinase domain formed by the αB and αC helices (Yang et al. 2002; Hanada et al. 2004). This 

promotes a disorder to order transition of the αC helix that increases activity by 10 fold (Yang et 

al. 2002; Hanada et al. 2004).  

Figure 1: The basic structure of AKT consisting of an N-terminal pleckstrin homology (PH) 
domain, a 25 residue linker region, a central kinase catalytic (CAT) domain, and a C-terminal 
extension (EXT).  

PI3K Pathway 
Activation 
 AKT is a component of the phosphoinositide-3-kinase (PI3K) pathway. The pathway is 

initiated through the activation of tyrosine kinase receptors such as platelet-derived growth factor 

receptor (PDGF-R), insulin-like growth factor 1 (IGF-1) receptor, EGFR, and basic fibroblast 
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growth factor (bFGF) receptor (Hanada et al. 2004). Once activated, the cytoplasmic 

phosphotyrosine motifs associate with the SH2 domain of PI3K resulting in its activation (Vara 

et al. 2004). PI3K then converts PIP2 into PIP3 at the plasma membrane (Vara et al. 2004; 

Ersahin et al. 2015). Activated PIP3 recruits numerous PH domain containing kinases to the 

membrane including AKT, 3-phosphoinositide-dependent protein kinase-1 (PDK1) and 

mammalian target of rapamycin complex 2 (mTORC2) (Vara et al. 2004; Ersahin et al. 2015). 

PDK1 phosphorylates AKT at T308 (Vara et al. 2004) and mTORC2 phosphorylates AKT at 

Ser473 for full activation (Ersahin et al. 2015). Activated AKT then promotes proliferation, 

growth, metabolism, survival, and angiogenesis (Hemmings and Restuccia 2012) through 254 

known downstream targets (Ersahin et al. 2015). The AKT signal is turned off through 

phosphatase and tensin homolog (PTEN) mediated conversion of PIP3 to PIP2 (Yuan and 

Cantley 2008), dephosphorylation of AKT at Thr308 by protein phosphatase 2A (PP2A), and 

dephosphorylation at Ser473 by pleckstrin homology domain leucine-rich repeat protein 

phosphatases 1 and 2 (PHLPP1/2) (Hemmings and Restuccia 2012).  

Downstream Effects 
 AKT promotes cell cycle progression through the phosphorylation of numerous 

downstream targets. It inactivates GSK-3β preventing its mediated degradation of cyclin D1 

(Diehl et al. 1998) and β-catenin which promotes cell cycle progression through increased 

expression of cyclin D1 as well as other genes (Vara et al. 2004; Cross et al. 1995; Osaki et al. 

2004). These effects are supplemented by p21 inactivation by direct AKT phosphorylation at 

Thr145, preventing nuclear localization and therefore p21 inhibition of cyclin-dependent kinases 

(CDKs) and proliferating cell nuclear antigen (PCNA) (Zhou et al. 2001; Vara et al. 2004; Rössig 
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et al. 2001). Furthermore, AKT phosphorylates and activates MDM2 which translocates into the 

nucleus where it suppresses the expression and activation of p53 (Vara et al. 2004). 

 AKT regulates cellular growth by promoting protein synthesis through mTORC1. AKT 

phosphorylates mTOR which in turn augments mTORC1 activity (Muise-Helmericks et al. 

1998). AKT also alleviates mTORC1 inhibition by the tuberous sclerosis proteins 1 and 2 

(TSC1/2) through phosphorylation of TSC2, impairing the formation of the TSC1/2 complex 

(Vara et al. 2004; Manning and Cantley 2007). Additionally, AKT diminishes PRAS40 mediated 

inhibition of mTOR by phosphorylating PRAS40 at T246, promoting it’s binding to 14-3-3 

proteins and thus weakening its association with mTOR (Haar et al. 2007). Overall, AKT 

signalling drives mTORC1 to promote translation through activation of ribosomal protein S6 

kinase beta-1 (p70-S6 kinase) and inhibition of translational suppressor eukaryotic translation 

initiation factor 4E-binding protein 1 (4E-BP1) (Vara et al. 2004).  

 AKT signalling is involved in cellular metabolism, playing a vital role in glucose uptake 

in response to insulin (Ward and Thompson 2012). AKT activation increases the translation of 

glucose transporter 1 (GLUT1) mRNA through mTORC1 inactivation of 4EBP-1 (Taha et al. 

1999). 4EBP-1 inhibition also results in increased expression of glycolytic genes such as those 

encoding glucose transporters and glycolytic enzymes by increasing the translation of Hypoxia-

inducible factor 1 alpha (HIF-1α) (Semenza et al. 1994; Semenza 2010). Furthermore, it 

amplifies mitochondria-associated hexokinase activity (Gottlob et al. 2001) and stimulates the 

translocation of GLUT4 transporters to the cell surface (Cong et al. 1997). The mechanism is not 

fully understood but AKT phosphorylation of the GTPase-activating protein AS160 is required 

for translocation (Mîinea et al. 2005). GSK-3 inhibition also comes into play as AKT 
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phosphorylation prevents its inhibition of glycogen synthase, thus promoting glycogen synthesis 

(Manning and Cantley 2007).  

 Active AKT inhibits apoptosis by decreasing the activity and expression of pro-apoptotic 

factors and increasing the expression of anti-apoptotic genes (Vara et al. 2004). AKT 

phosphorylates and inhibits pro-caspase 9 by inducing a conformational change that impairs its 

catalytic activity (Cardone 1998). AKT phosphorylates forkhead transcription factors causing 

them to associate with 14-3-3 proteins resulting in cytoplasmic localization (Brunet et al. 1999), 

preventing them from increasing the expression of genes critical for cell death including Fas 

ligand (FasL), insulin-like growth factor-binding protein 1 (IGFBP-1) and BCL-2-like protein 11 

(BIM) (Dijkers et al. 2000; Osaki et al. 2004). Direct AKT phosphorylation of Bad at Ser136 

causes it to associate with 14-3-3 proteins rather than BCL-XL and BCL-2, allowing them to 

carry out their pro-survival functions (Datta et al. 1997). In addition, AKT increases NF-κB 

activity through IκB kinase (IKK) activation which degrades the inhibitor co-factor I-κB, 

allowing NF-κB to induce the expression of anti-apoptotic genes BCL-XL and c-Myb (Dan et al. 

2008; Osaki et al. 2004). AKT phosphorylates cAMP responsive element binding protein 

(CREB) and promotes recruitment of CREB accessory proteins to increase the expression of cell 

survival genes (Du and Montminy 1998) such as bcl-2 (Pugazhenthi et al. 2000) and mcl-1 

(Wang et al. 1999).  

 Angiogenesis is also integrated into the AKT signalling pathway as both an upstream and 

downstream effector. Upstream of AKT, the PI3K pathway can be activated by the angiogenic 

factors vascular endothelial growth factor (VEGF) and angiopoietins (Jiang and Liu 2009). 

Downstream of AKT, increased translation of HIF-1α (Laughner et al. 2001) increases the 
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expression and secretion of angiogenic factors (Manning and Cantley 2007). AKT also 

phosphorylates and directly activates endothelial nitric oxide synthase (eNOS), resulting in the 

release of nitric oxide (NO) and subsequent vasodilation, vascular remodelling, and angiogenesis 

(Dimmeler and Zeiher 2013; Manning and Cantley 2007). 

Figure 2: A simplified diagram of the PI3K/AKT pathway highlighting the upstream and 
downstream effectors that are implicated in AKT-mediated tumorigenesis.   

Deregulation of the PI3K Pathway in Cancer  
 Alterations in the PI3K pathway are known to be present in the tumors of various 

cancers. A retrospective study of 19,784 patients with solid tumors found that 38% of tumors had 

a genetic aberration in the PI3K pathway (Millis et al. 2016). Overall they found that loss of Pten 

was the most common as it occurred in 30% of all the patients, followed by mutations in PI3k 

(13%), Pten (6%) and Akt1 (1%) (Millis et al. 2016).   
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 The tumor suppressor PTEN is a lipid phosphatase that antagonizes AKT activation by 

removing the 3’-phosphate from PIP3 (Yuan and Cantley 2008; Ersahin et al. 2015; Liu et al. 

2009). Human tumor cell lines and tumors derived from PTEN-deficient mice exhibit high AKT 

phosphorylation (Myers et al. 1998; Haas-Kogan et al. 1998; Suzuki et al. 1998). Inversely, wild-

type PTEN reduces the quantity of 3’phosphoinositides and impairs AKT activity by attenuating 

AKT phosphorylation (Haas-Kogan et al. 1998).   

 Mutations in PI3K are known to contribute to tumorigenesis through constitutive 

pathway activation. Mutations in the Pi3kca gene that encodes the p110α catalytic subunit of 

PI3K have been reported in colorectal cancer, glioblastomas, gastric cancer, breast cancer, and 

lung cancer (Samuels 2004). Other common mutations of PI3K include E545K and H1047R both 

of which have been found to increase PIP3 and promote AKT activity (Samuels et al. 2005; 

Bader et al. 2006). 

 Amplification of the Akt gene can occur due to an activating mutation of E17K within the 

lipid-binding pocket of its PH domain (Carpten et al. 2007). This results in a PIP3-independent 

translocation of AKT to the plasma membrane which enhances its activation and is sufficient to 

transform cells in-vitro and induce leukemia in mice (Carpten et al. 2007). Likewise, 

amplifications in the gene encoding Akt2 have been reported in ovarian and pancreatic 

carcinomas (Cheng et al. 1996). 

 Hyperactivation of the PI3K pathway can also result from upstream genetic aberrations 

such as mutations in the tyrosine kinase receptors that bind and activate PI3K. The epidermal 

growth factor receptor is frequently mutated in cancer with the most common mutation being a 

deletion of exons 2-7 (Narita et al. 2002). In NSCLC specifically, EGFR protein expression is 
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detectable in 80-85% of patients (Gazdar 2010) and is overexpressed in 60% (Zhang et al. 2010). 

The most common genetic aberrations of the EGFR in NSCLC are deletions in exon 19 and 

nucleotide substitutions in exon 21 (Arteaga 2006). 

Targeting AKT in Lung Cancer Treatment  
 Numerous studies have implicated AKT in the development and progression of lung 

cancer, making it an attractive target for therapeutics. Four AKT inhibitors are currently under 

investigation for the treatment of human NSCLC including PHT-427, Perifosine (KRX-0401), 

AZD5363, and MK-2206. PHT-427 is a dual inhibitor of AKT and PDK1. It attenuates activity 

by binding to the PH domains of the kinases which induces a conformational change that 

prevents their activation (Meuillet et al. 2010). PHT-427 as a monotherapy decreases the growth 

rate of human NSCLC xenografts in mice by approximately 50% of the controls and has 

demonstrated to be most effective when combined with erlotinib (Meuillet et al. 2010). 

 Perifosine is an orally bioavailable, heterocyclic aklylphospholipid analog with selective 

uptake into tumor cells (Richardson et al. 2012; Ríos-Marco et al. 2017). It inhibits both AKT 

and MAPK activity while promoting the activation of c-Jun-NH2-kinase (JNK) and p21 (Elrod 

et al. 2007). In human NSCLC cell lines, perifosine inhibits growth, induces cell cycle arrest, and 

induces apoptosis (Elrod et al. 2007). It has also been combined with a Bcl-2 antagonist 

ABT-737 which inhibits growth and activates apoptosis in human lung cancer cell lines as well 

as xenograft mouse models (Shen et al. 2016) The combination decreases AKT and Mcl-1 

activation while increasing cleaved PARP (Shen et al. 2016). Phase 1 and 2 clinical trials have 

been completed for perifosine use in NSCLC patients but the data is not yet available 

(ClinicalTrials.gov 2014).  
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 AZD5363 is an ATP-competitive pan-AKT inhibitor (Puglisi et al. 2014). It inhibits all 3 

AKT isoforms, PKA, and p70 S6 kinase with an IC50 of less than 10 nmol/L. The inhibitor also 

targets the Rho kinases ROCK1 and ROCK2 at IC50 values of 470 nmol/L and 60 nmol/L. In 

mouse xenograft models, AZD5363 inhibits the phosphorylation of the AKT substrates PRAS40, 

GSKβ, and S6 kinase. Cancer cell lines with PIK3CA or PTEN mutations are sensitive to 

AZD5363 as a monotherapy while Ras mutations predict resistance. The inhibitor has anti-

proliferative effects and induces some apoptosis in vitro. In vivo, mouse xenograft models show 

waves of apoptosis and tumor regression (Davies et al. 2012). In NSCLC, AZD5364 works 

synergistically to inhibit growth and increase apoptosis with gefitinib (Puglisi et al. 2014). 

Furthermore, it is currently undergoing a phase II clinical trial in NSCLC patients that are being 

screened for sensitizing biomarkers (ClinicalTrials.gov 2016).  

 MK-2206 is a potent, orally bioavailable, allosteric inhibitor of all 3 AKT isoforms with 

Ki values of 8nM (AKT-1), 12nM (AKT-2), and 65nM (AKT-3) (Yan 2009). The inhibitor binds 

to a pocket formed between the PH and CAT domain of AKT which locks the protein in a closed 

conformation (Fang et al. 2015). This prevents phosphorylation at both Thr308 and Ser473, thus 

preventing kinase activation and subsequent catalytic activity (Yan 2009). It was first used in 

human clinical trials on patients with advanced solid tumors. The drug was determined to be safe 

for clinical use with a maximum tolerated dose of 60mg on alternating days with dose limiting 

toxicities of rash and stomatitis (Yap et al. 2011). Since then, MK-2206 has been under clinical 

examination for the treatment of numerous cancers including breast cancer (Gonzalez-Angulo et 

al. 2015; Chien et al. 2016), lymphomas (Oki et al. 2015), biliary cancer (Ahn et al. 2015), 

gastric cancer (Ramanathan et al. 2015), colorectal cancer (Do et al. 2015), and leukemias 
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(Konopleva et al. 2014). The inhibitor has demonstrated synergistic effects in-vitro in human 

cancer cells and in vivo in mouse xenograft models in combination with targeted, platinum-

based, and non-platinum-based chemotherapies (Hirai et al. 2010). In NSCLC, MK-2206 can 

help overcome resistance to the EGFR TKIs, cetuximab (Iida et al. 2013) and erlotinib (Holland 

et al. 2015) in vitro. In addition, MK-2206 has completed a phase II clinical trial in combination 

with erlotinib in patients who previously progressed on erlotinib (Lara et al. 2015). Although 

there were no complete responders in the trial, the patients with wild-type EGFRs had a disease 

control rate of 43% and a median progression-free survival of 4.6 months which met the 

predetermined criteria for clinical efficacy (Lara et al. 2015).  

AKT Isoforms 
 AKT exists as three homologous isoforms PKBα (AKT-1), PKBβ (AKT-2), and PKBγ 

(AKT-3) (Nicholson and Anderson 2002). They share the same basic structure with 76-84% 

homology in the PH domain, 87-90% homology in the CAT domain, 66-76% homology in the 

EXT domain, and 17-46% homology within the linker region (Kumar and Madison 2005; Liao 

and Hung 2010).  The isoforms also share similar phosphorylation sites of Ser473/Thr308 for 

AKT-1, Ser 474/Thr309 for AKT-2, and Ser472/Thr305 for AKT-3 (Matheny and Adamo 2009). 

Conversely, the isoforms differ in numerous aspects including their chromosomal locations, 

subcellular localizations, tissue-specific expressions, and biological functions. The three 

isoforms are all encoded on different chromosomes where AKT-1 is encoded on 14q32 (Staal et 

al. 1988), AKT-2 is encoded on 19q13.1-q13.2 (Cheng et al. 1992), and AKT-3 is encoded on 

1q44 (Murthy et al. 2000). Within a cell, the isoforms are dispersed between subcellular 

locations with AKT-1 primarily present within the cytoplasm, AKT-2 in the cytoplasm and 
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mitochondria, and AKT-3 in both the nucleus and nuclear membrane (Santi and Lee 2010). 

Disparities are also present across tissues as AKT-1 is ubiquitously expressed (Chen et al. 2001), 

AKT-2 is present mainly in insulin-responsive tissue (Altomare et al. 1998), and AKT-3 is 

predominantly restricted to the brains and testis (Yang et al. 2003). These expression patterns 

correspond to the varying biological functions of the isoforms. AKT-1-/- mice are viable but 

smaller compared to wild-types, have shorter life spans, increased spontaneous apoptosis in the 

testes and thymus, and lack a diabetic phenotype (Chen et al. 2001; Cho et al. 2001). On the 

contrary, AKT-2 -/- mice have reduced insulin-regulated glucose uptake and reduced glucose 

disposal (Cho et al. 2001). AKT-3 -/- mice present with decreased overall brain size, no growth 

retardation, and maintain normal glucose metabolism (Easton et al. 2005; Tschopp et al. 2005).  

 The most significant difference between the AKT isoforms for the purpose of our study is 

that they have demonstrated opposing roles in lung tumorigenesis in transgenic mouse models. 

Our lab has developed a doxycycline-inducible transgenic mouse model of lung cancer by 

overexpressing the type I insulin-like growth factor receptor (IGF-IR) in type II alveolar cells 

using a surfactant protein C (SPC) promoter creating SPC-IGFIR mice. When these mice were 

crossed with AKT isoform null mice it was found that SPC-IGFIR-AKT1-/- mice had 

significantly decreased tumor burden compared to control SPC-IGFIR mice with tumors that 

presented as small round nodules on the surface of the lung. In contrast, SPC-IGFIR-AKT2-/- 

mice had significantly increased tumor burden compared to control mice with tumors that lacked 

defined borders and grew extensively into the lung (Franks et al. 2016). Similar results have been 

found in viral-oncogene induced lung cancer mouse models where AKT1-/- mice have 

significantly decreased tumor burden and delayed onset while AKT2-/- mice have significantly 
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increased tumor burden and a shorter onset compared to wild-type controls (Linnerth-Petrik et al. 

2014).  

AKT-1 Inhibitor A-674563 
 A-674563 is an orally bioavailable inhibitor of AKT-1 with a Ki of 11nM (Luo et al. 

2005). It was developed as a modification of A-443654, a potent small molecule inhibitor of 

AKT replacing the indole group with a phenyl moiety to make the drug orally bioavailable (Luo 

et al. 2005) Like its predecessor, A-674563 does not inhibit AKT phosphorylation but by an 

unknown mechanism decreases the phosphorylation of its downstream targets. Like all 

pharmacological inhibitors, A-674563 has off-target effects of inhibiting PKA (Ki=16nM), 

CDK2 (Ki=46nM) and GSK-3β (Ki=110nM) (Luo et al. 2005). It has been shown to induce both 

apoptosis and cell cycle arrest in human melanoma cells in vitro (Zou et al. 2016). In vivo, 

A-674563 attenuates the efficacy of paclitaxel in PC-3 xenograft mouse models but has shown 

no significant effects as a monotherapy in the prostate cancer models (Luo et al. 2005). In 

NSCLC, A-674563 has demonstrated to be a more potent regulator of NSCLC cell survival than 

the pan-AKT inhibitor MK-2206 in A549 and NCI-H358 cells (Franks et al. 2016).  
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HYPOTHESIS AND OBJECTIVES 

Hypothesis 
Inhibiting AKT-1 in human NSCLC cells will decrease cell survival to a greater extent than 

targeting all 3 AKT isoforms.  

Objectives 
1. Compare the effects of AKT-1 and pan-AKT inhibition on human NSCLC cell survival. 

2. Identify the divergent mechanisms of the AKT-1 inhibitor A-674563 and the pan-AKT 

inhibitor MK-2206.  

3. Investigate the contribution of the off-target effects of A-674563 on its observed potency.  
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METHODOLOGY 
Cell Lines  
 A549, A427, NCI-H358, NCI-H23, NCI-H1975, and NCI-H1650 human NSCLC cells 

were purchased from American Type Culture Collection (ATCC). They were cultured in RPMI 

1640 media with L-glutamine and supplemented with 10% FBS and 1% AB/AM (Life 

Technologies). Normal HSAECs were purchased from Lifeline Cell Technology. They were 

cultured in BronchiaLife Epithelial Basal Medium supplemented with the BronchiaLife 

LifeFactors Kit (Lifeline Cell Technology).  

Table 1: Summary of the NSCLC cell lines.  

Inhibitors 
 The AKT-1 inhibitor A-674563, pan-AKT inhibitor MK-2206 2HCl, CDK2 inhibitor 

Milciclib (PHA-848125), and PKA inhibitor H-89 2HCl were purchased from Selleckchem and 

dissolved in DMSO (Sigma-Aldrich) into stock solutions of 10mM which were stored at -80°C. 

Cell Line Origin Major Mutations
A549 Primary Epithelial 

Adenocarcinoma 
Kras, Cdkn2a, Stk11 

A427 Primary Epithelial 
Adenocarcinoma 

Kras, Cdkn2a, Ctnnb1, Stk11 

NCI-H23 Primary Epithelial 
Adenocarcinoma 

Kras, p53, Stk11 

NCI-H358 Metastatic (Alveolus) 
Epithelial Bronchoalveolar 

Carcinoma 

Kras, p53, Ctnnb1 

NCI-H1975 Primary Epithelial 
Adenocarcinoma 

Egfr, p53, Cdkn2a, Pi3kca

NCI-H1650 Metastatic (Pleural Effusion) 
Epithelial Bronchoalveolar 

Adenocarcinoma 

Egfr, p53, Cdkn2A
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Cisplatin (Sellekchem) was dissolved in 0.9% saline into stock solutions of 5mM which was 

stored at -80°C. To prepare the appropriate experimental dilutions, the inhibitors were thawed 

and diluted further with DMSO or 0.9% saline on the day of the experiment.  

Cell Counting 
 Cultured cells were washed with sterile PBS and trypsinized with 10x trypsin (NSCLC 

cell lines) or 1x trypsin (normal HSAECs) containing 0.5% EDTA (Life Technologies) for 1-5 

minutes. The cells were diluted in 5mL of media and 50µL of the solution was mixed with 50µL 

of Trypan Blue (Life Technologies). After thorough mixing, live cells were counted manually 

using a haemocytometer. Cell density was determined by multiplying the total cell count by the 

number of chambers counted divided by the dilution factor and multiplied by 104. 

WST-1 Cell Viability Assay 
 Cell viability was determined using the cell proliferation reagent WST-1 from Roche. 

Cultured cells were plated in 96 well cell culture plates at a seeding density of 1000 cells/well 

(A549 cells), 2000 cells/well (A427, NCI-H358, NCI-H23, NCI-H1975, NCI-H1650 cells) or 

5000 cells/well (normal HSAECs). The cells were incubated overnight and then treated with the 

appropriate inhibitor diluted in media over a 72 hour period where both media and inhibitor were 

replaced every 24 hours. After the treatment period, cells were incubated with 100µL of fresh 

media and 10µL of WST-1 reagent for 2-4 hours. The plate was agitated on a shaker for 1-2 

minutes and inserted into a Bio-Tek EL800 Universal Microplate Reader from Bio-tek 

Instruments Inc. to determine optical density at 450nm. CalcuSyn software from Biosoft was 

used to determine the IC50 concentrations.  
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Western Blotting 
Protein Extraction 
 Cells were plated in 100mm cell culture dishes and grown to 70% confluency. For basal 

protein levels, the media was removed, the cells were washed with ice-cold PBS, and lysed with 

300µL of RIPA lysis buffer (Appendix I). For the treated protein levels, the media was removed 

and replaced with serum-free media and inhibitor or a 0.01% DMSO control for 1 hour. The 

media was then removed again and the cells were treated in serum-containing media for 30 

minutes, 1 hour, and 2 hours. The cells were washed twice with ice-cold PBS and lysed. 

Immediately after application of the lysis buffer, both the treated and untreated cells were 

scraped into microcentrifuge tubes, vortexed thoroughly, and left on ice for 20 minutes. Next, the 

lysates were centrifuged at 14,000xG for 20 minutes at 4°C and the supernatant was collected. 

Protein concentration was determined by performing a Bradford protein assay (Bio-Rad) using 

protein standards of 0.5mg, 1mg, 2mg and 4mgs. The resulting protein was stored at -80°C.  

Separation and Imaging 
 30µg of protein was combined with reducing buffer (Appendix I), boiled at 95°C, and 

pulse spun briefly. The samples were then separated in 8-12% sodium dodecyl sulphate (SDS)-

polyacrylamide gels for 2 hours with 125V using the XCell SureLock™ Mini-Cell 

Electrophoresis System (Life Technologies). Protein was transferred at 25V for 1.5 hours onto 

Hybond ECL nitrocellulose membranes (Amersham Pharmacia Biotech) using wet transfer. The 

membranes were then left for 45 minutes in blocking solution (Appendix I) at room temperature. 

The membranes were incubated with primary antibodies diluted in antibody diluting solution 

(Appendix I) and left overnight on a shaker at 4°C. The primary antibodies used were AKT 

(1:1000), p-AKT (Ser473) (1:1000), p-AKT (Thr308) (1:500), AKT-1 (1:1000), p-AKT-1 
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(1:1000), AKT-2 (1:1000), p-AKT-2 (1:1000) (#8599), AKT-3 (1:1000), p-MDM2 (1:1000), p-

AS160 (1:1000), p-GSK-3β (1:1000), p-PRAS40 (1:1000), p-S6 ribosomal protein (1:1000), p-

FOX01 (1:1000), p-NF-kappaB p65 (1:1000), CDK2 (1:1000), p-CDK2 (1:1000), and β actin 

(1:5000) from Cell Signaling Technology and p-p21 (1:1000) from Santa Cruz Biotechnology. 

The blots were then washed 3 times in TBST for 10 minutes each and incubated with HRP-

linked anti-rabbit IgG secondary antibody (1:2000) from Cell Signaling Technology for 1 hour at 

room temperature. The blots were washed 3 times with TBST for 10 minutes and placed in a 

plastic sleeve with 1mL of Clarity Western ECL substrate (Bio-Rad) for 5 minutes. The protein 

was then imaged using the ChemiDoc™XRS+ System (Bio-Rad) and quantification was 

performed using Image Lab software (Bio-Rad).  

RNA Isolation and Quantitative Reverse Transcription Polymerase Chain Reaction 
(qRT-PCR) 
 Cells were grown to 70% confluency in 100mm cell culture plates. RNA was extracted 

using the RNeasy Mini Kit from Qiagen. The quality and quantity of the RNA was tested using a 

Nanodrop 200c Spectrophotometer (Thermo Scientific) and stored at -80°C. 1µg of RNA was 

combined with 4µL of qScript cDNA mix (5x) (Quanta Biosciences) and nuclease-free H2O (Life 

Technologies) to 20uL in PCR tubes. The tubes were gently vortexed and briefly centrifuged. 

The RNA was reverse transcribed in a thermo-cycler for 5 min at 25°C, 30 min at 42°C, 5 min at 

85°C, and held at 4°C. The resulting cDNA was stored at -20°C. 

 Gene expression was analyzed by quantitative real-time PCR (qPCR) reactions with 

SYBR Green qPCR Mastermix (Bioline) using the CFX Connect Real-time PCR Detection 

System (Bio-Rad). Primers for human Akt1, Akt2, Akt3, Cdk2, and Hprt were purchased from 

Bio-Rad. Each experiment was performed based on three biological replicates and two technical 
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replicates. Relative quantification of gene expression was determined by normalizing expression 

to Hprt using CFX-Manager 3.1 (Bio-Rad).  

Flow Cytometry 
Bromodeoxyuridine (BrdU) 
 Cells were plated in 100mm culture dishes at 300,000 cells/well (A549 cells) and 

450,000 cells/well (A427, NCI-H23, NCI-H358, NCI-H1975, NCI-H1650 cells). The cells were 

incubated overnight and then treated with the same concentration of A-674563 and MK-2206 

(IC50 for A-674563) or a 0.01% DMSO control. After 24 hours of treatment, the FITC BrdU 

Flow Kit from BD Biosciences was used to determine the cell cycle profiles of the treated cells. 

Fluorescence was measured by the BD Accuri C6 flow cytometer (BD Biosciences) at a rate of 

less than 400 events/second. Analysis was performed with Accuri C6 software (BD Biosciences).  

Annexin V 
 Apoptosis was measured using the Flow Cytometry Annexin V-FITC Apoptosis detection 

kit from eBioscience. Cells were plated in 6 well cell culture plates at a seeding density of 

100,000 (A549) or 200,000 (A427, NCI-H23, NCI-H358, NCI-H1975, NCI-H1650) cells/well. 

The cells were incubated overnight and then treated with the same concentration of A-674563 

and MK-2206 (IC50 for A-674563), 0.01% DMSO, or 12.5µM of cisplatin. After 24 hours of 

treatment, media was removed and centrifuged at 300xG for 5 minutes to collect apoptotic cells. 

The remaining cells were trypsinized with 10x trypsin, washed in PBS, and centrifuged at 300xG 

for 5 minutes. The cells were then resuspended in 195µL of binding buffer and 5uL of Annexin 

V-FITC, mixed, and incubated at room temperature for 10 minutes. The cells were washed in 

200uL of binding buffer and resuspended in 190uL of binding buffer and 10uL of 20ug/mL of 
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Propidium Iodide. FACS analysis was then performed using a BD Accuri C6 flow cytometer 

(BD Biosciences).  

Immunofluorescence 
 Cells were plated in 6 well cell culture plates containing sterile coverslips at a seeding 

density of 200,000 cells/well. The cells were allowed to adhere overnight and pre-treated for 1 

hour in serum-free media. The cells were then treated for 1 hour in serum-containing media with 

the same concentration of A-674563 and MK-2206 (IC50 for A-674563) or a 0.01% DMSO 

control. The cells were washed 2x with PBS, fixed for 10 minutes with 10% buffered formalin 

phosphate, washed 2x with PBS, then permeabilized with permeabilizing solution (Appendix I) 

for 10 minutes. Cells were washed 2x in PBS then blocked with blocking solution (Appendix I) 

for 10 minutes. Cells were then incubated with primary antibodies diluted in antibody diluting 

solution (Appendix I) overnight at 4°C. The primary antibodies used were p-AKT-1 (1:100), p-

AKT-2 (1:100), and CDK2 (1:100) from Cell Signaling. The next day, cells were washed 2x with 

PBS and incubated in secondary antibody AlexaFluor 594 donkey anti-rabbit IgG (H+L) 

(1:1000) from Life Technologies diluted in antibody diluting solution (Appendix I) for 1 hour in 

the dark. Cells were washed 3x with PBS then the coverslips were mounted on slides with 

Prolong Gold Antifade Mountant with Dapi (from Life Technologies). Slides were left at room 

temperature overnight then stored at -80°C until analysis. Images were taken with an Olympus 

BX961 fluorescent microscope (Olympus) equipped with MetaMorph Imaging software 

(Molecular Devices) and cells were manually counted using Image J software (National Institute 

of Health).  
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AKT Antibody Array 
 Cells were grown to confluency and pre-treated for 1 hour in serum-free media. Cells 

were then treated for 2 hours with the same concentration (IC50 value for A-674563) or the 

determined IC50 values for A-674563 and MK-2206. After the treatment period, cells were 

washed with ice-cold PBS and lysed with Pathscan Sandwich ELISA Lysis Buffer supplemented 

with phenylmethylsulfonyl fluoride (Cell Signaling Technology). Cells were scraped into a 

microcentrifuge tube and incubated on ice for 5 minutes. They were then centrifuged at 

14,000xG for 10 minutes at 4°C. The supernatant was collected and protein concentration was 

determined using a Bradford Protein Assay. The lysates were then stored at -80°C. The 

PathScan® Antibody Array Kit (Fluorescent Readout) from Cell Signaling Technology was then 

used following the provided protocol. Fluorescence was measured using the ChemiDoc MP 

Imaging System and quantified using Image Lab software (Bio-Rad).  

Statistics 
 Statistical analysis was performed using Graphpad Prism 6 (Graphpad Software, Inc.). 

When comparing two means at multiple concentrations, statistical significance was determined 

with multiple T-tests using the Holm-Sidak method. When comparing multiple means one-way 

ANOVA was performed followed by a post-hoc Tukey’s Test. When comparing multiple means 

split into multiple variables two-way ANOVA was performed followed by a post-hoc Tukey’s 

Test. Error is represented by Standard Error of the Mean (SEM) or Standard Deviation (SD). 

Statistical significance is noted as p<0.05. 
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RESULTS 

NSCLC cells are more sensitive to A-674563 than MK-2206 
 To compare the effects of AKT-1 and pan-AKT inhibition, 6 NSCLC cell lines were 

treated with increasing doses (0.2-12.5µM) of both A-674563 and MK-2206 over a 72 hour 

period. Cell survival relative to a DMSO control was quantified using a WST-1 cell viability 

assay. A-674563 significantly decreased NSCLC cell survival compared to MK-2206 treatment 

and had a lower IC50 value in all 6 cell lines. In all of the cell lines, A-674563 treatment was 

significantly more effective between 0.78-3.13µM (Fig 3). In the Stk11 mutant A549, A427, and 

NCI-H23 cells, A-674563 was significantly more effective over a larger range of concentrations 

between 0.2-3.13µM (Fig 3A,B,C). The determined IC50 values for these cell lines were 3.2x 

(A549), 14.9x (A427), and 6.6x (NCI-H23) smaller for A-674563 than MK-2206. The Stk11 

wild-type cell lines had smaller differences between their IC50 values of only 1.5x (NCI-H358), 

2.0x (NCI-H1975), and 2.8x (NCI-H1650). The NCI-H1650 cells also had a larger range of 

significantly improved efficacy where A-674563 was more effective between the concentrations 

of 0.39-6.25µM (Fig 3F). Manual cell counts were completed to supplement these findings. The 

cells were treated with both MK-2206 and A-674563 over a 72 hour period at the IC50 values 

determined for A-674563. The relative cell survival was significantly decreased with A-674563 

treatment compared to MK-2206 in all 6 of the cell lines with approximately a 50% reduction in 

cell survival (Fig 4).  
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Figure 3: Cell survival curves of A) A549, B) A427, C) NCI-H23, D) NCI-H358, E) NCI-H1975, 
F) NCI-H1650 cells treated with increasing doses of A-674563 and MK-2206 for 72 hours. Cells 
were incubated with cell proliferation reagent WST-1 for 2 hours and absorbance was read at 
450nm. Optical density was then normalized to a 1% DMSO control. The data is presented as the 
percentage of cell survival relative to the DMSO control ± SEM of three independent trials. 
Statistical significance was determined with multiple T-tests using the Holm-Sidak method 
without assuming a consistent SD and is represented by *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001.  
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Figure 4: Relative cell survival after 72 hours of treatment determined by manual cell counting 
with Trypan blue staining. Cells were treated with MK-2206 or A-674563 at the IC50 value 
determined for A-674563. Inhibitor and media were replaced every 24 hours and relative cell 
survival was determined using a 0.01% DMSO control. Bars represent the percentage of cell 
survival relative to the DMSO control ± SEM of three independent trials. Statistical significance 
was determined using a two tailed unpaired T-test with Welch’s correction and is represented by 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  
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Normal HSAECs are more resilient to both inhibitors but more sensitive to 
A-674563 
 Normal HSAECs were treated with increasing doses from 0.2-12.5.µM of both A-674563 

and MK-2206 to determine the toxicity of the inhibitors on non-malignant cells. Both inhibitors 

had higher IC50 values (0.50µM for A-674563 and 1.15µM for MK-2206) in the normal HSAECs 

compared to the NSCLC cell lines with the exception of the NCI-H1650 cells (Fig 5). These 

cells had IC50 values of 0.70µM for A-674563 and 1.95µm for MK-2206 (Fig 3F). 
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Figure 5: Cell survival curves of normal HSAECs treated with increasing doses of A-674563 and 
MK-2206 for 72 hours. Cells were incubated with cell proliferation reagent WST-1 for 4 hours 
and absorbance was read at 450nm. Optical density was then normalized to a 1% DMSO control.  
The data is presented as the percentage of cell survival relative to the DMSO control ± SEM of 
three independent trials. Statistical significance was determined with multiple T-tests using the 
Holm-Sidak method without assuming a consistent SD and is represented by *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. 

!40



AKT isoform expression varies across the NSCLC cell lines  
 Basal protein expression levels of active and total AKT isoforms were determined across 

the 6 NSCLC cell lines. p-AKT and p-AKT-1 were more highly expressed in the EGFR/p53 

mutant cell lines, the NCI-H1975 and NCI-H1650 cells (Fig 6 A,B,C,E). p-AKT-2 was more 

highly expressed in just the NCI-H1650 cells relative to the other 5 cell lines (Fig 6 A,G). Total 

levels of AKT and AKT-1 were similarly expressed across the cell lines (Fig 6 A,D,F). However, 

AKT-2 expression was notably higher in A549 and NCI-H1650 cells (Fig 6 A,G) while AKT-3 

was higher in NCI-H1975 cells (Fig 6 A,I).  

 mRNA expression of the AKT isoforms was determined across the 6 cell lines using qRT-

PCR. Akt1 expression was significantly higher in the NCI-H1650 cells and significantly lower in 

the NCI-H23 cells (Fig 7 A). Akt2 expression was significantly higher in the NCI-H1650 cells 

relative to the other cell lines. Expression was also significantly higher in the A549 cells and then 

the NCI-H358 cells relative to the remaining three cell lines. The cell lines with the lowest 

expression of Akt2 were the NCI-H23 and NCI-H1975 cells (Fig 7 B). Akt3 expression was 

significantly higher in the NCI-H1650 cells followed by the A549 and A427 cells (Fig 7 C). 

Overall, the mRNA levels shared little correlation with the total and active protein levels 

measured across the cell lines. No obvious patterns were identified for the varied efficacy and 

difference in efficacy of the inhibitors across the cell lines but we confirmed that AKT and all 

three of its isoforms are expressed in the 6 cell lines. 
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Figure 6: A) Basal protein levels of the active and total AKT isoforms in 6 NSCLC cell lines. 
Western blot analysis was performed to measure the expression of B) p-AKT(Ser), C) p-
AKT(Thr), D) Total AKT, E) p-AKT-1, F) AKT-1, G) p-AKT-2, H) AKT-2 and I) AKT-3. 
Quantifications were determined using the average band intensities of two biological replicates. 
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Figure 7: mRNA expression levels of A) Akt1, B) Akt2 and C) Akt3 in 6 NSCLC cell lines 
presented as the Mean ± SD with letters representing groups that are statistically different from 
one another such that (a) represents A549 cells, (b) A427 cells, (c) NCI-H23 cells, (d) NCI-H358 
cells, (e) NCI-H1975 cells, and (f) NCI-H1650 cells. Samples were normalized to an Hprt 
housekeeping gene and statistical significance (p<0.05) was determined with one-way ANOVA 
and Tukey’s Multiple Comparison Tests. Results are based on 3 biological replicates and two 
technical replicates. 
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Neither A-674563 or MK-2206 induce apoptosis   
 The apoptotic effects of the inhibitors were compared using annexin V flow cytometry. 

After 24 hours of treatment with A-674563 or MK-2206, there were no significant changes in the 

percentage of apoptotic cells compared to the untreated or DMSO controls. A significant increase 

in apoptosis was induced with a positive cisplatin control in all 6 cell lines (Fig 8).   
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Figure 8: Evaluation of apoptosis by Annexin V-FITC/PI flow cytometry of A) A549, B) A427, 
C) NCI-H23, D) NCI-H358, E) NCI-H1975, F) NCI-H1650 cells treated for 24 hours with 
MK-2206 or A-674563 at the IC50 value determined for A-674563. Findings were compared to a 
0.01% DMSO, untreated, and 12.5uM cisplatin control. The results are presented as the Mean ± 
SEM with letters representing groups that are statistically different from one another such that (a) 
represents untreated cells, (b) DMSO treated cells, (c) MK-2206 treated cells, (d) A-674563 
treated cells, and (e) Cisplatin treated cells. Statistical significance (p<0.05) was determined with 
two-way ANOVA and Tukey’s Multiple Comparison Tests. Results are based on 3 biological 
replicates.  
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A-674563 alters cell cycle progression 
 To determine and compare the effects of MK-2206 and A-674563 on cell cycle 

progression, BrdU flow cytometry was performed after 24 hours of treatment. In the A549, 

A427, and NCI-H23 cells, A-674563 treatment significantly decreased the proportion of cells in 

the Go/G1 phase, significantly increased the proportion of cells in the S phase, with no 

significant changes in the G2/M phase (Fig 9 A,B,C). Treatment with MK-2206 induced no 

significant changes in these cell lines. In the NCI-H358 cells, A-674563 also significantly 

decreased the proportion of cells in the Go/G1 phase, significantly increased the proportion in 

the S phase, with no significant changes in the G2/M phase (Fig 9 D). But unlike the other cell 

lines, MK-2206 treatment significantly increased the proportion of cells in the Go/G1 phase and 

significantly decreased the proportion of cells in the S phase with no changes in the G2/M phase 

(Fig 9 D). Interestingly, the NCI-H358 cells have the smallest difference of 1.54x between its 

IC50 values for A-674563 and MK-2206 compared to the other 5 cell lines. In the NCI-H1975 

cells neither inhibitor induced any significant changes and in the NCI-H1650 cells, the only 

significant difference was between A-674563 and MK-2206 treatment for the Go/G1 phase of the 

cell cycle (Fig 9 E,F). However, these cell lines demonstrated small non-significant changes 

synonymous to the patterns produced in the other cell lines.  
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Figure 9: Cell cycle analysis of A) A549, B) A427, C) NCI-H23, D) NCI-H358, E) NCI-H1975 
and F) NCI-H1650 cells treated over a 24 hour period. Data is presented as the Mean ± SEM 
with letters representing groups that are statistically different from one another such that (a) 
represents untreated cells, (b) DMSO treated cells, (c) MK-2206 treated cells, and (d) A-674563 
treated cells. Statistical significance (p<0.05) was determined with two-way ANOVA and 
Tukey’s Multiple Comparison Tests. Results are based on 3 biological replicates. 
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A-674563 increases and MK-2206 decreases p-AKT expression 
 Protein expression levels of the total and active AKT isoforms were determined following 

treatment with A-674563 and MK-2206 after 30 minutes, 1 hour, and 2 hours. A-674563 

treatment increased p-AKT(Ser) expression at the 1 hour and 2 hour time points in the A549 (Fig 

10 B) and A427 cells (Fig 11 B). p-AKT(Thr) expression was increased above the controls at the 

30 minutes and 2 hour time points in the A549 cells (Fig 10 C) and at 30 minutes and 1 hour in 

the A427 cells (Fig 11 C). MK-2206 treatment decreased expression of p-AKT(Ser) at all time 

points in both cell lines (Fig 10 B, 11 B). p-AKT(Thr) expression was decreased slightly at 30 

minutes in the A549 cells (Fig 10 C) but was decreased at all time points in the A427 cells (Fig 

11 C). A-674563 treatment also increased expression of p-AKT-1 above the control at 2 hours in 

the A549 cells (Fig 10 E) and at 1 and 2 hours in the A427 cells (Fig 11 E). A-674563 increased 

p-AKT-2 expression at the 2 hour time point in the A549 (Fig 10 G) and A427 cells (Fig 11 G). 

MK-2206 decreased expression of p-AKT-1 and p-AKT-2 at all time points in both cell lines (Fig 

10 E,G 11 E,G). In summary, A-674563 increased and MK-2206 decreased the phosphorylation 

of AKT.  
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Figure 10: Western blot results of A549 cells after treatment with MK-2206 and A-674563 at the 
IC50 determined for the A-674563 inhibitor. Cells were pre-treated for 1 hour in serum-free 
media and protein was extracted after 30 minutes, 1 hour, and 2 hours of treatment in serum-
containing media. Protein quantifications were determined using the average band intensities of 
two biological replicates. 
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Figure 11: Western blot results of A427 cells after treatment with MK-2206 and A-674563 at the 
IC50 determined for the A-674563 inhibitor. Cells were pre-treated for 1 hour in serum-free 
media and protein was extracted after 30 minutes, 1 hour, and 2 hours of treatment in serum-
containing media. Protein quantifications were determined using the average band intensities of 
two biological replicates. 
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Downstream effects did not reveal the mechanism for the improved efficacy of 
A-674563 but potentially the increased sensitivity of the A427 over the A549 cells 
  To identify differences in the downstream effects of the inhibitors, protein expression 

levels of 8 downstream targets were measured after treatment with MK-2206 and A-674563 in 

A549 and A427 cells. Protein was extracted after 30 minutes, 1 hour, and 2 hours of treatment. 

The inhibitors had similar effects on p-p21, p-S6 ribosomal protein, and p-GSK-3β expression. 

p-p21 expression in the A549 cells was decreased by both inhibitors at the 2 hour time point (Fig 

12 B) and in the A427 cells they both had fluctuating effects with no difference at the 2 hour time 

point (Fig 13 B). p-S6 ribosomal protein expression was decreased by both inhibitors in the A549 

cells at all time points (Fig 12 C). In the A427 cells, similar expression levels were observed 

across all three treatment groups (Fig 13 C). p-GSK-3β expression was moderately decreased by 

both inhibitors in the A549 cells (Fig 12 D) and increased by both inhibitors in the A427 cells at 

the 2 hour time point (Fig 13 D). Since the inhibitors had similar effects, these targets 

presumably do not contribute to the observed benefits of A-674563 over MK-2206. 

 Two downstream targets p-MDM2 and p-AS160 were similarly effected by both 

inhibitors in the A549 but not the A427 cells. p-MDM2 expression was decreased by both 

inhibitors in the A549 cells (Fig 12 E) and in the A427 cells, A-674563 increased expression at 

all time points. MK-2206 initially had little effect on expression and then increased it at 2 hours 

(Fig 13 E). p-AS160 expression was decreased by both inhibitors in the A549 cells at the 30 

minutes and 1 hour time points (Fig 12 F). In the A427 cells, MK-2206 decreased expression and 

A-674563 increased expression at all the time points (Fig 13 F).  

 p-PRAS40 expression was also impacted by A-674563 treatment inconsistently between 

the A549 and A427 cells. In the A549 cells, expression was decreased by MK-2206 and 
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decreased at 30 minutes and then unchanged by A-674563 in the A549 cells (Fig 12 G). 

However, in the A427 cells, A-674563 treatment markedly increased expression at all three time 

points while MK-2206 had little effect (Fig 13 G). Since there was a dramatic difference in the 

effect of A-674563 between the two cell lines, its possible that increased p-PRAS40 expression 

either contributes to or is a result of the increased sensitivity of the A427 cells.  

 The two remaining downstream effectors were differentially impacted by the inhibitors 

both within and between the two cell lines. p-NF-κB expression was increased by MK-2206 

treatment and decreased by A-674563 treatment in the A549 cells (Fig 12 H). Expression was 

relatively unchanged in the A427 cells (Fig 13 H). p-FOX01 expression was increased by 

MK-2206 at all time points and decreased by A-674563 in the A549 cells at 1 and 2 hours (Fig 

12 I). In the A427 cells, MK-2206 initially increased and then decreased expression over time. 

A-674563 decreased expression at 1 hour and only slightly at 2 hours (Fig 13 I).  

 None of the 8 substrates were oppositely effected by the two inhibitors in both the cell 

lines. Therefore we were unable to pinpoint which part of the pathway is responsible for the 

benefits of A-674563 over MK-2206. Notably, we only looked at short treatment times and 8 of 

AKTs known 254 downstream targets. Although, we were able to identify some differences in 

the downstream effects of the inhibitors between the cell lines which may pertain to the increased 

sensitivity of the A427 cells to A-674563.     
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Figure 12: Western blot results of A549 cells after treatment with MK-2206 and A-674563 at the 
IC50 determined for the A-674563 inhibitor. Cells were pre-treated for 1 hour in serum-free 
media and protein was extracted after 30 minutes, 1 hour, and 2 hours of  treatment in serum-
containing media. Protein quantifications were determined using the average band intensities of 
two biological replicates. 
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Figure 13: Western blot results of A427 cells after treatment with MK-2206 and A-674563 at the 
IC50 determined for the A-674563 inhibitor. Cells were pre-treated for 1 hour in serum-free 
media and protein was extracted after 30 minutes, 1 hour, and 2 hours of treatment in serum-
containing media. Protein quantifications were determined using the average band intensities of 
two biological replicates. 
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AKT antibody array  
 An AKT antibody array was performed on the A549 and A427 cells to evaluate the 

expression of a wide range of downstream targets. The A549 cells were treated with the same 

concentration of both inhibitors for 2 hours (Fig 12 A). p-AKT(Ser) and p-AKT(Thr) expression 

were both decreased by MK-2206 but surprisingly also decreased by A-674563 below the 

controls, contrary to our western blot results. In congruence with our western blots, p-S6 

ribosomal protein expression was decreased by both inhibitors, p-PRAS40 was decreased by 

MK-2206 and relatively unchanged by A-674563, and p-GSK-3β was decreased moderately by 

both inhibitors. Other proteins were investigated that were not evaluated by western blotting 

including p-AMPKα, p-mTOR, p-GSK3α, p-p70 S6 kinase, p-Bad, p-RSK1, p-PTEN, p-PDK1, 

p-ERK1/2, and p-4E-BP1. Among these proteins, the inhibitors had similar effects of decreasing 

expression but to different extents of p-AMPKα, p-mTOR, p-GSK3α, p-p70 S6 kinase, p-Bad, p-

RSK1, and p-PDK1. Opposing effects of the inhibitors were seen in p-PTEN where MK-2206 

did not change expression but A-674563 decreased expression, and where MK-2206 decreased 

while A-674563 increased expression in both p-ERK1/2 and p-4E-BP1.  

 The A427 cells were treated for 2 hours at the same concentration (Fig 12 B) and again 

we see surprising results that both MK-2206 and A-674563 decreased expression of p-AKT(Ser) 

and p-AKT(Thr). Both inhibitors increased p-S6 ribosomal protein expression while no effect 

was seen in our western blot results. p-PRAS40 expression was increased by A-674563 which 

agrees with the westerns and decreased by MK-2206 which was unchanged in the westerns. p-

GSK-3β was slightly decreased by MK-2206 and increased by A-674563 where it was increased 

by both in the westerns. As for the additional proteins, both inhibitors decreased expression of p-
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AMPKα, p-mTOR, p-p70 S6 kinase (Thr 389), and p-ERK1/2. However, in this cell line, both 

MK-2206 and A-674563 increased p-GSK3α, p-PDK1, and p-4E-BP1 expression. Divergent 

effects were seen for p-p70 S6 kinase at Thr421/Ser424 where MK-2206 had no effect and 

A-674563 increased, p-Bad where A-674563 increased and MK-2206 decreased, and p-RSK1 

where A-674563 had no effect and MK-2206 decreased expression. The A427 cells were also 

treated with their own IC50 values for each inhibitor (Fig 12 C). Similar results were observed 

with a few exceptions. p-p70 S6 kinase (Thr421/Ser424) was now increased above A-674563 by 

MK-2206 and p-PTEN expression was now increased by MK-2206 rather than decreased.   

!56



Figure 14: AKT kinase activity assay results for A) A549 and B) A427 cells treated with the 
same concentration of MK-2206 and A-674563 for 2 hours at the IC50 determined for A-674563. 
C) AKT kinase activity assay results for A427 cells treated with MK-2206 and A-674563 for 2 
hours at their own IC50 values. Cells were pre-treated for 1 hour in serum-free media and results 
are based on one trial. 

!57

AKT Thr30
8

AKT Ser4
73

S6 R
iboso

mal 
Pro

tei
n Ser2

35
/23

6

AMPKα
 Thr17

2

PRAS40
 Thr24

6

mTOR Ser2
48

1

GSK-3α
 Ser2

1

GSK-3β
 Ser9

p70
 S6 K

inas
e T

hr38
9

p70
 S6 K

inas
e T

hr42
1/S

er4
24

Bad
 Ser1

12

RSK1 S
er3

80

PTEN Ser3
80

PDK1 S
er2

41

ERK1/2
 Thr20

2/T
yr2

04

4E
-B

P1 T
hr37

/46
0.0

0.5

1.0

1.5

R
el

at
iv

e 
Pr

ot
ei

n 
Ex

pr
es

si
on

 in
 A

42
7 

C
el

ls
 a

t t
he

 S
am

e 
C

on
ce

nt
ra

tio
n

DMSO
MK-2206  
A-674563 

B



MK-2206 promotes nuclear localization of p-AKT-1 
 To determine if the inhibitors influence the subcellular localization of the AKT isoforms, 

immunofluorescence was performed probing for active AKT-1 and AKT-2. Neither inhibitor 

altered the nuclear localization of p-AKT-2 in the A549 (Fig 13 B,C) or A427 cells (Fig 14 B,C). 

On the contrary, MK-2206 treatment increased the percentage of A549 (Fig 13 A,C) and A427 

(Fig 14 A,C) cells with nuclear localization of p-AKT-1. A-674563 treatment had no effect on p-

AKT-1 localization in the A549 cells (Fig 13 A,C) but induced a notable decrease in nuclear 

localization in the A427 cells (Fig 14 A,C). 
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Figure 15: Subcellular localization of A) p-AKT-1 and B) p-AKT-2 in A549 cells determined 
after 1 hour of pre-treatment in serum-free media and 1 hour of treatment in serum-containing 
media with equal concentrations of MK-2206 and A-674563 at the IC50 value for A-674563. 
Images were taken at 40x objective and a minimum of 5 fields with at least 100 cells were C) 
quantified by manual counting using Image J software. Results are based on one trial.  
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Figure 16: Subcellular localization of A) p-AKT-1 and B) p-AKT-2 in A427 cells determined 
after 1 hour of pre-treatment in serum-free media and 1 hour of treatment in serum-containing 
media with equal concentrations of MK-2206 and A-674563 at the IC50 value for A-674563. 
Images were taken at 40x objective and a minimum of 5 fields with at least 100 cells were C) 
quantified by manual counting using Image J software. Results are based on one trial.  
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Off-target CDK2 inhibition likely contributes to the potency of A-674563  
 A-674563 is known to have off-target effects of inhibiting both CDK2 and PKA. In order 

to evaluate the contribution of these off-target effects on the improved efficacy of A-674563 over 

MK-2206, a dose escalation study was performed. All 6 NSCLC cell lines were treated with 

increasing doses from 0.2-12.5.µM of a CDK2 inhibitor PHA-848125 and a PKA inhibitor H-89 

2HCl. The WST-1 assays revealed that both the CDK2 and PKA inhibitors decreased NSCLC 

cell survival and the effects of the CDK2 inhibitor largely mirrored the survival measured with 

A-674563 treatment (Fig 15). The determined IC50 values for the CDK2 inhibitor were similar to 

those measured with A-674563 treatment in that they were only 1.6x (A549), 4.58x (A427), 

1.19x (NCI-H23), 1.29x (NCI-H1975) higher, and 0.83x (NCI-H358), and 0.88x (NCI-H1650) 

lower than those determined for A-674563. Therefore, CDK2 inhibition likely plays a pivotal 

role in the efficacy of A-674563.  

 Basal protein expression levels of CDK2 and p-CDK2 were determined across the 6 cell 

lines. CDK2 and p-CDK2 expression were highest in the A427, NCI-H23, and NCI-H1650 cells 

(Fig 16 A,B,C). Notably, between each of the mutation pairs (Kras mutants, Kras/p53 mutants, 

p53/EGFR mutants), these are the cell lines that are marginally more sensitive to A-674563 

compared to MK-2206. To complement the protein expression levels, basal mRNA expression 

was measured across the 6 cell lines. It was found that Cdk2 expression was significantly higher 

in the NCI-H1650 cells compared to the other five cell lines (Fig 16 D) which only partially 

agrees with the measured protein expression (Fig 16 C).  

 To confirm that A-674563 inhibits CDK2 activity, western blots were performed on A549 

and A427 cells after treatment with the two inhibitors for 30 minutes, 1 hour, and 2 hours. In the 
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A549 cells, MK-2206 had little effect on p-CDK2 and CDK2 expression (Fig 17 A,B,C). 

Conversely, A-674563 treatment initially decreased p-CDK2 expression which then increased 

over time (Fig 17 B) and decreased CDK2 expression at all time points (Fig 17 C). In the A427 

cells, MK-2206 treatment increased the expression of both p-CDK2 and CDK2 by the 2 hour 

time point while A-674563 decreased expression of both at the 1 and 2 hour time points (Fig 17 

E, F).   

 The effects of the inhibitors on subcellular CDK2 localization was also investigated. 

Overall, there were no changes in the nuclear localization of CDK2 in either cell line (Fig 18). 

The A427 cells had a higher percentage of cells with nuclear CDK2 localization compared to the 

A549 cells (Fig 18 C) but this could be a result of higher basal CDK2 expression (Fig 16 A,C).  
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Figure 17: Cell survival curves of A) A549, B) A427, C) NCI-H23, D) NCI-H358, E) NCI-
H1975, and F) NCI-H1650 cells treated with increasing doses of A-674563, PHA-84812, and 
H89 2HCl for 72 hours. Cells were incubated with cell proliferation reagent WST-1 for 2 hours 
and absorbance was read at 450nm. Optical density was then normalized to a 1% DMSO control. 
The data is presented as the percentage of cell survival relative to the DMSO control ± SEM of 
three independent trials. Statistical significance was determined with multiple T-tests using the 
Holm-Sidak method without assuming a consistent SD and is represented by *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. 
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Figure 18: A) Basal protein levels of B) p-CDK2 and C) CDK2 across 6 NSCLC cell lines. 
Quantifications were determined using the average band intensities of two biological replicates. 
D) mRNA expression levels of Cdk2 determined across 6 NSCLC cell lines using qRT-PCR. The 
data is presented as the Mean ± SD with letters representing groups that are statistically different 
from one another such that (a) represents A549 cells, (b) A427 cells, (c) NCI-H23 cells, (d) NCI-
H358 cells, (e) NCI-H1975 cells, and (f) NCI-H1650 cells. Samples were normalized to an Hprt 
housekeeping gene and statistical significance (p<0.05) was determined with one-way ANOVA 
and Tukey’s Multiple Comparison Tests. Results are based on 3 biological replicates and two 
technical replicates.  
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Figure 19: Protein expression levels of CDK2 and p-CDK2 in A-C) A549 and D-F) A427 cells 
after treatment with MK-2206 and A-674563 at the IC50 determined for A-674563. Cells were 
pre-treated for 1 hour in serum-free media and protein was extracted after 30 minutes, 1 hour, 
and 2 hours of treatment in serum-containing media. Quantifications were determined using the 
average band intensities of two biological replicates.  
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Figure 20: Subcellular localization of CDK2 in A) A549 and B) A427 cells determined after 1 
hour of pre-treatment in serum-free media and 1 hour of treatment in serum-containing media 
with equal concentrations of MK-2206 and A-674563 at the IC50 value for A-674563. Images 
were taken at 40x objective and a minimum of 5 fields with at least 100 cells were C) quantified 
by manual counting using Image J software. Results are based on one replicate.  
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DISCUSSION 

 AKT is a key regulator of cellular growth, proliferation, and survival making it a 

prominent therapeutic target in cancer research. Active AKT is commonly overexpressed in 

NSCLC (Balsara et al. 2004; Tsurutani et al. 2006; Cappuzzo et al. 2007) and inhibition of AKT 

helps to overcome chemotherapeutic resistance (Iida et al. 2013; Holland et al. 2015), attenuate 

growth (Meuillet et al. 2010), induce cell cycle arrest, and activate apoptosis (Elrod et al. 2007; 

Shen et al. 2016). MK-2206 is the only AKT inhibitor that has undergone clinical investigation 

for the treatment of human NSCLC with available results. Overall, the pre-determined criteria 

for clinical efficacy was met but despairingly there were no complete responders (Lara et al. 

2015). The effectiveness of AKT inhibition for NSCLC treatment could potentially be improved 

by exclusively targeting AKT-1 since the AKT isoforms appear to play opposing roles in lung 

tumorigenesis (Franks et al. 2016). In this investigation, we sought to verify this theory by 

comparing the abilities of an AKT-1 inhibitor A-674563 and the pan-AKT inhibitor MK-2206 to 

reduce the viability of 6 human NSCLC cell lines.  

 The AKT-1 inhibitor A-674563 more potently reduced NSCLC cell survival than the pan-

AKT inhibitor MK-2206. In all of the cell lines, A-674563 had a lower IC50 value than MK-2206 

with the largest difference in efficacy among the Stk11 mutant cell lines (A549, A427 and NCI-

H23 cells). Except for the NCI-H1650 cells, both inhibitors were more cytotoxic to NSCLC cells 

than normal HSAECs. The non-malignant cells were more sensitive to the cytotoxic effects of 

A-674563 than MK-2206. However, the difference between the IC50 values for A-674563 in the 

NSCLC cells compared to the normal HSAECs was larger in the Stk11 mutant cells than the 

difference between the MK-2206 IC50 values. Therefore, it appears as though A-674563 is a 

!67



more effective treatment option for tumors dominated by these cell lines. Intriguingly, this may 

be the case for all Stk11 mutant human NSCLC tumors. For the Stk11 wild-type cell lines, the 

difference in IC50 value for MK-2206 between the NSCLC cells and normal HSAECs was larger 

than the difference for A-674563 treatment. Thus the therapeutic index for MK-2206 is expected 

to be greater than A-674563 in tumors lacking Stk11 mutations. Furthermore, it appears as 

though neither A-674563 or MK-2206 is a viable treatment option for the Stk11 wild-type NCI-

H1650 cells since the IC50 values were higher in this cell line than the normal HSAECs.  

 The A549, A427 and NCI-H23 cells all have a genetic aberration in the Stk11 gene 

encoding liver kinase B 1 (LKB1), a tumor suppressor protein that plays an important role in cell 

cycle progression preventing the G1 to S phase transition (Liang et al. 2010). These cell lines all 

lack functional LKB1 protein due to truncated mutations or deletion of the Stk11 gene (Sanchez-

Cespedes 2002; Matsumoto et al. 2007; Sanchez-Cespedes 2007). Excluding the p53/EGFR 

mutant cell lines, A-674563 induces significant cell cycle changes in all of the cell lines while 

MK-2206 only induces significant changes in the Stk11 wild-type NCI-H358 cells (Fig 9). This 

indicates that Stk11 mutant cell lines may be resistant to MK-2206 which is synonymous to what 

was reported by Byers et al. in 2012. One possible explanation for Stk11 mutant cell line 

resistance to MK-2206 may be that the inhibitor reduces cell viability by potentiating LKB1 

activity. Active AKT impairs the tumor suppressor activity of LKB1 through phosphorylation of 

Ser344, promoting its association with 14-3-3 proteins, and thus impairing its cytoplasmic 

translocation (Liu et al. 2012). Accordingly, MK-2206 may alter cell cycle progression by 

attenuating AKT-induced nuclear retention of LKB1 hence allowing the kinase to carry out its 

tumor suppressor function. In this respect, cell lines containing mutant LKB1 lack functional 
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LKB1 protein so that even in the absence of AKT suppression, normal LKB1 function cannot be 

restored. Furthermore, in the wild-type Stk11 NCI-H358 cells the significant changes induced by 

MK-2206 are indicative of impaired G1 to S phase transition which corresponds to the function 

of LKB1.  

 The significant cell cycle changes induced by A-674563 include a decrease in the 

proportion of cells in the Go/G1 phase and an increase in the proportion of cells in the S phase. 

Since there are more cells undergoing DNA synthesis, it’s anticipated that there would be an 

increase in the percentage of cells undergoing mitosis, but no significant change was found. This 

indicates that A-674563 is preventing cells from progressing past the S phase of the cell cycle. 

A-674563 in addition to being an AKT-1 inhibitor inhibits CDK2 activity (Fig 19). The cell cycle 

profile resulting from A-674563 treatment is congruent with the findings of Zhu et al. 2004 who 

reported that CDK2 inhibition increases the proportion of cells in the S phase by inducing DNA 

re-replication. They observed that treatment of synchronized A2780 ovarian cancer cells with a 

CDK2 inhibitor activated an intra-S-phase checkpoint indicated by an increase in 

minichromosome maintenance protein complex (MCM) and replication protein A (RPA) binding 

to chromatin as well as potentiated p21 and p53 activity (Zhu et al. 2004). CDK2 inhibition also 

increased the activity of the MRE11-RAD50-NBS1 DNA damage repair complex in the A2780 

cells (Zhu et al. 2004). Overall, they reported that CDK2 inhibition promotes DNA re-

replication, inducing ATM (ataxia-telangiectasia, mutated) and ATR (ATM and Rad3 related) 

DNA damage response activity. DNA re-replication is a novel mechanism for cancer therapy 

currently being investigated in a phase II clinical trial for leukemia. In this study, patients are 

being treated with MLN4924 an inhibitor of NEDD8-activating enzyme. MLN4924 induces 
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apoptosis, autophagy, cellular senescence (Oladghaffari et al. 2016), and decreases cellular 

proliferation by inducing DNA re-replication and subsequently activating the DNA damage 

checkpoint pathway (Lin et al. 2010). In accordance with these findings, its possible that one of 

the major drivers for the improved efficacy of A-674563 over MK-2206 could be due to its 

induction of cellular re-replication through CDK2 inhibition.  

 Divergent effects of the inhibitors were also observed on the subcellular localization of p-

AKT-1. MK-2206 was found to increase the nuclear localization of p-AKT-1 in both A549 and 

A427 cells but A-674563 decreased the nuclear localization of p-AKT-1 in only the A427 cells. 

Based on our findings, it’s presumed that the nuclear localization of p-AKT-1 is unfavourable in 

the reduction of NSCLC cell viability since its increased by MK-2206 and decreased by 

A-674563. Furthermore, the decrease by A-674563 is only seen in the A427 cells which are 

much more sensitive to A-674563 than MK-2206. Nuclear AKT is known to promote 

tumorigenesis and is associated with a poor prognosis in NSCLC patients (Yip et al. 2014). It 

promotes cell cycle progression from the G1 to S phase by increasing the expression of cyclin 

D1 (Martelli et al. 2012) and inhibiting p21 activity (Jain et al. 2015). Nuclear AKT also 

phosphorylates CDK2 at Thr39 causing cytoplasmic localization of the cyclin A/CDK2 complex 

which is required for cell cycle progression from the S to G2/M phase (Xu et al. 2012). 

Additionally, it's associated with decreased miR-301 expression in cancer cells which promotes 

cell survival and migration (Jain 2016). It’s unclear as to whether the inhibitors alter the 

subcellular localization of p-AKT-1 by influencing its nuclear activation or translocation. The 

nucleus contains all the machinery required for AKT activation and can serve as a site for AKT 

phosphorylation (Wang and Brattain 2006). However, AKT-1 can also translocate into the 
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nucleus and this is promoted by IGF-1, insulin, hypoglycemia, nerve growth factor, tumor 

necrosis factor alpha, and Tcl1 association with the PH domain of AKT-1 (Meier et al. 1997; 

Ouyang et al. 2000; Pekarsky et al. 2000; Borgatti et al. 2003; Huang and Chen 2005). 

Supplementary research is required to understand how the inhibitors modify the nuclear 

sequestration of p-AKT-1 but both our findings and the literature suggest that nuclear AKT 

augments NSCLC cell survival.   

 Given the observed differences in cell cycle progression and p-AKT-1 localization, it's 

anticipated that the effects of the inhibitors would deviate at some point in the AKT pathway. 

However, no obvious differences in protein expression were identified among the downstream 

targets. There were no opposing effects of the inhibitors that were present in both of the cell lines 

and therefore we cannot define the divergent effects of A-674563 and MK-2206 on the 

downstream targets of AKT. We only measured the expression of 8 out of 254 of AKTs known 

downstream targets so its possible that the effectors chosen are not implicated in the varied 

efficacies of the two inhibitors. Expression levels were also only measured after short treatment 

times with the IC50 value determined for 72 hours of treatment. Thus, higher concentrations or 

longer treatment times may be required. To look at a larger number of downstream targets an 

AKT kinase activity assay was completed on the A549 and A427 cell after treatment with the 

two inhibitors. However, when compared to our western blot results, there was a notable degree 

of variability. This was very unexpected considering that the AKT antibody array consists of the 

same antibodies we used in our western blots. Since completing the AKT antibody array, all of 

the Pathscan Antibody Arrays from Cell Signaling Technology have become discontinued. This 

may be indicative of a flaw in the arrays.  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 Although we were unable to identify divergent effects of the inhibitors on protein 

expression, heterogenous effects of A-674563 were present between the A549 and A427 cells. 

The two cell lines share a similar mutation profile but A-674563 is drastically more potent than 

MK-2206 in the A427 cells (14.9x difference in IC50 value) compared to the A549 cells (3.2x 

difference in IC50 value). Accordingly, other factors in addition to Stk11 mutations dictate a cell 

lines sensitivity A-674563 treatment. Between the A549 and A427 cells, there was a variation in 

the effects of A-674563 on the phosphorylation of the downstream effector PRAS40. PRAS40 is 

known to be an inhibitor of mTORC1 and direct phosphorylation of PRAS40 by AKT alleviates 

this effect (Wang et al. 2007; Sancak et al. 2007). Regardless, numerous studies have published 

conflicting data in terms of the role of PRAS40 on mTORC1 activity. In Drosophila, the function 

of PRAS40 is tissue-specific and only regulates TORC1 activity in the ovaries to regulate 

fertility and not growth (Pallares-Cartes et al. 2012). Furthermore, loss of PRAS40 unlike other 

regulators of TOR is not lethal and does not influence the size of the flies (Pallares-Cartes et al. 

2012). In human embryonic kidney (HEK) cells, loss of PRAS40 increases 4E-BP binding to 

raptor but not the phosphorylation of endogenous mTORC1 substrates (Wiza et al. 2012). 

PRAS40 expression may also be required for mTORC1 activity as loss of PRAS40 impairs the 

phosphorylation of 4E-BP1 and S6 kinase (Fonseca et al. 2007). Lastly, loss of PRAS40 

increases the phosphorylation of TSC2 at T1462 by AMP kinase which is known to inhibit 

mTORC1 activity (Hong-Brown et al. 2010).  In our western blots, treatment with A-674563 in 

the A549 cells initially decreased and then maintained expression of p-PRAS40 the same as the 

controls. In the A427 cells, A-674563 markedly increased expression above the controls at all 

time points. Considering the controversial reports in the literature, this increase in p-PRAS40 
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expression in the A427 cells may actually be advantageous in the efficacy of the inhibitor. 

Phosphorylation of PRAS40 by AKT suppresses PRAS40 activity and based on the literature, 

this loss may actually inhibit mTORC1 activity.  

 The effect of A-674563 on the expression of p-AS160 and p-MDM2 also varies between 

the A549 and A427 cells. A-674563 treatment decreases the expression of p-AS160 and p-

MDM2 in the A549 cells and increases the expression in the A427 cells. Intriguingly, both of 

these kinases are potential AKT-2 specific targets (Gonzalez and McGraw 2009a; Clark and 

Toker 2014). Compensation is a common occurrence when targeting the individual AKT 

isoforms. Double knockouts of the isoforms result in lethality but single AKT isoform null mice 

are viable (Gonzalez and McGraw 2009b). Moreover, loss of either AKT-1 or AKT-2 does not 

change the total phosphorylated AKT levels (Watson and Moorehead 2013). Since A-674563 

targets solely AKT-1, at least some compensation by AKT-2 is expected. Treatment with 

A-674563 increases p-AKT-2 expression in both the A427 (Fig 11 G) and A549 cells (Fig 10 G) 

but this increase is similar to that observed for p-AKT and p-AKT-1 with A-674563 treatment. 

As a result, we cannot assume that this increase reflects AKT-2 activity. A-674563 also decreases 

expression of p-MDM2 and p-AS160 in A549 cells at the time points evaluated (Fig 12 E,F). 

Thus, A-674563 may only be increasing AKT-2 activity in the A427 cells. Potentiated AKT-2 

activity is presumed to be advantageous in the efficacy of A-674563 since AKT-2 ablation 

promotes and accelerates tumorigenesis in transgenic mouse models (Franks et al. 2016; 

Linnerth-Petrik et al. 2014). The reason why this compensation may be restricted to A427 cells 

could be reflective of basal AKT-2 expression levels since A549 cells have higher AKT-2 protein 

(Fig 6 H) and mRNA (Fig 7 B) expression. The high basal AKT-2 expression in the A549 cells 
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may initially compensate for the loss of AKT-1 so perhaps an increase in p-AS160 and p-MDM2 

expression would be observed at later time points or higher concentrations. 

Limitations and Future Directions 
 One of the major limitations of this study is that all 6 of the NSCLC cell lines selected 

fall under the adenocarcinoma subtype. Despite the fact that the cell lines represent a wide range 

of mutation profiles of both primary and metastatic origins, we cannot confidently extrapolate 

our findings to all NSCLC subtypes. It’s also important to note that only pharmacological 

inhibition was used to compare the efficacies of AKT-1 and pan-AKT inhibition but inhibitors 

are known to have several off-target effects. Although they may increase their potency, it does 

not answer the primary question of whether AKT-1 inhibition is superior to pan-inhibition. 

Throughout the study, the determined IC50 values for A-674563 treatment over 72 hours was used 

in each experiment. However, treatment times ranged from only 30 minutes to 24 hours to test 

the immediate effects of the inhibitors. In this regard, the IC50 values for these treatment times 

were not used which may have made the effects of the inhibitors less prominent. Furthermore, 

some experiments were not performed in triplicate (western blots and immunofluorescence) for 

the interest of time since we were probing for a long list of potential targets. For those with 

intriguing results such as the AKT-2 specific targets and p-PRAS40, more replicates should be 

completed. Also, now that we have observed a marginal change in p-AKT-1 localization, 

additional replicates would help verify significance. 

 Future research should investigate the role of the Stk11 mutations on the sensitivity of 

NSCLC cells to MK-2206. LKB1 can be knocked out in the Stk11 wild-type cells and then 

treated with MK-2206. If our theory is correct, MK-2206 should become less effective in these 
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cells and produce no significant changes in cell cycle progression. To elucidate the roles of 

exclusively AKT-1 and pan-AKT inhibition, the isoforms should be individually knocked out of 

the cell lines and then evaluated for survival, proliferation, and cell cycle progression. It would 

also be interesting to identify the mechanism in which the inhibitors alter p-AKT-1 localization. 

This can potentially be achieved by blocking/mutating the nuclear localization signal (NLS) of 

AKT. If there is no change in the nuclear localization of p-AKT-1 after MK-2206 treatment, the 

inhibitor likely promotes p-AKT-1 translocation and not nuclear activation. Probing for total 

AKT-1 localization could also help support these findings. To fully understand the mechanism of 

action of A-674563, it should be determined if treatment induces ATM and ATR DNA damage 

repair. Additionally, the role of CDK2 inhibition in this process should be evaluated by 

potentially overexpressing Cdk2 in cells being treated with A-674563 to see if this change is still 

induced. Cdk2 can also be knocked out of the cell lines to see if the loss of exclusively CDK2 

can induce DNA re-replication. To fully resolve the toxicity of the inhibitors on non-malignant 

cells, other cell lines from rapidly replicating tissues should be assessed in a dose escalation 

study before moving onto in vivo models. Finally, it would be interesting to gauge the potential 

of dual AKT-1 and CDK2 inhibition to determine if they have a synergistic therapeutic effect on 

human NSCLC cells.  
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SUMMARY AND CONCLUSIONS 

 In this study, we compared the effects of AKT-1 inhibition to pan-AKT inhibition on 

human NSCLC cell survival. An AKT-1 inhibitor A-674563 was significantly more potent at 

reducing cell survival than a pan-AKT inhibitor MK-2206. A-674563 was determined to be 

marginally more effective than MK-2206 with a larger expected therapeutic index in Stk11 

mutant cell lines. Comparison of downstream effects revealed that A-674563 blocks progression 

from the S phase to the G2/M phase of the cell cycle. Alternatively, MK-2206 attenuates the Go/

G1 to S phase transition but only in the Stk11 wild-type NCI-H358 cells. Therefore, Stk11 mutant 

cell lines may be much more sensitive to A-674563 than MK-2206 because they are resistant to 

the cell cycle changes induced by the pan-AKT inhibitor. The cell cycle changes resulting from 

A-674563 treatment are indicative of an intra-S-phase checkpoint which has been reported to 

occur with CDK2 inhibition, a known off-target effect of A-674563. Furthermore, cell lines with 

higher p-CDK2 and CDK2 expression were found to be more sensitive to A-674563 treatment 

compared to their mutation counterparts. No obvious differences were observed in the protein 

expression of the downstream effects of AKT after treatment with the two inhibitors but variation 

in the effects of A-674563 between cell lines was present. In the more sensitive A427 cells, 

A-674563 treatment demonstrated a potential increase in AKT-2 activity and phosphorylation of 

PRAS40. MK-2206 treatment was also found to increase the nuclear localization of p-AKT-1 in 

both A549 and A427 cells while A-674563 treatment decreased nuclear localization of p-AKT-1 

in just the A427 cells. Accordingly, these disparities may contribute to or be a result of the 

improved efficacy of A-674563 in the A427 cells over the A549 cells. Overall, A-674563 is more 

effective at lower doses than MK-2206 and is expected to have a larger therapeutic index than 
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MK-2206 in Stk11 mutant NSCLC. Thus, this study provides evidence to support the use of 

AKT-1 inhibition over pan-AKT inhibition for Stk11 mutant NSCLC. 
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APPENDIX I: RECIPES FOR SOLUTIONS 

Phosphate Buffered Saline (PBS) (2L) 
Sodium Chloride 

Potassium Chloride 

Sodium Potassium Dibasic Anhydrous 

Potassium Phosphate Monobasic 

pH to 7.4 with HCL 

16.0 g 

0.4 g 

2.3 g 

0.4 g 

Immunofluorescence Reagents 

Permeabilizing Solution (0.2% Triton X-100 in PBS)  
Triton X-100 

PBS 

100µL 

50mL 

Blocking Solution (5% BSA in 0.1% Triton X-100/PBS) 
BSA 

Triton X-100 

PBS  

2.5g 

50 µL 

50 mL 

Antibody Diluting Solution (1%BSA in 0.1% Triton X-100/PBS) 
BSA 

Triton X-100 

PBS  

0.5g 

50 µL 

50mL 
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Western Blot Reagents 

RIPA Lysis Buffer 
50mM Tris HCl, pH 7.5   

150mM NaCl  

1% Triton X-100  

0.1% SDS (sodium dodecyl sulfate)  

10mM EDTA 

1% Sodium Deoxycholate  
 
H2O to 500mL 

3.0285g 

4.383g 

5mL 

0.5mL 

1.4612g 

5mL 

 
Each mL was supplemented with 10uL of 
Phosphatase Inhibitor Cocktail A, B, and C 
purchase from Biotool, Burlington, ON  
  
1.0M Tris  
Tris Base 

H2O  
 
pH to 6.8 with HCL 

 

12.12 g 

100 ml 

 
1.5M Tris  
Tris base 

H2O  
 
pH to 8.8 with HCL  

18.16 g 

100 ml 

 
10% Ammonium Persulfate 
Ammonium Persulfate 

H2O 

1g 

1mL 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10% SDS  
SDS  

H2O 

Resolving Gel (10% Polyacrylamide) 

10g 

100mL 

H2O  

30% Acrylamide Mix 

1.5M Tris (pH 8.8) 

10% SDS 

10% Ammonium Persulfate 

TEMED 

4.0mL 

3.3mL 

2.5mL 

0.1mL 

0.1mL 

0.004mL 
 
Stacking Gel 
H2O 

30% Acrylamide 

1.5 M Tris (pH 6.8) 

10% SDS 

10% Ammonium Persulfate 

TEMED 

2.1 mL 

0.5mL 

0.38mL 

0.03mL 

0.03mL 

0.003 mL 
 
3x Sample Buffer  
187.5mM Tris HCL  

6% SDS  

0.03% Bromophenol Blue  

30% Glycerol  

PBS 

1.47g 

3.0g 

0.015g 

15mL 

35mL 
 

!107



Reducing Buffer 
3x Sample Buffer  
 
1M DTT    

 
350uL 
 
50uL 

Running Buffer (5x) 
Tris 

Glycine 

10% SDS  

H2O to 1 L  

 
15.1 g 

72.1 g 

10 ml 

 
Tris Glycine Transfer Buffer (25x)  
Tris Base 

Glycine 
 
H2O to 500mL 

18.2g 

90g 

 
Transfer Buffer (1x) 
25x Transfer Buffer  

Methanol  

H2O to 1L 

40mL 

200mL 

 
10x Tris Buffered Saline (TBS)  
20mM Tris Base  

NaCl     

pH to 7.6 

H2O to 1L 

24.2g 

80g 

 
Tris Buffered Saline with Tween (TBST) 
TBS 

Tween 20 

H2O to 1L 

100mL 

1mL  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Blocking Solution  
5% Evaporated Skim Milk 

TBST 

Antibody Diluting Solution 

2.5g 

50mL 

 

5% BSA 

TBST 

2.5g  

50mL 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APPENDIX II: SOURCES FOR MATERIALS 

American Type Culture Collection (ATCC), Manassas, Virginia, USA 

Amersham Pharmacia Biotech, Buckinghamshire, UK 

BD Biosciences, San Jose, California, USA 

Bio-Rad, Mississauga, Ontario, CA 

Bioline, London, UK 

Biosoft, Cambridge, UK  

Biotool, Burlington, ON, CA 

Cell Signalling Technology, Beverly, Massachusetts, USA 

eBioscience San Diego, California, USA 

Graphpad Software, Inc., La Jolla, CA 

Life Technologies, Burlington, Ontario, CA 

Lifeline Cell Technology, Frederick, Maryland, USA 

Molecular Devices, Sunnyvale, California, USA  

National Institute of Health, Maryland, USA 

Olympus, Tokyo, JPN 

Q Imaging, Surrey, British Columbia, CA 

Quanta Biosciences, Beverly, Massachusetts, USA 

Roche Mississauga, Ontario, CA 

Santa Cruz Biotechnology, Dallas, TX, USA 

Sellekchem Burlington, Ontario, CA 

Sigma-Aldrich, Oakville, ON 
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Thermo Scientific, Waltham, MA, USA
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