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ABSTRACT 

 

 
 

NNE EMMANUEL UKO 

NOVEL AKT PATHWAY INHIBITORS: AN INTEGRATED APPROACH 

BETWEEN THEORY AND EXPERIMENT 

Under the direction of Diane F. Matesic, Ph.D. 

 
 

 

The AKT kinase signaling pathway regulates growth and survival of cells, and it 

is linked to the progression of numerous types of human cancers. Several studies have 

shown that deactivation of Akt can promote inhibition of cancer cell growth. The 

objective of this study was to investigate the efficacy of novel AKT pathway inhibitors in 

terms of their ability to deactivate AKT and inhibit human tumor cell growth.  These 

compounds were identified using computer-assisted drug design (CADD) methods. 

Pharmacophore modeling was used to screen hundreds of small molecule compounds as 

potential AKT pathway inhibitors.  

Five commercially available putative AKT pathway inhibitors were identified that 

had the necessary pharmacophoric features. Three compounds, labeled B, C and D were 

modeled after solenopsin, an alkaloid from the venom of fire ants and the remaining two, 

compound A and E were designed after a known Akt inhibitor. Cultured tumorigenic ras-

transformed cells (WBras1) and human lung carcinoma cells (H2009) were treated with 

one of the test compounds at varying non-cytotoxic concentrations, or with the vehicle 

(DMSO). Akt phosphorylation levels at the Ser473 and Thr308 site were monitored. 



xvi 

Among all the cells treated, compound B significantly decreased. phosphorylation 

at varying time points in both tumorigenic cell types at low micromolar concentrations.  

Downstream Akt effectors were assessed for alternations in pathway regulatory 

activity. The results indicated that compounds B and C effectively downregulated Akt 

pathway activation through reduced phosphorylation of Akt and downstream effectors in 

the Akt pathway. To determine whether any of the CADD compounds directly inhibit 

Akt, an in-vitro Akt kinase kit assay was utilized. The study revealed that none of the 

CADD compounds inhibited Akt phosphorylation at the ATP activation site.   

In this dissertation, it has been revealed that only compounds B and C decreased 

cancer cell growth in human lung carcinoma cells. The outcome of this investigation 

confirmed that by inhibiting activation of Akt, inhibition of cancer cell growth can be 

achieved. Compound B was the most effective of the 5 compounds in inhibiting AKT 

phosphorylation. Compound B was also the most effective in inhibiting H2009 cell 

growth.   

In addition, we studied and showed that an extract of an anticancer herbal mix 

(labeled as BAH), comprised of plantain (Musca paradisiaca), yam (Dioscorea rotundata) 

and fish (Atlantic herring), significantly decreased Akt phosphorylation, blocked cancer 

cell growth and inhibited the activity of Akt in the presence of ATP.   

Taken together, this study highlights the utility of CADD in identifying promising 

anti-cancer agents and for the first time unveils novel solenopsin derivatives that hamper 

the activation of Akt, including alteration of Akt signaling in the pathway. The inhibitory 

effect in vitro of a proprietary anticancer herbal extract for the first time in human lung 

cancer cells is also demonstrated.



1 

CHAPTER 1  

INTRODUCTION 

Cancer is a critical public health problem globally, and it remains the second 

leading cause of death in the United States with a projected cost of over $207 billion on 

the American health care system by the year 2020 (National Institute of Health, 2016). It 

is estimated that about 1.7 million new cases of cancer will be diagnosed, and 609,640 

people are projected to die this year in the US, with 323,630 and 286,010 accounting for 

the number men and women, respectively (Siegel, Miller, & Jemal, 2018). By the year 

2020, it is estimated that over 630,000 people will die from leading cancers (Center for 

Disease Control, 2016). The most prevalent types of cancers to be reported are prostate 

cancer in men and breast cancer in women, followed by lung and colorectal cancer in 

both sexes (American Cancer Society, 2018). Although from 2014 to 2015 approximately 

1.7% decline in deaths occurred, the rate decreased from its peak of 215.1 per 100,000 

population in 1991 to 158.6 per 100,000 in 2015, totaling a 26% mortality reduction. This 

translates to approximately 2,378,600 fewer cancer deaths than would have been 

expected if death rates had remained at their peak. (Center for Disease Control, 2018).   

Despite the reported decrease, the lifetime probability of being diagnosed with 

cancer is 39.7% for men and 37.6% for women (National Institute of Health, 2018).  In 

2013, an estimated 14 million people were living with cancer in the United States alone 
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and 13.1 million deaths were projected to occur worldwide (Alberts & Hess, 2013). 

Cancer is considered a genetic disease. While cancer-causing mutations can be inherited, 

cancer can also be caused by errors in cell division or DNA damage from environmental 

exposure. These mutations usually occur in proto-oncogenes, tumor suppressors and 

DNA repair genes. Given the complicity of this disease, a deeper understanding of the 

way healthy cells transform into tumorigenic cells may help in the development of novel 

therapeutic strategies. The need to combat drug resistance in cancer therapeutics cannot 

be overemphasized as different forms of cancer can become resistant to treatment due to 

changes in the microenvironment and additional mutations acquired by genetically 

unstable cancer cells. To counteract this drug resistance in a safe and timely manner, 

more drugs will be required to target various specific types of cancer. 

Cancer is a disease that develops when abnormal cells grow, proliferate and 

disseminate uncontrollably. There are multiple anti-cancer defense mechanisms that are 

breached by cells before the onset of the disease. These mechanisms are the “Hallmarks 

of Cancer” whereby cells are characterized (Hanahan & Weinberg, 2011). They include 

insensitivity to immune surveillance, altered growth suppressor genes and apoptosis, self-

sufficiency in proliferation signals and angiogenesis, deregulation of cellular energetics, 

activation of tumor-promoting inflammation, tissue invasion and metastasis (Hanahan & 

Weinberg, 2011).  Underlying these hallmarks are epigenetic modifications and genetic 

mutations that trigger and/or deactivate oncogenes and tumor suppressor genes (Hanahan 

& Weinberg, 2011) (Sarkar et al., 2013). Malignant mutations increase the risk of 

developing the disease and they are instigated by factors such as hereditary, lifestyle or 

the environment. Approximately, 5 to 10% of all cancers are suggested to be inherited 
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mutations and the remaining 90-95 % are attributed to the environment and lifestyle 

(Anand et al., 2008). Non-hereditary factors include diet, alcohol, cigarette smoking, 

stress, environmental pollution, physical inactivity and obesity (Anand et al., 2008). 

However, lifestyle adjustments can reduce or eliminate the risk of cancer to promote a 

better quality of health and longevity.  

Despite substantial advances in the treatment of various cancers, many patients 

still receive anti-cancer therapies that fail to eradicate tumor cells but perpetrate major 

side effects. The treatment modalities include surgery, radiotherapy, and medical (i.e. 

chemotherapy, immunotherapy & molecular targeted) therapies.  To provide the optimal 

treatment regimens for cancer patients, molecular oncology is one area continuously 

explored for development of targeted therapies that inhibit the growth and spread of the 

disease to other parts of the body. Targeted therapies are known as the fundamental basis 

of precision medicine. This cancer treatment approach attacks features common to cancer 

cells while limiting damage to normal cells in the body. There are two modalities of 

molecular targeted therapy for cancer. One type includes small molecule drugs that work 

inside the cancer cells and the other type involves drugs that are monoclonal antibodies 

that work on the outside of the cells.  These drugs can be administered alone or in 

combination with traditional chemotherapy.  Due to the harshness of traditional 

chemotherapies, in addition to the onset of drug resistance and the high failure rate of 

drug candidates in clinical trials, the need for novel therapeutic drugs cannot be 
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overemphasized. To this end, our laboratory has investigated the biological activity of two 

novel CADD compounds with therapeutic potential, as well as an herbal extract for their 

ability to inhibit the growth of tumorigenic cells in vitro. These experimental agents 

inhibit the PI3K/ Akt pathway, a key growth signing pathway that is overactive in 

numerous cancer types. This dissertation focuses the attempt to elucidate specific 

molecular targets and biochemical mechanisms of growth inhibition of these 

antitumorigenic agents. In Chapter 2 of this dissertation, the background on Akt kinase, 

the literature review of the PI3K/Akt signaling pathway, including solenopsin and its 

derivatives are discussed. Chapters 3 and 4 contain results from studies on Compound B. 

Evaluation of other novel Akt inhibitor pharmacophore modeled analogs will be presented 

in Chapter 5. The background, brief literature review for MGV herbal extract mix (labeled 

as BAH), including the research results will be presented in Chapters 6. Contents in 

Chapter 7 will include a summarization of studies on compound B and MGV herbal 

extract concluding remarks and future directions. 
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CHAPTER 2 

LITERATURE REVIEW 

The Akt/PKB Kinase 

The Akt kinase is a serine and threonine-specific protein kinase also known as 

protein kinase B (PKB). It is found in all human cell types localized predominately in the 

cytoplasm, and following activation, is found at the plasma membrane, and the nucleus.  

It is a critical signaling node within all cells of higher eukaryotes marked as one of the 

most significant and versatile protein kinases at the center of human physiology and 

disease. Studies have indicated Akt kinase as one of the attractive targets for small 

molecule drug discovery due to its role in survival, proliferation and its hyperactivation in 

many human cancer types such as lung, breast, ovarian, prostate, bladder and colorectal 

(Romano, 2013; Guimarães et al., 2015; Nitulescu, 2016); Zhang, et al., 2017).  

The characterization of Akt was first discovered in 1991 by three independent 

research groups. Bellacosa et al established the v-akt as the product of an oncogene, the 

gene transduced by a murine retrovirus which induces T-cell lymphoma in AKR mice, 

hence the name Akt (Bellacosa et al., 1991). Later, they identified that its cellular 

homolog, then termed c-akt, encoded the cytoplasmic serine/threonine protein kinase Akt 

in mice (Bellacosa et al., 1993). Research teams in England and Switzerland identified 

Akt kinase while investigating novel kinases related to protein kinase A (PKA) and 

protein kinase C (PKC) (Coffer and Woodgett, 1991; Jones et al., 1991). They 

characterized PKB by its catalytic/kinase domain homology to PKC (73%) and PKA
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 (68%), hence formerly named, A and C Protein Kinase (RAC-PK) but later changed to 

PKB (Coffer and Woodgett, 1991; Jones et al., 1991).  

There are three mammalian isoforms of Akt (Akt1/PKBα, Akt2/PKBβ, and 

Akt3/PKBγ). While Akt1 and Akt2 are localized throughout in the body, Akt3 is 

expressed typically in the brain, breast, fat, heart, kidney, pancreatic islets and testis 

(Masure et al., 1999; Yang et al., 2003). All three isoforms belong to the AGC kinase 

family and they share extensive homology in their catalytic domain of over 85% (Hanks 

and Hunter, 1995). They possess an amino-terminal pleckstrin homology (PH) N-lobe 

domain (60%), connected to a central kinase domain (over 85%) separated by a 39-

amino-acid hinge  region (linker), that contains a twisted five-stranded antiparallel β-

sheet with one partially ordered α-helix, (28%) (Hanks and Hunter, 1995; Huang, et al, 

2003; Masure et al., 2005), and a carboxyl-terminal (C-lobe) regulatory domain that 

contains the hydrophobic motif, mostly eight α-helices and two short β-sheets, a 

characteristic of AGC kinases (Booun et al., 2007; Hanada, Feng & Hemmings, 2004) 

(See Figure 2).  The 39-amino acid linker region or ‘hinge’ connects the catalytic 

carboxyl hydrophobic domain to the PH domain by a flexible short polypeptide strand 

(Davies et al., 2007; Calleja et al., 2009; Gonzalez & McGraw, 2009; Wang & Basson, 

2008). The relative orientation of the N and C-lobes, α-helices, and the conformation of 

the activation loops vary among kinases, hence their different functionalities.  

However, structural analysis of kinase catalytic domains has accentuated that 

various AGC kinases assume extremely similar conformations while in their active state 

Huse & Kuriyan, 2002; Jacobs, Caron, & Hare, 2008). Korney and colleagues identified 

transversal hydrophobic backbones (spines) through the N and C-lobe, that elucidate the 
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stability of the kinase molecule in its active state conformation (Kornev, Haste, Taylor, & 

Eyck, S2006; Korney & Taylor, 2010). During the activation and substrate binding 

processes, Akt kinase undergoes dramatic interdomain conformational changes as the 

molecule unfolds from its inactive state (Guo, Huang, & Kim, 2009).  

Kinases indicate noticeable variability in the relative orientation of the N and C-

lobes, α-helices, and in the activation lobe conformation to perform numerous biological 

activities.  Generally, a closed structure is indicated by the two lobes clamped together to 

form a catalytically active and stable conformation with a network of conserved residues 

(Booun et al., 2007; Cheng & Niv, 2010; Yang et al., 2002) (See Figure 2). In contrast, 

the inactive conformation involves the two lobes widely apart at a higher angle; this 

usually is an unphosphorylated state of the kinase structure.  

 

The Activation Sites of Akt and Ligand Interactions 

The functionality of the PH domain involves the mediation of plasma membrane 

localization. The Akt kinase has two activation site residues, Thr308 which is situated 

within the T-loop of the kinase domain and Ser473 located in the C-terminal which is the 

non-catalytic region of the enzyme called the hydrophobic motif (Alessi et al., 1996).   

The elucidation of the three-dimensional crystallography of Akt reveals extensive 

structural indications to further understand the kinase molecular dynamics, aids in shape 

identification of the binding pocket when occupied with a ligand, as well as identification 

of residues within proximity to the ligand (Booun et al., 2007). The ATP binding site is 

located at the interface of the N terminal lobe and the C terminal lobe of the Akt kinase 
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(Figure 2) (Yang et al.,2002). Findings from the study of the Akt2 crystal structure 

containing an ATP analogue and a peptide substrate indicated that the Akt active site 

residues are relatively similar in all three isoenzymes (Yang et al, 2002).  The ATP 

binding region for the isoenzymes is characterized by a 96-100% homology with a 

difference of one residue which is Ala230 in Akt1 and Ala232 in Akt2 versus Valine228 

in Akt3 (Kumar, 2001). Within a 4-Angstrom radius around the Akt1 active site, twenty-

one amino acids have been reported, namely, Leu156, Gly157, 159, 162, (Glycine), 

Val164 (Valine), Ala177, 230 (Alanine), Lys179, 276 (Lysine), Thr211, 291, Met227, 

281 (Methionine), Glu,228, 234, 278 (Glutamine), Tyr229, Asp274, 279, 292 

(Asparagine) and Phe438 (Phenylalanine) (Brooun, 2007).    

Beyond the ATP binding site, the hinge region (also called linker region) of the 

kinase serves as the key anchor to the ATP cavity for inhibitors. Their chemical 

structures, three- dimensional arrangements and orientation at the ATP site are 

fundamental in the designing of small drug molecules (Xing, Rai, & Lunney, 2014).  

Although their inhibition varies by mechanism, most of the kinase inhibitors interact to 

form strong hydrogen bonds with the backbone of the hinge residues, which are usually 

essential for the attainment of potent kinase inhibition (Xing, Rai, & Lunney, 2014).  The 

hinge or linker region plays a significant role in the localization, flexibility for anchorage 

of ATP, and overall functionality of the kinase. In their findings, Kim et al. (2008) 

unveiled that the linker region, which possesses the least sequence homology between the 

isoforms of Akt/ PKB, induces selective localization of Akt1 in colon adenocarcinoma. 

This study also provided insight on the differential regulation between Akt1 and Akt2 

during PDGF-induced cell migration. 
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 The hinge region of PKB is represented by Ala232, Glu230, Thr213, Met282, 

specifically, Glu228 and Ala 230 in Akt1, which functionally induces flexibility and the 

clamping down on bound substrates while constitutively supporting the phosphorylation 

process of Akt (Blake et al., 2012; Davies et al., 2007; Wang & Basson, 2008).    In silico 

analysis of Akt1/Akt2/Akt3 identified Met227, Met225, and Met229, respectively, as the 

hinge (ATP) gatekeeper amino acids which are characterized by a bulky (reserved 

Methionine) yet flexible side chain movable by some kinase inhibitors, while steric 

hindrance formation deters other compounds (Okuzumi, 2010).   

The function of ATP in the biological activity of Akt kinase in cancer and other 

disease states has encouraged in-depth investigations for the discovery of novel drug 

advancements. The ATP binding pocket of protein kinases has been a main target for the 

design and development of small molecule inhibitors.  

The study and advancements of small molecule Akt inhibitor drugs is primarily focused 

on compounds that can bind to the ATP-binding site of the kinase to decrease pathway 

signaling activity (Chuang et al., 2015).  To date, numerous ATP-competitive Akt 

inhibitors have been reported, and are in clinical trials such as GDC-0068 (ipatasertib), 

GSK2110183 (afuresertib), AZD5363 (AstraZeneca), GSK2141795 (GlaxoSmithKline), 

to name a few (Brown and Banerji, 2017). Selective ATP-competitive Akt inhibitors like 

ipatasertib, afuresertib, uprosertib and AT13148, reportedly bind to the ATP active site 

and inhibit Akt activity, thus exerting cytotoxic and antiproliferative activities against 

human cancer cells (Yap et al., 2012; Brown and Banerji, 2017) by inducing inhibitory 

effects on the dysregulated PI3K/Akt signaling pathway. For most of the Akt inhibitors 

listed, preclinical data reveals robust mechanistic rationales evaluating their effects in 
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various cancer types with hyperactivated Akt signaling. Allosteric inhibitors are also 

known to alter the activity of kinases. An alkylphospholipid, perifosine, is known as the 

first allosteric Akt inhibitor to enter clinical development and is mechanistically 

characterized as a PH-domain dependent inhibitor, non-competitive with ATP, resulting 

in a reduction in Akt enzymatic and cellular activity (Lindsley et al., 2005; Yamaji et al., 

2017). Other small molecule (MK-2206, PHT‐427, Akti‐1/2) inhibitors with a similar 

mechanism of action, alter Akt activity through the suppression of cell growth mediated 

by inhibition of Akt membrane localization and subsequent activation (Yamaji et al., 

2017).  

 

Figure 1. Structural domains of Akt1/PKBα. Representation of the three domains of Akt1 

PKBα namely, the PH (pleckstrin) domain, kinase domain and the hydrophobic motif. 
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Figure 2. Crystal structure of ANP bound to Akt1.  Surface representation of the activated 

Akt1 kinase domain (PDB: 4EKK) demonstrating the locations of the N lobe (yellow), 

activation loop (cyan), and C lobe (purple). ATP is shown in the ATP-binding pocket in 

the activation. The segments are; N lobe with the five antiparallel β-sheets and a critical α-

helix (yellow), activation loop (cyan) and C lobe with eight α-helices and two short β-

sheets (purple). 

 

  In recent years, the gradual acceptance of Akt as a promising molecular target for 

cancer therapy is gathering momentum as researchers seek to explore and elucidate the 

powerful regulatory machinery involved in Akt’s mediation of numerous cellular 

processes such as growth, proliferation, metabolism, survival, apoptosis, angiogenesis 

and protein synthesis. There are several discoveries that explicate the mechanism of its 

upstream and downstream regulatory activity (Manning & Cantley, 2007).  

 

 

An overview of the PI3 Kinase /Akt Cell Signaling Pathway 

The phosphatidylinositol 3-Kinase–Akt cell signaling pathway consist of several 

activators, inhibitors and effectors and secondary messengers. 
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Because of its many loops and branches, the pathway is very complex and far from 

understood. Here only the most relevant important circuits will be presented in a 

simplified way. 

The Activation of PI3 Kinase 

The PI3 Kinase /Akt Cell Signaling Pathway is initiated with the activation of 

phosphatidylinositol-3 kinase (PI3 kinase). This activation can be effectuated by three 

different pathways. Two pathways begin with the activation of a receptor belonging to 

the family of receptor tyrosine kinases by an extracellular growth factor. Binding of the 

growth factor leads to the dimerization of the receptor monomers and the heterologous 

autophosphorylation of the monomers (Manning & Cantley, 2007). Depending on the 

receptor, different proteins may bind to the phosphorylated domain. The insulin receptor 

substrate-1 (IRS-1) binds to the activated IGF-1 receptor (Engelman, Luo, & Cantley, 

2006). Receptor-bound IRS-1 serves as binding and activation site for the PI3K. In 

addition, PI3K may bind directly to a phosphorylated receptor tyrosine kinase (RTK) 

(Manning & Canley, 2007). A complete mechanism of PI3K activation involves the small 

membrane-bound GTPase Ras (Engelman, Luo & Cantley, 2006). PI3K interacts with 

these members of the Ras family which is a critical aspect for regulation of this kinase 

(Rodriguez-Viciana et al., 1994). By binding to activated GTP bound Ras, PI3K is 

activated.  

 

Phosphatidylinositol (3,4,5) trisphosphate (PIP3) formation and Akt Activation 

At the second level of the pathway, the second messenger phosphatidylinositol 

(3,4,5) trisphosphate (PIP3) is formed. This result in the activation of the serine threonine 
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kinase, Akt. This kinase is activated by growth factors in a PI3K dependent 

manner. Specifically, the activation is led by stimulated RTK or G-protein-coupled 

receptor (GPCR) which promotes plasma membrane recruitment and the activation of 

one or more isoforms of the class I PI3K family (Manning & Toker, 2017).   

The activated PI3K migrates through the cytosol and binds to the 

phosphatidylinositol (4,5) bisphosphate (PIP2) which is a regular component of the 

membrane and is anchored by its two fatty acids on the lipid layer of the membrane 

(Franke et al., 1995). PI3K is able to phosphorylate PI4,5P2 (PIP2) to PIP3, and PIP3 can 

activate the Akt kinase.  Mostly, the Class I PI3Ks phosphorylate PIP2 to produce PIP3 

(Vanhaesebroeck et al., 2010), the synthesis of PI3,4P2 usually follows. This is suggested 

from the 5’-phosphatase SH2-domain harboring inositol 5’-phosphatase (SHIP) 

interaction on PIP3 (Guilherme, Klarlund, Krystal, & Czech, 1996). Reports indicate that 

both PIP2 and PIP3 bind directly to the PH domain of Akt, and the high-affinity binding of 

PIP2 was found to induce the partial activation of the Akt kinase in vitro (Franke, Kaplan, 

Cantley, & Toker, 1997; Klippel, Kavanaugh, Pot, & Williams, 1997).  Access to the Akt 

Thr308 site for phosphorylation is induced via a conformational change following the 

recruitment of both Akt and 3-phosphoinositide-dependent protein kinase-1 (PDK1) to 

the membrane sites of PIP3 or PIP2 synthesis as shown in Figure 3.  While at the 

membrane, Akt kinase is phosphorylated on the Thr308 residue site in its activation loop 

by the upstream kinase PDK1 which is a serine/threonine kinase. This action is 

imperative and sufficient for the partial activation of Akt. However, full activation of Akt 

activity occurs through serine phosphorylation at residue Ser473 in the C terminal of the 

hydrophobic motif by mTORC2. mTORC2 is a complex comprised of mTOR, deptor, 
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GβL, protor, mLST8, mSIN1 and rictor (Dufour, Dormond-Meuwly, Demartines, & 

Dormond, 2011; Sparks & Guertine, 2010).      

 

 

Figure 3. Schematic overview of the PI3K/ Akt pathway activation. Binding of growth 

factors to receptor tyrosine kinase induces autophosphorylation of the receptor and the 

activation PI3K which phosphorylate and converts PIP2 to PIP3. This interaction promotes 

the recruitment of Akt to the membrane level for activation by PDK1 and mTORC2 via 

phosphorylation at Thr308 and Ser473. 

 

 

The stability of Thr308 phosphorylation and the activation state of Akt are dependent on 

the phosphorylation of Ser473; the lack thereof induces a significant decrease in the 

activity of Akt kinase (Yang et al., 2002). PDK1 concomitantly is mandatory for the 

activation loop phosphorylation of other AGC family protein kinases, in addition to all 

isoforms of the growth factor stimulated kinases PKC, S6K, SGK and RSK (Mora et al,  

2004). Parallel to PDK1, mTORC2 also phosphorylates other AGC kinases at their 

corresponding hydrophobic motif residues, while mTORC1 targets the equivalent motif 
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in S6K1 at the Thr389 residue site (Saxton and Sabatini, 2017).   

Given that the cellular ambience may differ as specific PI3K isoforms are activated, the 

eventual output remains unchanged, which is the re-localization of inactive Akt kinase to 

membrane level of the accumulated PI3,4P2 or PIP3 way of Akt PH domain engagement. 

In the inactive conformation of Akt, the PH domain is inhibitory, termed “PH-in” and this 

state is relieved by the interaction PI3K products leading to the “PH-out” conformation as 

seen in Figure 4, thereby releasing the kinase domain and allowing residue 

phosphorylation by PDK1 (Calleja et al., 2007, Calleja et al., 2009).    

 

 

Figure 4. Schematics of Akt PH domain “in” and “out” resulting in activation of Akt. 

Inactive conformation maintained by Akt is induced by PH and KD domains 

intramolecular interactions. Biological activation is initiated by the recruitment of  

Akt to the membrane by phospholipids PIP3 signaling and binding the PH domain of Akt 

disrupts the PH-KD interactions, unmasking threonine residue (Thr308) and allowing its 

phosphorylation by PDK1. Akt activation is fully reinforced by the phosphorylation of the 

second activation residue, Ser473 in the C-terminal regulatory domain by mTORC2.  

 

 

However, the signal transduction of PI3K and the Akt kinase can be negatively 
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regulated through termination of the signal and this process is strongly controlled by 

phosphatases. This counteraction disrupts activation and biological activities along the 

pathway. Upstream of Akt, the induction of signal termination is accomplished mainly 

via phosphatase and tensin homolog (PTEN), which converts PIP3 back to PIP2 by way of 

dephosphorylation as shown in Figure 3. Auger et al. (1989) found that within seconds of 

growth factor stimulation, the initial synthesis of PI3K lipid products is detected. 

Combined with the transient inactivation of PI3K, the temporary nature of this signal is 

predominately induced by PTEN. The attenuation of Akt signaling at the active sites also 

affects Akt kinase activity. Direct dephosphorylation of Akt specifically at Ser473 by PH 

domain leucine-rich repeat protein phosphatase (PHLPP), shown in Figure 5, promotes 

decreased activity of Akt kinase, triggering apoptosis and the suppression of tumor 

growth (Gao, Furnari, & Newton, 2005). 

 

 

Figure 5. PI3K/ Akt pathway dephosphorylation activity by phosphatases. Lipid 

phosphatase, PTEN reverts PIP3 back to PIP2 following the phosphorylation of PIP2 by 
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PI3K. PIP3 functions as a docking molecule for both Akt and its activator, PDK1, which 

directly phosphorylates Akt at the T (activation) loop residue, Thr308 and subsequently 

phosphorylated by mTORC2 at the serine residue site for full activation. PP2A and PHLPP 

halt Akt kinase activation via dephosphorylates at Thr308 and Ser473, respectively. This 

action inhibits Akt from targeting its multiple cellular substrates downstream of the 

pathway. 

 

Another known primary regulator of Akt dephosphorylation shown in Figure 5 is 

protein phosphatase 2A (PP2A). Kuo et al., (2008) identified that B55α, a regulatory 

subunit of PP2A, targets regulation of Akt by dephosphorylation at the Thr308 site rather 

than Ser473 both in-vitro and in-vivo, thereby demonstrating substrate (site) specificity 

by the phosphatase intramolecularly. Utilizing NIH3T3 cells, the down-regulation of Akt 

Thr308 phosphorylation by PP2A/B55α holoenzyme in their study indicated a substantial 

reduction in forkhead box O3a (FoxO3a) phosphorylation levels compared to FoxO1 

following IL-3 or serum stimulation in B55α (Kuo et al., 2008). FoxO proteins are 

positioned downstream of the Akt pathway and are recognized as important transcription 

factor proteins in the signaling of growth factors. They are triggered by PI3K/Akt 

pathway activities that mediate cell proliferation, growth, and survival (Farhan et al., 

2017; Zhang, Tang, Hadden, & Rishi, 2011).  

 Kuo et al. (2008) also reported a modest reduction in phosphorylation of 

glycogen synthase kinase-3α or β (GSK3α/β), a recognized immediate downstream 

effector of Akt, utilizing serum-stimulated NIH3T3 cells over-expressing PP2A/B55α. 

Another group discovered that the phosphorylation impairment of Ser473 by the 

nullification of rictor in mTORC2 decreased phosphorylation of GSK3β at the Ser9 

residue (Shiota, Woo, Lindner, Shelton, & Magnuson, 2006).  

  Taken together, these studies reveal the partial functionality of Akt while 
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phosphorylation is significantly reduced at both activation sites, alludes to the possible 

compensation from other substrates resulting in partial Akt activity downstream observed 

in GSK3 phosphorylation.  

 

Downstream Effectors of the Akt Kinase 

The Akt kinase activated by PIP3 is a proto-onco protein with several substrate 

and effects as shown in Table 1. Below some of the substrates involved in various Akt 

functionalities will be discussed.  

Table 1. A brief overview of downstream Akt substrates, their phosphorylation sites and 

regulatory functions 

 

Substrate Phosphorylation 

Site 
Regulatory Effect Source 

ASK1 Ser83 Blocks oxidative stress 

and causes decreased 

apoptosis 

Kim et al., 2001 

B-Raf Ser365, Ser429 Inhibits intermediate 

signaling in ERK1/2 

pathway 

 

Gua et al., 2000; 

Cheung et al., 

2008 

BAD Ser99 Phosphorylation blocks 

functionality and 

facilitates survival 

Bonni et al., 

1999; Maiti, 

Bhattacharyya & 

Basu, 2001 

Casp9 S20 Blocks protease activity 

& mediates apoptosis 

Cardone et al., 

1998 

Forkhead family Thr24, Ser256, 

Ser319 

Facilitates nuclear 

exclusion; participate in 

cell arrest Inhibition 

induces survival of cells 

Rena el al., 1999; 

Wood et al., 2001 
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Gab2 Ser159 Regulates RTK 

signaling, 

phosphorylation inhibits 

signal propagation to 

RTK 

Lynch & Daly, 

2002  

Substrate Phosphorylation 

Site 

Regulatory Effect Source 

IKKα (IkB kinase) Thr23 Stimulates pro-survival 

gene expression; 

activates NF-kB & 

immune and stress 

response 

Oze et al., 1999 

GSK3α/β Ser21(ά)/Ser9(β) Inhibits & Inactivates 

glycogen synthase 

activity 

Cross et al., 1995 

mTORC 1 Ser2448 Induces protein 

synthesis & cell growth 

Nave et al., 1999 

P21WAF1 Thr145 Mediates retention in 

cytoplasm & blocking 

signaling to induce 

DNA replication  

Li et al., 2002 

MDM2 Ser166, Ser186, 

Ser188 

Translocates nucleus & 

blocks p53-mediated 

apoptosis 

Ogawara et al., 

2002 

PRAS40  Thr246 Binds & blocks mTOR 

leading to increased 

protein synthesis 

Vander et al., 

2007 

TSC2 Ser939, Ser981, 

Thr1462 

Inhibits mTOR activity 

and promotes protein 

synthesis 

Roux et al., 2004 

XIAP Ser87 Blocks apoptosis; 

inhibits ubiquitination & 

degradation; induces cell 

survival 

Bornhauser et al., 

2007 
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YAP1 Ser127 Suppressor p73-

mediated apoptosis 

Basu et al., 2003 

 

The best-known effect is the inhibition of apoptosis, programmed cell death. Akt binds to 

BAX and hinders its ability to form holes in the outer mitochondrial membrane. In the  

absence of Akt, these holes lead to apoptosis by the caspase cascade (Garenne, Renault & 

Manon, 2016). Another important effect of Akt is the activation of protein synthesis or 

translation; this effect is performed by a multistep protein cascade. The cascade begins 

with the activation of the protein ras homolog enriched in brain (Rheb) which activates 

mechanistic target of rapamycin complex 1 (mTORC1). mTORC1 is comprised of 

mTOR, PRAS40, deptor, raptor and mLST8, and is modulated by amino acids, energy, 

growth factors and oxygen levels (Dufour, Dormond-Meuwly, Demartines, & Dormond, 

2011; Sparks & Guertine, 2010). mTORC1 then interacts and activates the translation 

factor protein S6K. By binding to the large unit of ribosomes, S6K activates the 

translation of mRNA into protein. The complex also phosphorylates 4E-binding protein-1 

(4E-BP1). This process is initiated when Akt activates mTORC1 via a multisite 

phosphorylation involving TSC2 embedded in the TSC1-TSC2 complex, thereby 

inhibiting TSC2 from serving as a GTPase-activating protein (GAP) for Rheb, thus 

permitting the accumulation of Rheb-GTP (Manning & Cantley, 2007).  

Subsequently, Rheb-GTP then activates mTORC1, which phosphorylates 4E-BP1 

which is the downstream target including the S6K at the Thr389 residue. The activation 

loop of S6Ks, specifically S6K1 on Thr229 is phosphorylated by PDK1 in a response 

independent of the binding of PDK1 to PIP3. mTORC1 can also be activated by 
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phosphorylation of PRAS40 by Akt (Figure 3).  Upon activation, mTORC1 and Akt can 

phosphorylate insulin receptor substrate 1 (IRS-1) on the serine residues tagging the 

receptor for degradation. The process functions as a negative feedback loop mechanism 

to abate the PI3K/Akt signaling (Manning & Cantley, 2007).  In addition to other 

downstream activities, Akt may lower the concentration of the protein FOXO by  

phosphorylation. The phosphorylated FOXO is a substrate of the enzyme ubiquitin ligase 

which transfers ubiquitin peptide unto the protein. Subsequently, ubiquitin-related FOXO 

is destroyed by a complex of proteases called proteasome. By this means, Akt prevents   

the tumor suppressor FOXO from inhibiting cell survival and proliferation (Figure 3).  

GSK3 isoforms, GSK3α-Ser21 and GSK3β-Ser9 are well-known downstream substrates 

and direct targets of Akt.  Phosphorylation occurs at the highly conserved N-terminal of 

GSK3 and specifically, the phosphorylated Ser9 mediates the inhibition of kinase 

activity.   

Several mechanisms mediate the proliferative effect of Akt. GSK3β was the first 

discovered effector of Akt (Cross et al., 1995). As shown in Figure 3, Akt regulates 

GSK3β through phosphorylation, thereby blocking cyclin D1 from degradation and 

promoting the amplification of cyclin D1 and D3 mRNA translation (Muise-Himericks et 

al., 1998). This action of Akt also inhibits GSK from phosphorylating and inhibiting 

glycogen synthase resulting in the stimulation of glycogen synthesis (Manning & 

Cantley, 2007). Through direct antagonization of cell cycle inhibitors p21WAF1and p27Kip1 

via phosphorylation near their nuclear localization signal, Akt mediates their retention in 

the cytoplasm resulting in cell growth (Bellacosa, Testa, Moore, & Larue, 2004).  

On the contrary, the kinase can also confine a substrate to the nucleus. The oncoprotein, 
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murine double minute 2 (MDM2) is translocated to the nucleus from the cytoplasm 

following phosphorylation on the Ser166 and Ser186 residues by Akt. This results in the 

complexing of MDM2 with p53 transactivation domain enhancing the degradation of p53 

(Mayo & Donner, 2001; Vivanco & Sawyers, 2002). Both MDM2 and p53 are involved 

in an autoregulatory feedback where p53 induces transcription of MDM2. Subsequently,  

the oncoprotein, in turn, binds to p53 and blocks the expression of the tumor suppressor 

p53 modulated genes which are associated with cell cycle and cell death (Testa & 

Bellacosa, 2001).   

One of the important parallel signaling pathways of Akt is the c-Jun N-terminal 

kinase (JNK) pathway also known as the stress-activated protein kinase pathway, which 

is a conserved sub-family of mitogen-activated protein kinase signaling pathways. The 

collaboration between PI/Akt and JNK pathways although complex due to the dual 

functionality of JNK signaling may determine the survival or death of the cell. Both 

pathways are responsible for modulating several cellular processes including cell 

survival, growth, migration, invasion, and apoptosis (Zhao, Wang, & To, 2015). JNK 

module activation involves the binding of a scaffold protein, JIP1 to the PH domain of 

Akt1 forming an Akt1-JIP1 complex mediating the activation of Akt1 by PDK1 at 

Thr308 site (Dajas-Bailador, Bantouna Jones, & Whitmarsh, 2014; Kim, Sasaki, & Chao, 

2003; Kim et al., 2002). With escalated interaction between JIP1 and Akt1, JNK is 

released from the JIP-JNK module and inhibited from engaging in regulatory activity 

(Zhao, Wang, & To, 2015). Levresse, et al. (2000) found that JNK activity especially 

JNK2 was also inhibited by the overexpression of wild-type or constitutively active Akt1 

leading to the decrease in apoptotic effect in various cell types such as PC12 cells, 293T 
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and T cells. Another group identified the activated JNK in a non-small cell lung 

carcinoma subset of carcinoma biopsies which was reported to mediate the 

transformation of neoplastic cells in normal human bronchial epithelial cells (Khatlani et 

al., 2007). Thus, the pro-apoptotic role of JNK is antagonized by Akt activation under 

stimuli including stress, toxin, and cytokines; however, JNK may also function as an anti-

apoptotic protein promoting the survival of cancer cells since both Akt and JNK can 

induce EGF/EGFG in cancers, which is associated with PTEN loss (Zhao, Wang, & To, 

2015).  

Cross-talk between PI3K/Akt and other major signal transduction pathways, such 

as the mitogen-activated protein kinase (MAPK)/ extracellular-signal-regulated kinase 

(ERK) pathway, is not uncommon, both Akt and MAPK/ERK pathways have been 

shown to collaboratively maintain cell survival, growth and induce apoptosis (Gentry, 

Martin, & Der, 2013). MAPK/ ERK is activated via the Ras/Raf/MEK signaling pathway 

which is a chain of proteins that transduce signals from an extracellular receptor to the 

DNA within the cell’s nucleus. The convergence of the Akt and ERK pathways modulate 

many of the same downstream substrates (GSK3, FoxO, TSC2) for cellular regulatory 

processes. Winter Jefferson, & Kimball (2011) in their study reported that both pathways 

synergistically promote mTORC1 signaling through phosphorylation of the TSC 1 and 

TSC2. Earlier discovery indicated that the TSC1/2 functions as GTPase-activating 

protein (GAP) towards the protein, rheb (Inoki, Li, Xu, & Guan, 2003). Subsequently, 

mTORC1 is activated by the binary complexed Rheb-GTP via a partially defined 

mechanism. However, the stimulatory activity of Rheb-GDP is minimal (Long, Lin, 

Ortiz-Vega, Yonezawa, & Avruch, 2005).  Another signaling crosstalk is between Akt 
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and AMPK pathways of which Akt has several points of cross modulation. AMP-

activated protein kinase (AMPK) is a master cellular energy sensor that mediates the 

adaption to the decrease of ATP (Manning & Toker, 2017). Following the promotion of 

glucose uptake and glycolysis by Akt signaling, the production of ATP occurs, leading to 

the indirect inhibition of AMP kinase activation; conversely, Akt is reported to directly 

target a C-terminal residue on AMP kinase (AMPKat-Ser487) via phosphorylation, 

thereby blocking the activating process of AMP kinase by liver kinase (LKB1), a tumor 

suppressor (Hawley et al., 2014).   

 

Studies on Deregulation of PI3K/ Akt Signaling in Cancer 

 The PI3K/ Akt signaling plays an important role in various cellular growth 

processes and it is one of the most frequently mutated pathways in human cancer. The 

aberration of this pathway has been implicated in cancers of the prostate, brain, breast, 

colon, uterus.  Increased activity dramatically accelerates malignant growth (Chen, 

Nowak, & Trotman, 2014; Gao et al., 2013; Vivanco, I., & Sawyers, C. L. (2002). Over 

50% of human tumors display Akt hyperactivity (Altomare, & Testa, 2005). Several 

studies have indicated the correlation between Akt activation and the clinicopathological 

tendencies which include advanced stage, histological grade and poor prognosis 

(Altomare, & Testa, 2005). The activation of PI3K/ Akt in human cancer is triggered by 

various mechanisms possibly due to receptor tyrosine kinases or Ras mutations upstream 

of the pathway; the loss of PTEN tumor suppressor protein resulting in the elevated levels 

of PIP3; the gene amplification coding for p110 catalytic subunit of PI3K or of Akt, as 

either or both have been identified in ovarian, breast and pancreatic cancers (Engelman 
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2009; Vivanco & Sawyers, 2002). Additionally, it has been reported that the mutations in 

the PH domain of Akt1 constitutively activate the kinase or alter the domain binding 

affinity to a more abundant phosphatidylinositol other than PIP3 (Carpten et al., 2007; 

Dannemann et al., 2010; Kumar & Purohit, 2013). In response to the prevalence of 

hyperactivity of PI3K/Akt signaling in several cancer types, numerous PI3K pathway 

inhibitors are in clinical development (Engelman, 2009).  These targeting compounds 

include isoform-selective PI3 inhibitors, dual pan PI3K/ mTOR inhibitors, pan-PI3K 

inhibitors, and Akt inhibitors (Faes & Dormond, 2015; Engelman, 2009). Having shown 

limited efficacy clinically, these agents might be more efficacious when utilized in 

combination with other approaches that have the potential to overcome or delay the 

development of resistance during therapy. 

 

Solenopsin, Solenopsin derivatives and Akt Inhibitors  

Background on Solenopsin and Derivatives  

Solenopsin (Figure 6) is a piperidine alkaloid found in the venom of the fire ant 

(Solenopsis invicta or solenopsin Saevissima richteri).  Now commonly known as 

solenopsin A, the compound was studied and synthesized in the early 1990s (Arbiser et 

al, 1999; Leclercq et al., 1994) and is still currently relevant in drug research and 

development. Other groups have designed novel and prolific approaches of synthesizing 

the solenopsin enantiopure compound as well as other alkaloidal components of the fire 

ant venom (Jones, Blum, & Fales, 1982; Reding & Buchwald, 1998). However, the 

synthesis of solenopsin is challenging, due to the existence of other chemical piperidines. 

As seen in Figure 6, the chemical structure of the compound consists of a piperidine ring 
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substituted with a methyl group and a hydrophobic tail. Since the discovery of its  

biological activity nearly two decades ago, solenopsin still remains in the pre-clinical 

stages of drug development.  With current research advancements and outcomes, 

solenopsin or its derivatives may possibly be listed as potential clinical drug candidate(s) 

in the future. 

 

Figure 6. Modeled structure of Solenopsin. The compound has a piperidine ring replaced 

with a methyl group and a long hydrophobic chain consisting of eleven carbons. The 

modeling software, Spartan was used in building the structure. 

 

 

Antitumorigenic Effect of Solenopsin A and Analogs 

In 2007, Arbiser et al. identified the naturally occurring inhibitor, solenopsin A as 

a PI3K signaling and angiogenesis antagonist. Recent studies indicate that solenopsin A 

and analogues induce apoptotic characteristics in human melanoma (A375, A2058 cells) 

and murine angiosarcoma (SVR cells) irrespective of PTEN status or the activation of 

Akt. (Arbiser et al., 2007; Bowen, Arbiser, Whitmire & Furness, 2012; Karlsson et al., 

2015). 
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In murine ras-transformed endothelial cells (SVR), solenopsin was found to 

inhibit proliferation significantly compared to 17 tested solenopsin analogs and untreated 

controls in a dose-dependent manner after 48 hours of treatment (Arbiser et al., 2007). In 

cells with wild type p53, solenopsin induced the phosphorylation of Akt, while 

downregulating Akt activity in cells with defective p53 functionality, therefore signifying 

an ambience dependent effect on tumor cells (Arbiser, 2007). Although solenopsin 

treated tumor cells illustrated the increase of Akt phosphorylation, the agent induced 

tumor cell death regardless of Akt status (Arbiser, 2007). While PTEN loss of function 

and Akt elevation are key processes of resistance to chemotherapy (Arbiser, 2007), using 

solenopsin and analogs may be helpful in stimulating apoptosis in cancer cells that 

present these adverse prognostic biomarkers.  

Additionally, against a panel of 28 kinases in a cell-free assay, solenopsin only 

inhibited the activation of Akt and ribosomal protein S6 kinase (RSK1) (Arbiser, 2007).  

Non-inhibition was reported for the remaining kinases including PDK1, ERK, GSK3β 

and the purified recombinant PI3K p110α/85α complex which measures the conversion 

of PIP2 to PIP3 (Arbiser et al., 2007). The authors observed that in cell-based assays using 

human renal carcinoma cells (786-O), solenopsin antagonized Akt function resulting in 

the specific inhibition of nuclear export of FoxO1a to the cytoplasm (Arbiser et al., 

2007). The authors further unveiled solenopsin activity against angiogenesis in SVR cells 

and in-vivo using zebrafish at different time points (Arbiser et al., 2007). It was also 

illustrated that in insulin-stimulated 3T3-L1 cells, solenopsin downregulated 

phosphorylation of PI3K including the downstream kinase, Akt at Thr308 and Ser473 

residues, but did not inhibit the insulin receptor substrate 1 (Arbiser et al., 2007).
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Solenopsin suppressed Akt phosphorylation only at cytotoxic doses in PDGF-induced 

NIH3T3 cells, suggesting the specificity of solenopsin activity to be insulin signaling 

and/ or cell dependent (Arbiser et al., 2007).   

Karlsson et al. (2015) demonstrated the downregulation of Akt and 

PDK1phosphorylation by solenopsin including dose-dependent antiproliferative activity 

observed in human carcinoma cells when compared with untreated controls. However, 

the results showed that solenopsin A is a weak inhibitor of Akt even at considerably high 

concentrations. The addition of four carbons to the side chain revealed equal potency as 

the parent compound; the substitution of the methyl group for the hydroxyl group also 

illustrated similar effects on Akt phosphorylation in all three cell lines (Karlsson et al, 

2015). The inhibitory effect of solenopsin and its analogs on Akt hyperactivity highlights 

the need to further investigate and develop the untapped therapeutic potential of these 

agents.  

 

Targeting the PI3K/ Akt Pathway 

In human cancer, the PI3K/ Akt pathway is one of the most repeatedly 

deregulated signaling pathways. As earlier described, the activation of the Akt pathway 

plays a critical role in cell survival, growth, proliferation, migration, differentiation, 

reinforcing tumorigenesis and metastasis of tumors. Thus, this pathway is a promising 

therapeutic target for cancer treatment because it serves as a merging point for several 

growth stimuli. Consequently, the hyperactivity and activation of Akt are generally 

correlated with radiotherapy or chemotherapy (West, Castillo, & Dennis, 2002) and is a 

 poor prognostic factor for various cancer types. Therefore, small molecule agents that 
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inhibit the signaling of the PI3K/ Akt pathway might impede many features of the tumor-

cell phenotype (Pal, Reckamp, Yu, & Figlin, 2010; Hsieh, Truitt, & Ruggero, 2011). 

Consequently, the Akt pathway has become a major target for anticancer drug 

development by pharmaceutical companies. 

  In cancer, there are several conditions whereby the PI3K/Akt pathway is 

deregulated, a characteristic that leads to carcinogenesis and tumor propagation. 

Furthermore, Akt diminishes patient survival rate by supporting the escape of cancer cells 

from cytotoxic effects of standard chemotherapy drugs. The significance of the Akt 

pathway in cancer is therefore evident from its functional activities in the resistance of 

tumors to chemotherapies.  

 

Akt Inhibitors: Mechanisms of action and Advancements in Clinical Development  

 

 There are several Akt inhibitors in clinical trials of which the progress of key 

types will be discussed in this section. The analysis of the mechanism and 

characterization for each inhibitor is briefly reviewed to highlight plausible reasoning of 

how these investigational therapies exhibit inhibitory effect on the Akt pathway in cancer 

cells to decrease growth and proliferation, in addition to the induction of cell death. 

 

Mechanism of ATP-competitive Akt Inhibitors 

A major strategy for targeting Akt kinase has been through the development of 

ATP-competitive compounds of which some are currently in clinical evaluation. 

However, the challenge remains to advance potent and selective Akt inhibitors, as some 
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previously reported ATP competitive inhibitors such as AZD5363, exhibit off-target 

activity on the members of the AGC family (Davies, 2012; Rhodes, 2008).  The protein 

folding for all Akt kinases is similar and comprises the N and C-terminal lobes. The lobes 

form a pocket or binding cleft, for the binding of ATP (Huse & Kyryan, 2002; Johnson, 

Lowe, Noble, & Owen, 1998). Following the full activation of Akt via phosphorylation 

of the Thr308 and Ser473 residues, ATP must localize in the ATP binding cleft of Akt to 

facilitate the phosphorylation of downstream substrates thereby modulating cellular 

activity. With direct inhibitors, also called ATP-competitive inhibitors, there is a higher 

binding affinity to the Akt binding site of an activated Akt kinase, which is characterized 

by an open conformation of the activation loop (Wu et al., 2010). This open conformation 

is known as the aspartate-phenylalanine-glycine (DFG) “in”, a conserved triad at the 

beginning of the activation loop (Zuccotto, Ardini, Casale, & Angiolini, 2010). 

Competitive-ATP inhibitors bind to the ATP binding site of Akt, which appears to 

impede intra and inter domain movement by establishing broad interactions with residues 

in both the N and C lobes of Akt. Within the inhibited Akt, the phosphate group on 

Ser473 creates intramolecular interactions with aspartic acid, while residue Thr308 

phosphate group forms similar interactions with arginine and lysine (Chan et al., 2015).  

The proximity of these reactions is near the actual surface of the kinase with no 

protrusion from the surface in a stretched orientation, thereby rendering the residue sites 

inaccessible to phosphatases. In the inactivated state of Akt, the conformation of tyrosine 

(Tyr229), rotated into the ATP binding cleft induces binding resistance to nucleotides or 

ATP competitive inhibitors (Lin et. al., 2012). Similarly, phenylalanine (Phe293) from 

the inactive Asp-Phe-Gly (DFG)-out loop conformation, was reported to create steric 
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hindrance for inhibitors’ binding (Lin et al., 2012). However, in the activated Akt, ATP-

competitive inhibitors exhibit higher affinity compared to the inactive kinase. ATP-

competitive inhibitors can block downstream pathway signaling by locking Akt in a 

phosphorylated but nonfunctional state, thus promoting the reduction of tumor cell 

growth, survival, proliferation, and apoptosis. 

Ipatasertib (GDC-0068) 

Ipatasertib, previous known as GDC-0068, invented by Array Biopharmaceuticals 

in collaboration with Genentech, is a novel and highly selective ATP competitive pan Akt 

inhibitor presently in several clinical trials. It is a small molecule that has demonstrated 

promising antitumor activity milestones both in pre-clinical models and clinical 

development. The discovery and optimization of a series of 6,7-dihydro-5H-

cyclopenta[d]pyrimidine compounds utilizing structure-based design resulted in the 

GDC-0068 agent (Blake et al., 2010). The orally bioavailable agent inhibits all three Akt 

isoforms and has a poor inhibitory effect on members of the PKA family (Blake, 2012). 

Some studies demonstrated the effect of ipatasertib on human cancer cell lines and tumor 

xenograft models leading to the inhibition of cell cycle progression and decreased 

viability in these models (Lin, 2013). Like other direct inhibitors, in-vitro studies reveal 

that GDC-0068 inhibits Akt by targeting the ATP binding cleft of the Akt kinase to 

inhibit signal transduction (Blake, 2012; Wu et al., 2010). Further characterization of the 

experimental compound revealed its highly selective nature among kinases. Blake et al 

(2012) demonstrated that among a panel of 230 kinases examined, only 3 kinases were 

affected, which included Akt. Structurally, within the ATP binding pocket, the 



32 

 

 

isopropylamine moiety of ipatasertib interacts with the carbonyl rich region side chains 

Glu234 and Glu278. Hydrogen bonding between amide of Ala230 from the ATP hinge 

region interacts with the pyrimidine ring of the drug. Mechanistically, when ipatasertib 

binds to the ATP binding site of Akt, the kinase becomes stabilized in the closed 

conformation protecting Thr308 from phosphatase PP2A attack (Mou et al., 2016). 

According to the binding mode of the compound structure in Akt, there is no direct 

interaction between Thr308 and the bound ipatasertib based on the distance of 

approximately 23 Å (Mou et al., 2016).  

The biological activity of ipatasertib was examined in cell-based assays and 

shown to induce a dose-dependent increase in the phosphorylation of Akt at both 

activation sites in breast, ovarian, adrenal gland, prostate cancer cell lines and tumor 

xenograft models (Lin, Sampath, & Nannini et al., 2013). An increase in Akt 

phosphorylation was observed at Thr308 and Ser473, which was attributed to the 

shielding of both sites upon the binding of the ATP competitive inhibitor while inhibiting 

downstream signaling activities in a dose-dependent manner; these results correlate with 

an earlier study of this agent (Lin, Sampath, & Nannini et al., 2013). It was shown that 

ipatasertib treatment for short period inhibited PRAS40, FoxO3a S6 and 4EBP1 in a 

dose-dependent manner. However maximum inhibition was obtained with longer periods 

in multiple cell lines (Lin, Sampath, & Nannini et al., 2013). The authors further 

demonstrated that the deletion of PTEN in PC-3 (prostate) and MCF10A (breast) cancer 

cells increased Akt phosphorylation and elevated sensitivity of MCF10A cells to the Akt 

inhibitor (Lin, Sampath, & Nannini et al., 2013). 
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Further investigation with Ipatasertib is ongoing with two phase III trials in patients with 

breast or prostate cancer and several phase II trials in patients with breast, gastric and 

prostate cancer, therefore, only results from phase I are discussed.  In the first clinical 

phase I trial of the ATP competitive Akt inhibitor, ipatasertib indicated solid and safe 

targeting effects of Akt activity in patients with solid tumors (Saura et al., 2017). After 

patients’ exposure to daily treatment, pharmacodynamic studies confirmed the inhibition 

of multiple downstream effectors of Akt such as GSK3β, mTOR, and PRAS40, in paired 

on-treatment biopsies (Saura et al., 2017).  Consistent with the mechanism of action of 

targeting the phosphorylated kinase, the binding of the ATP-competitive inhibitor 

stabilized the Akt in a conformation that rendered the phosphorylated residues 

inaccessible to phosphatases for dephosphorylation, which led ipatasertib to cause a dose-

dependent aggregation of Thr308 and Ser473 phosphorylation in the biopsies (Lin et al., 

2012; Saura et al., 2017).  The locking of phosphorylated Akt in a nonfunctional state 

upon ipatasertib binding induced the downregulation of pS6, pmTOR, p4EBP1, and 

pPRAS40 expression in a dose-dependent manner starting at 100mg, while upregulation 

was observed in pERK and pHER3 which are two targets outside of the Akt pathway 

(Saura et al., 2017).  Overall, these promising outcomes highlight the ability of ipatasertib 

to combat tumorigenesis and may show more potent therapeutic   effects when combined 

with traditional chemotherapy drugs.  

Uprosertib (GSK2141795) 

GSK2141795 or GSK795, presently known as uprosertib was developed by 

GlaxoSmithKline plc. and is an orally bioavailable ATP-competitive pan-Akt inhibitor. 
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Reported preclinical studies on uprosertib demonstrated antitumor and antiproliferative 

effect in-vitro and in-vivo (Cheraghchi-Bashi, et al. 2015; Datta et al., 2017; Dumble, et 

al, 2014). Recently, Phase I clinical studies for uprosertib showed evidence of 

pharmacodynamics towards target inhibition with Phase II studies underway (Abraham, 

2015).  In a preclinical study conducted by Dumble and her team (2014), various human 

tumor cell lines (bladder, brain, cervix, colon, liver, lung, ovary, prostate, etc.) were 

utilized to evaluate the mechanism and efficacy of uprosertib in cancer cells. Decreased 

phosphorylation of downstream substrates of Akt was observed in cancer cells treated 

with uprosertib (Dumble et al., 2014). Consistent with the mechanism of other ATP-

competitive Akt inhibitors such as GDC-0068, Akt phosphorylation increased at Ser473 

and Thr308 both in-vitro and in-vivo, while inducing pathway inhibition resulting in 

potent antitumor activity (Cheraghchi-Bashi et al, 2015; Dumble et al, 2014; Rhodes et 

al, 2008). Uprosertib binds to Akt kinase and inhibits substrate phosphorylation activity 

which likely results in the inhibition of downstream signaling of the PI3K/ Akt pathway, 

tumorigenic cell proliferation and the induction of tumor cell death (NIH, 2015).  

Enhanced inhibition of tumor growth and regression effects accompanied by a greater 

reduction in phospho-S6 kinase levels were observed in tumor-bearing mice when treated 

with uprosertib in combination with trametinib, a MEK inhibitor (Dumble et al, 2014).  

The first Phase I clinical trial of uprosertib in patients with advanced solid tumors showed 

inhibitory activity in anal, endometrial and prostate cancers with tolerable side effects 

such as diarrhea, nausea, and fatigue, including reversible hypo-and hyperglycemia 

(Burris et al., 2011). Phase II clinical trials are ongoing to evaluate combinatory treatment 

in various cancer types such as triple-negative breast, cervical, acute myeloid leukemia, 
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metastatic uveal melanoma, multiple myeloma, and persistent endometrial cancer 

utilizing Akt inhibitor with trametinib or traditional chemotherapeutic drugs (Gdowski et 

al., 2016). Based on the robust preclinical trials and multiple clinical studies underway, 

uprosertib indicates significant advancements towards becoming an additional drug that 

will save and preserve patients’ lives. 

Allosteric Akt Inhibitors Mechanism of Action  

 Allosteric kinase inhibitors are defined as inhibitors which bind and interact 

outside of the ATP binding site, characterized by a closed orientation of the activation 

loop. Green et al. (2008) reported that tryptophan residue (Trp80), originating within the 

PH domain of all three Akt isoforms, generally attracts allosteric inhibitors to bind and 

interact with it. These agents block the association of Akt and PIP3 at the membrane level 

thereby inhibiting Akt activation (Barnett el al., 2005; Calleja et al., 2009). 

Mechanistically, they maintain Akt in a lock position which is the closed conformation of 

the kinase. The closed conformation of Akt triggered by the steric hindrance from the 

kinase domain blocks phospholipid binding (Wu et al., 2010). This action renders Akt 

cytosolic; as such, the loss of Akt conformational change subsequent to allosteric 

inhibitor binding promotes the loss of Thr308 phosphorylation, but not entirely for 

Ser473. However, the loss of Ser473 phosphorylation may occur possibly via two steps. 

First, inhibitor binding can facilitate an improper positioning of the hydrophobic motif 

which may induce dephosphorylation of Ser473 residue by phosphatases (Wu et al, 

2010). Next, the binding of inhibitors can generate steric hindrance that blocks upstream 
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kinase(s) from phosphorylating Ser473, thereby hindering full activation of Akt (Calleja 

et al., 2009; Lin et al., 2012).  

Perifosine 

Manufactured by AEterna Zentaris, perifosine is among the Akt inhibitors 

currently under development for cancer therapy and moving towards phase III in clinical 

trials. This agent belongs to the alkyl-phosphocholines (ALP) phospholipid like 

molecules which agitate lipid-mediated signal transduction pathways necessary for tumor 

cell growth and survival. Perifosine acts mainly on the cell membrane where it blocks 

signaling propagation, possibly through its ability to inhibit Akt kinase, as the interaction 

of Akt with PIP3 in the cytosolic phase of the cells plasma membrane is critical to its 

action. Similarly, perifosine also inhibits MAPK, JNK, and NF-kB, which are both linked 

to cell growth, differentiation, survival and apoptosis. The induction of apoptotic cell 

death has been reported in a variety of tumor cell lines. For example, the treatment of 

neuroblastoma in murine models utilizing perifosine led to substantial antitumor activities 

(Li, Tan, & Tong, et al., 2009). Synergistically, perifosine with irradiation resulted in 

total tumor regression in human squamous cell carcinoma xenografts (Vink, et al., 2006). 

In another study conducted utilizing rat mammary carcinoma models, a related 

compound, miltefosine was evaluated in comparison to perifosine (Hilgard et al., 1997). 

The authors reported that perifosine compared to miltefosine indicated significant 

increased activity with regard to efficacy and toxicity when using a loading dose (68.1 

mg/kg) and maintenance dose (2.15 mg/kg/day) (Hilgard et al., 1997). These promising 

data led to the successive clinical evaluation of perifosine for therapeutic use. 
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As a single agent, its potential efficacy has been observed in several cancer cell 

lines. However, perifosine may contribute synergistic effects when combined with 

established cancer treatments such as chemotherapy, radiotherapy, tyrosine kinase 

inhibitors like the commercially available epithelial growth factor receptor (EGFR) 

inhibitors, and endocrine treatment. Phase II studies involved the combination of 

perifosine and capecitabine in the treatment of patients with metastasized colorectal 

cancer (CRC). In these patients, the median time to progression (TTP) of the disease 

more than doubled, resulting in the ongoing phase III study (Bendell, et al., 2011).  

Richardson et al. (2011) reported that patients in advanced stages of multiple myeloma 

(MM) who received combined treatment of perifosine and bortezomib (protease 

inhibitor) and with or without dexamethasone demonstrated encouraging activity in 

heavily pre-dosed bortezomib exposed patients. These results formed the basis for a 

phase III study which was terminated in March 2013 based on data safety monitoring 

board recommendations, as it was highly doubtful that a significant difference in 

progression-free survival (PFS) would be accomplished (National Institutes of Health: 

U.S. National Library of Medicine, 2013). However, other potential benefits for 

perifosine have been examined in acute myeloid leukemia (AML), chronic lymphocytic 

leukemia (CLL) and lymphomas with promising pre-clinical data including satisfactory 

safety and tolerability profiles (Krawczyk et al., 2013). 

 

MK-2206 

MK-2206 is an orally active, allosteric inhibitor of Akt manufactured by Merck 

that targets all three human isoforms of Akt1/Akt2 and Akt3) (Bilodeau et al., 2008) and  
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is currently in phase II clinical trials for several studies (Hirai et al., 2010). For instance, 

studies have shown that MK-2206 effectively decreases xenograft growth in breast, 

ovarian, non-small cell lung and prostate models (Hirai et al., 2010; Meng et al., 2010). 

Antitumor properties were identified in a miniature phase I trial, which exhibited minor 

adverse effects (Yap et al, 2010). In a different study, the phase II evaluation of MK-2206 

engaged patients with relapsed or refractory lymphoma excluding the Burkitt or 

lymphoblastic lymphoma (Oki et al., 2015). Out of 59 enrolled and treated patients, the 

overall response was 20% in 25 patients with classical Hodgkin lymphoma and the most 

common toxicity reported was a dose-dependent rash. However, the observed increase in 

cytokines was postulated to elucidate the negative feedback mechanism facilitated by the 

effect of the MK-2206 (Oki et al., 2015). 

The allosteric inhibitor binds to the PH domain of Akt kinase thus, inhibiting the 

interaction of PDK1, decreasing phosphorylation and the activation of Akt, thereby 

facilitating the impairment of Akt signaling downstream of the pathway, resulting in 

cytotoxicity, antitumor activity and cell death (Bilodeau et al., 2008). MK-2206 was 

reported to have no inhibitory activities against 250 other kinases including the activated 

Ras pathway, TSC2, ribosomal S6, and PRAS40; (Yan, 2009), hence highly selective of 

Akt (Rehan, 2014; Wu et al., 2010). Although the specific mechanism underlying MK-

2206 anticancer activity is not fully understood, further studies have identified the 

induction of cell cycle arrest and apoptosis in several cell lines (Cheng et al., 2012; Lai, 

Liu, Jacobs, & Rider, 2012; Liu & Xing, 2012). In vitro, the allosteric inhibitor is 

reported to exude synergic effects with traditional chemotherapy agents in osteosarcoma 

and ovarian cancer cells (Duan, 2014; Lin, 2015). In addition, Tao et al. (2016) 
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investigated the combinatory effect of MK-2206 and cisplatin in human gastric cancer 

cell lines, AGS, MGS-803 and MKN-45, which have increased Akt phosphorylation, and 

are more resistant to cisplatin. Their results showed an increased efficacy of cisplatin in 

combination with MK-2206 compared to the cisplatin monotherapy group. Further, this 

team investigated a known biomarker for apoptosis, polyadenosine diphosphate ribose 

polymerase (PARP), which showed increased expression of cleaved PARP compared to 

cisplatin or MK-2206 alone groups, and these results correlated with the MTT and 

apoptosis experiments (Tao et al., 2016). Thus far, these promising and robust findings 

support the advancement of MK-2206 as a potential drug utilized to combat cancer. 

Meanwhile, future cancer treatment will be improved by vividly understanding molecular 

pathways via tumor genomic profiling and specifically tailoring treatment regimens to 

target these signaling pathways (Abraham, 2015).  Compounds B and C are hypothesized 

to be allosteric Akt inhibitors based on their inability to directly inhibit Akt in the active 

site in-vitro, as described in Chapter 4. Alternatively, the target of these compounds may 

be upstream of Akt. 
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 CHAPTER 3 

DISCOVERY AND BIOLOGICAL ACTIVITY OF COMPUTER-ASSISTED DRUG 

DESIGNED AKT PATHWAY INHIBITORS 

 

Adapted with Permission from (Nne E. Uko, Osman F. G Güner, Lillie M. A. Barnett, 

Diane F. Matesic, J. Phillip Bowen, Bioorganic Medicinal Chemistry Letter, 2018 

August 9). 

 

Abstract 

The P13K/Akt pathway is a growth-regulating cellular signaling pathway that is 

over-activated in numerous human cancers. A novel series of Akt pathway inhibitors 

were identified using iterative pharmacophore modeling, energy-based calculations, and 

property predictions of known Akt inhibitors. Inhibitory effects on activation 

of Akt and growth of human neoplastic cells are reported. Results show variable 

inhibitory effects of three selected compounds on Akt phosphorylation at a key activation 

site, and on proliferation of tumorigenic cells. We identify one lead compound with 

potent inhibitory activity on both human carcinoma cell proliferation and 

Akt activation. 

Introduction 

The Akt kinase signaling pathway regulates growth and survival of cells, in 

addition to cell migration and angiogenesis (Manning & Cantley, 2007).  Deregulation of 

Akt in the signaling cascade is linked to progression of numerous types of human cancers 

(Altomare & Testa, 2005). By deactivating Akt, inhibition of tumor cell growth has been 

accomplished (Fresno, et al, 2004).  In light of these properties, Akt has become a prime 



41 

 

 

 

molecular target for potential anti-cancer therapies. Our goal was the identification of 

novel Akt inhibitors using in silico strategies, with an emphasis on iterative 

pharmacophore modeling and property predictions, in concert with biological 

evaluations. We define iterative pharmacophore modeling as a strategy where a relatively 

broad pharmacophore model is used with the objective of retrieving potentially active 

compounds from different chemical classes. Once the large number of hits are prioritized 

and the biological data for the leading hits acquired, we go through a second round of 

pharmacophore modeling. The objective of this second iteration is to narrow the search, 

utilizing the biological information from the new chemical entities (NCEs) identified 

from the previous run, honing into the important aspects of the priority hits. Following 

several iterations, we end up identifying our lead compounds, biologically active NCEs.  

This approach yielded novel agents that target the Akt pathway were identified by 

screening hundreds of small molecule compounds to select novel compounds with 

pharmacophore features of known Akt pathway inhibitors based on the structure of 

solenopsin (Arbiser, Kau & Konar, et al, 2007).   

Since the inception of the pharmacophore concept over a hundred years ago by 

Paul Ehrlich (Güner & Bowen, 2014), this approach has been extensively used for lead 

identification and lead modification (Bowen, 2004; Güner, 2000; Zhong & Wees, 2011).  

Based on the availability of structural data, two different pharmacophore development 

strategies exist: (i) ligand-based pharmacophore modeling, where small ligands of 

different binding affinities are used to construct predictive models in the absence of drug-

target structural data, and (ii) structure-based pharmacophore modeling, where structure-

based data and the bioactive conformations of bound drugs are used to construct models 
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(Phillips & Anderson, 2017).  We used the former approach. Three putative Akt pathway 

inhibitors were identified and characterized for their inhibitory effects on the Ser473 Akt 

activation site and growth of human carcinoma cells. One lead compound shows promise 

as a therapeutic agent.  

 

Materials and Methods 

Reagents and Chemicals 

WB-ras1 cells were derived from WB-F344 rat liver epithelial cells and were obtained 

from James Trosko at Michigan State University. H2009 human lung tumor cells were 

from the American Type Culture Collection (ATCC, Manassas, VA) and provided by 

Randall Ruch at the University of Toledo. Alpha Modification of Eagle's Medium was 

purchased from Mediatech (Herndon, VA). RPMI-1640 (Gibco), L-glutamine, trypsin, 

fetal bovine serum (Gibco) and phosphate buffered saline (PBS) were from Fisher 

Scientific (Pittsburgh, PA). Phenylmethylsulfonyl fluoride (PMSF), G418, and protease 

inhibitor cocktail were from Sigma Chemical Co. (St. Louis, MO). Rabbit monoclonal 

phospho-specific Akt antibody (ser473, #4060), rabbit monoclonal Akt (pan) antibody 

(#4685), and anti-rabbit alkaline phosphatase-conjugated antibody (#7054) were 

purchased from Cell Signaling Technology (Beverly, MA). Tween-20, TRIS-HCl, nonfat 

dry milk, protein molecular mass standards, PVDF transfer packs, 12.5% precast gels and 

all electrophoresis materials were from Bio-Rad (Hercules, CA). All other chemicals, 

reagents, and solvents used were of analytical grade. 
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Molecular Modeling  

Initially, for lead identification, we used the Phase module of the Schrödinger 

software package15 to generate multiple pharmacophore models. The database searches 

were performed flexibly, with conformations generated on-the-fly over databases with 

multiple diverse conformations stored. The initial conformations were generated for 

multiple tautomers, sterioisomers, and ionization states and stored in the database. 

Intersite Distance Matching Tolerance (IDMT) was employed to tighten or relax the 

fitting requirements for Matching options. If more than 1,000 hits were retrieved, the 

search was terminated and then resubmitted with a smaller IDMT until a hitlist of less 

than 1,000 was found. Subsequent searches were carried out with a reduced IDMT until a 

manageable number of compounds was retrieved. All of the searches with 1,000 and 0 

hits were removed from the Project Table. This systematic approach to narrowing down 

the IDMT criteria is similar to the idea of shrink-wrapping. Our starting IDMT value was 

2.0 Å. The Hit Treatment options were left at the default values with the termination 

point of the number of hits set at 1,000. All of our pharmacophore models were subjected 

to searches of databases with known drugs (e.g., with the Drugs in the Market database 

from Zinc, which contains 4,356 compounds that are either marketed drugs or natural 

products). A subsequent search with the Binding Database of 660,806 compounds with 

measured binding affinities was carried out. After the prioritization of the pharmacophore 

models was achieved, the high priority models were used to search in-house built 

databases of commercially available chemicals in excess of 6 million compounds. 
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Cell Culture 

Human lung carcinoma cells (H2009) were grown in RPMI-1640 media 

supplemented with 2mM/L L-glutamine and 5% fetal bovine serum and used between 

passages 38-55. WB-ras rat liver epithelial cells were subcloned from single cells to 

obtain the WB-ras1 line, grown in alpha Modification of Eagle's Media supplemented 

with 2 mM/L l-glutamine and 5% FBS, and used for experiments between passages 3 and 

18. G418 antibiotic was added to the -MEM for culturing cells at a concentration of 500 

μM, but was not added to cells plated for experiments. Confluent cells were subcultured 

by trypsinization and plated at 5-20% confluence. 

Drug Treatments 

Cells were grown in 25cm2 flasks to approximately 75-80% confluency. Stock solutions 

of compounds B-D were prepared at 5-50 mM in sterile DMSO. Flasks were treated with 

vehicle (DMSO) or compounds B-D at varying times and doses, as indicated. The 

concentrations utilized were determined by screening cytotoxicity assays at varying 

concentrations of each compound and each compound was used at the highest 

concentration with less than 10% visible cell loss after a 24 h treatment. 

 

Cell Growth Assay 

The effect of each drug on cell growth was determined by trypsinizing and counting cells 

on a flow cytometer. Cells were plated at 20,000 cells per well in 1 ml medium onto 12 

well tissue culture-treated plates and allowed to attach overnight. Cells were then treated 

with vehicle or drug for the duration of the experiment. Following incubation, media was 

removed; cells were washed once with PBS and treated with 0.8 ml of trypsin until cells 
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no longer adhered to the dish. Following trypsinization, 0.1 ml of culture medium and 0.1 

ml of PBS containing 1 mM CaCl2 and 1 mM MgCl2 were added to each dish, cells were 

triturated 7-10 times to disperse cells, and cells in suspension were counted using a BD 

AccuriTM C6 flow cytometer. 

 

Western Immunoblot Analyses 

For Western analyses, total proteins were extracted by washing cells in 25cm2 flasks with 

PBS and incubating with a 2% SDS extraction buffer containing protease inhibitor 

cocktail (Sigma® P-8340) and 10 mM phenylmethylsulfonyl fluoride (PMSF) for 90 

seconds. Flasks were scraped utilizing a cell scraper and contents transferred to 

microcentrifuge tubes. Extracts were then sonicated for thirty seconds. Lysate was frozen 

in liquid N2 and stored at -20° C. Protein in each sample was quantified utilizing a DC 

Bio-Rad protein assay. Equal amounts of protein for each sample along with pre-stained 

molecular mass markers were loaded onto 12% polyacrylamide gels, with electrophoresis 

being performed at 60 mV for approximately 30 min, followed by 150 mV for 

approximately 1 hour. Following electrophoresis, proteins were transferred to 

polyvinylidene fluoride (PVDF) membranes using a Bio-Rad Trans-Blot Turbo™ 

Transfer System apparatus. Ponceau staining of PVDF membranes was utilized to 

confirm equal protein loading in each lane. Membranes were blocked using a 4% non-fat 

dry milk-based Tris blocking buffer and incubated with (primary) antibodies which 

contained specificity to phosphorylated or non-phosphorylated sites where applicable, 

followed by incubation with alkaline phosphatase linked (AP) secondary antibodies. 
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Blots were developed using a Bio-Rad AP conjugate development kit. Un-Scan-it 

densitometric software was utilized to quantify changes in band density. 

 

Results 

Through virtual screening of a database of commercially available chemicals, as 

described in Methods (Supplemental information), several structurally promising 

compounds were identified. From this initial screening, three compounds (Fig. 7, B, C, 

and D) with high scoring hits to the pharmacophore model were selected for biological 

testing.10,11 The three molecular structures are similar to solenopsin (Fig. 7, A). Each 

compound has a heterocyclic ring system, or equivalent open chain functional group, 

with a long carbon side chain. Unlike solenopsin which has two stereocenters, the 

commercially available B and C that matched the pharmacophore did not have any 

stereocenters.  
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Figure 7. Three commercially available compounds (B, C, and D) were identified through 

pharmacophore modeling using Schrödinger software. A shows the structure 

of solenopsin.  

 

Compound D was a commercially racemic mixture, but we used the R-isomer for our 

molecular modeling. In addition to our pharmacophore modeling, we have undertaken 

computational analysis in Spartan using both molecular and quantum mechanics 

methods. There is nothing unusual about the conformational preferences of the 

solenopsin derivatives, and without specific small molecule-target data it is essentially 

impossible for us to determine the bioactive conformations. Fig. 8 shows an obvious 

alignment of the compounds identified with pharmacophore modeling. The electrostatic 

potential surface shows that there is a region of electronegativity for B, C, and D not 

present in solenopsin, which needs to be explored in future studies. 

 

 

Figure 8. Three derivatives (B, C, and D) of the pharmacophore model identified using the 

Schrödinger software15 are shown in their extended conformations and aligned with 

solenopsin. The four structures have been energy minimized at the Hartree-Fock level of 
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theory using the using 6-31G(d) basis set in the molecular modeling program Spartan.16 

For ease of visualization at the top of the figure, the structures are displayed in different 

colors (Solenopsin in black; compound B in blue; compound C in red, compound D in 

green). The bottom representation has all four structures aligned in the same view, color 

coded according to their elements, and enveloped with an electrostatic potential surface 

where blue and red represents electropositive and electronegative regions, 

respectively. 

 

 

Figure 9. Effect of CADD compounds on phosphorylation of Akt kinase in WBras1 cells 

at [A] 24 h or [B] 4 h treatment. Western blots show the effects of the CADD agents on 

Akt kinase phosphorylation on Ser473 (top lanes) or total Akt (bottom lanes). Treatment 

groups were: vehicle (lanes 2–3), 1.25 μM compound B (lanes 4–5), 2.5 μM compound C 

(lanes 6–7), and in a separate experiment vehicle (lanes 8–9) and 25 μM compound D 

(lanes 10–11). Densitometric quantification of bands is shown in the graphs to the right 

and represent the mean ± S.D. (p < 0.05 compared to control). Results are representative 

of at least two independent experiments for each treatment. 
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Figure 10. Effect of CADD compounds B and C on Akt phosphorylation in H2009 cells. 

[A] Western blots show the effects of B or C on Akt kinase phosphorylation on Ser473 

(top lanes) or total Akt (bottom lanes) at 24 h treatment. Treatment groups were: vehicle 

(lanes 2–3), 1.25 μM compound B (lanes 4–5), 2.5 μM compound C (lanes 6–7). The 48 h 

western blots are not shown. Densitometric quantification of bands is shown in the graphs 

to the right and represent the mean ± S.D. (p < 0.05 compared to control). Results are 

representative of at least two independent experiments for each treatment. [B] Effect of 

compound B at 2.5 μM (left graph) and compound C at 10 μM (right graph) on Ser473 

phosphorylation at 1 h and 4 h treatments. 

 

 

 
Figure 11. Effect of CADD compound B at 1.25 μM or compound C at 2.5 μM on H2009 

human lung cancer cell proliferation at [A] 2 days or [C] 4 days treatment. Bars represent 

the mean ± S.D. (n=4; p < 0.05 compared to control). [B] Concentration dependence of the 

inhibitory effect of compound B on H2009 cell proliferation at 2 days treatment (n=4 at 

each concentration; p < 0.05 compared to control)
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Discussion 

 

 

The results of our study demonstrate that CADD pharmacophore modeling is an efficient 

method for identifying small molecule compounds that not only target the intended cell 

signaling pathway, but that may likely have therapeutic value. Out of a total of three 

tested compounds, compound B shows high efficacy for inhibition of the Akt pathway at 

sub-micromolar concentrations, and structurally related compounds C and D have 

provided information on crucial epitopes. All three compounds tested are structurally 

related to solenopsin, which has been shown to be an Akt pathway inhibitor (Arbiser, 

Kau & Konar, 2007). In that previous study, solenopsin was also shown to inhibit 

angiogenesis. Akt inhibition may occur at the active site, or allosterically. The Ser473 site 

provides an allosteric site for potential inhibition, either by inhibitor binding at or near 

the site and blocking access to the phosphorylation site, or by inhibition of the upstream 

enzyme that phosphorylates this site. Solenopsin was shown to inhibit phosphorylation of 

Akt at the Ser473 site, as well as the Thr308 site in cultured cells (Arbiser, Kau & Konar, 

2007). Compound B in the current study has similar inhibition properties.  

Solenopsin’s effects did not inhibit insulin-stimulated tyrosine phosphorylation of IRS1, 

but blocked insulin-stimulated PI3 kinase generation of 3-phosphoinositides of PI3 kinase 

(Arbiser, Kau & Konar, 2007) suggesting that the target of solenopsin is upstream of Akt. 

However, solenopsin also inhibited Akt-1 activity in vitro in cell free kinase assays in an 

ATP-competitive manner (Arbiser, Kau & Konar, 2007) and thus may have more than a 

single cellular target. Inhibition of Ser473 and Thr308 phosphorylation by compound B 

suggests that it has an upstream target, but it remains to be determined whether it mimics
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solenopsin in its ability to inhibit PI3 kinase generation of 3-phosphoinositides. Studies 

are currently underway to determine compound B’s ability to directly inhibit Akt1 in 

vitro in cell free kinase assays. The reduced inhibitory effects of 2-dodecyl-1,3-dimethyl-

isothiourea, compound C, presumably may be attributed to (i) the energy that must be 

overcome to adopt a constrained conformation similar to the six-membered ring of 2-

dodecylsulfanyl-1,4,5,6-tetrahydro-pyrimidine, compound B, as well as (ii) the entropic 

cost of constraining the freedom of rotation of the non-cyclic derivatives.  

As expected, based on steric arguments and the stabilization energy associated with 

groups eclipsing the C=N bond (Wavefunction; Kontoyianni, M., Hoffman, & Bowen, 

1992) conformation IV of structure C is the global minimum (Fig. 12). While the energy 

penalty for C to adopt a conformation similar to B is not prohibitive, the combination of 

the higher energy and loss of entropy is a reasonable hypothesis for the reduced activity 

of C, and it is our working explanation at this time. 

 

 

Figure 12. Five conformations of C, where R=C12H25, have been calculated at the 

Hartree-Fock level of theory using the 6-31G(d) basis set with full geometry optimization 



52 

 

 

 

and frequency calculations. The relative conformational energies (kcal/mol) are as follows: 

I=2.90, II=0.37, III=2.37, IV=0.00, and V=0.79. 

 

Previous studies have shown that a decrease in Akt phosphorylation by Akt 

inhibitors can lead to a reduction in tumor cell proliferation (Manning & Cantley, 2007; 

Arbiser, Kau & Konar, 2007; Chen, Law & Loh, 2004; Levy, Kahana & Kumar, 2009; 

Yang, et al., 2004).  Compound B showed significant inhibition of proliferation in H2009 

lung carcinoma cells, with an estimated IC50 of about 0.2M (Fig. 5). The slightly greater 

number of cells in wells following a 2-day treatment with compound B at 1.25M 

compared to the number of cells at the time of plating, suggests that B was not so toxic so 

as to simply kill off cells, but rather, slowed cell proliferation substantially. This apparent 

low level of cytotoxicity supports the idea that compound B has potential as a targeted 

cancer therapy. 
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CHAPTER 4 

AKT PATHWAY INHIBITION OF THE SOLENOPSIN ANALOG, 2-

DODECYLSULFANYL-1-4-5-6-TETRAHYDOPYRIMIDINE 

 

Introduction  

 

The Akt kinase is recognized as the critical signal regulatory hub for cellular 

processes such as cell growth, survival, metabolism, proliferation and several aspects of 

intermediary apoptosis, cell invasion and angiogenesis (Kennedy, et al., 1997; Manning 

& Cantley, 2007), as described in chapter 2. The pathogenesis of various human cancers 

are plagued with aberrant regulation of in the Akt pathway which is downstream of 

phosphatidylinositol-4, 5-bisphosphate-3-kinase (PI3K).  

As described above, solenopsin A, an alkaloid component of the fire ant venom, is 

recognized an Akt inhibitor which has been shown to antagonize Akt cellular activity in-

vitro (Arbiser, Bowen & Watkins, 2017; Arbiser, et al., 2007). Since it is a weak 

competitive inhibitor and seems to exert inhibitory effects at fairly high concentrations 

(Arbiser, 2007), we modeled and generated novel analogs of solenopsin A utilizing 

pharmacophore modeling in an attempt to enhance the efficacy of solenopsin.  Previously 

we reported a lead compound with an inhibitory effect on Akt phosphorylation at a major 

activation site and reduced proliferation of tumorigenic cells (Uko, et al, 2018). Now, we 

demonstrate the downstream effects of the lead novel solenopsin analogs, compound B, 

compound C, and describe their ability to suppress the growth of ras-mutated epithelial 

cells and carcinoma cells.
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Materials and methods 

 

Reagents and Chemicals  

H2009 human lung tumor cells from the American Type Culture Collection (ATCC, 

Manassas, VA) were provided by Randall Ruch at the University of Toledo. 

Pharmacophore modeled compounds B (2-(dodecylsulfanyl)-1,4,5,6-

tetrahydropyrimidine hydrobromide), and C (N, N' dimethyl(undecylsulfanyl) 

methanimidamide hydrobromide) were obtained commercially from Enamine Ltd. RPMI 

Medium 1640(1X) was purchased from Fisher Scientific (Pittsburg, PA) and fetal bovine 

serum (FBS) was obtained from Invitrogen (Carlsbad, CA). L-glutamine, trypsin, and 

phosphate buffered saline (PBS) were purchased from Fisher Scientific (Pittsburgh, PA). 

Tissue culture treated flasks with vented caps were obtained from CELLTREAT 

Scientific Products (Pepperell, MA). Phenylmethylsulfonyl fluoride (PMSF), Trypan blue 

solution, and Ponceau Red solution were from Sigma Chemical Co. (St. Louis, MO), and 

protease inhibitor cocktail was provided by Chalet Tan at Mercer University. Pan-Akt, 

phospho-Akt (Ser473), phospho-Akt (Thr308), PTEN, PDK1, phospho-PDK1 (ser241), 

mTOR, phospho-mTOR (Ser2481), and phospho-JNK (Thr183/Tyr185), phospho-PTEN 

(ser308/thr382,383), phospho–GSK3β (Ser9), phospho-MDM2 (ser166), phospho-P70S6 

Kinase (Thr389), phospho-4E-BP1 (Thr37/46), β-actin, α-tubulin, anti-rabbit IgG 

alkaline phosphatase-conjugated antibodies and were purchased from Cell Signaling 

Technology (Beverly, MA). Nonfat dry milk, Tris-hydrochloride, Tween-20, DC Protein 

Assay, Sodium Dodecyl Sulfate, 25x alkaline phosphatase color development buffer, 5-

bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium (BCIP/NBT), protein 
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molecular mass standards, PVDF membranes, and all electrophoresis and transfer buffer 

components were purchased from Bio-Rad (Hercules, CA). All other solvents, reagents 

and chemicals utilized were of analytical grade. 

Cell Culture 

WB-ras rat liver epithelial cells were sub-cloned from single cells to obtain the WB-ras1 

line, grown in alpha Modification of Eagle’s Media supplemented with 2 mM/L l-

glutamine and 5% FBS and utilized for experiments between passages 7-11. G418 

antibiotic was added to the α-MEM for culturing cells at a concentration of 500 µM but 

was not added to cells seeded for experiments. Human lung carcinoma cells (H2009) 

were grown in RPMI-1640 liquid media with 2mM/L L-glutamine added, and 5% fetal 

bovine serum and utilized passages between 38-51. Cells were subcultured by 

trypsinization and seeded at 5-10% confluency in 25cm2 flasks and incubated at 37°C in 

an atmosphere of 5% CO2. At 75-80% confluency, cells were treated with vehicle 

dimethyl sulfoxide (DMSO), test compounds B, C or D and re-incubated for varying 

times.  

Extraction of Proteins 

The treated cells were washed utilizing 10ml of PBS and lysed in 1 mM PMSF, with 

250μl 2% SDS, and 1:100 dilution of protease inhibitor cocktail. The lysates were 

scraped and transferred into microcentrifuge tubes and sonicated for two 15 second 

pulses at room temperature. Unused samples were frozen in liquid nitrogen and stored at 

-20°C.  

Protein Concentration Assay 

Bio-Rad DC protein assay was utilized to determine the protein concentrations of the test 
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samples following the lysing of cells and sonication of samples. The standard used was 

bovine serum albumin (BSA) and with a TECAN GENios plate reader, the absorbances 

were read at 750nm. 

Western Immunoblot Assay 

Electrophoresis of protein samples, 4x Laemmli sample buffer was supplemented to 

equal amounts of protein per lane at 25% of the final volumes, separated on 7.5% or 

12.0% acrylamide SDS gels and transferred semi-dry to PVDF membranes utilizing Bio-

Rad Trans-Blot Turbo™ Transfer System for 7-10 minutes. Membranes were washed for 

1 minutes using deionized H2O, stained utilizing Ponceau Red for 3-15 minutes, washed 

with diH2O 5 times, scanned, and blocked using 4% nonfat dry milk, 0.1% Tween-20, 

40mM Tris, pH 7.5 for 60 minutes. Specific primary antibodies were incubated with blots 

in blocking buffer overnight at 4°C on a shaker. Using horseradish peroxidase or alkaline 

phosphatase anti-rabbit secondary antibody, immunopositive bands were detected and 

developed using chemiluminescence or color development substrate, BCIP/NBT. 

Reprobe of selected blots by 1-2 second rehydration in methanol was conducted, 

followed by a 30-minute incubation in blocking buffer, primary antibody incubation, 

secondary antibody incubation and development as previously detailed above. The blots 

were air dried, scanned on a HP Scanjet 4400C scanner. To measure band intensity, UN-

SCAN-IT software (version 6.1) from Silk Scientific, Inc. (Orem, UT) was utilized and 

statistical analyses were performed with Statistix® software.  
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Cell Viability Assay 

Cell viability assay was performed using human lung cancer cells. The H2009 cells were 

sub-cultured into 96-well plates, incubated for 48 h at 37°C and 5% CO2 to allow proper 

cells attachment and growth to approximately 75% confluence before treatment. Medium 

was changed after 24 h before treating the cells with the Akt inhibitors and incubated for 

22 h. Next, addition of the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium 

bromide (MTT) MTT solution to each well followed the incubation of cells for 4 h. To 

dissolve the formazan crystals, detergent was added and incubated at room temperature 

for 5-15 minutes before reading the absorbance at 360 nm using a microplate 

spectrophotometer. 

Akt kinase Activity Assay 

The Cyclex© AKT/PKB kinase/Inhibitor Screening Kit (CY-1168) was utilized to 

measure and evaluate the activity of Akt in a cell-free based assay. The 96-well plate 

provided by the manufacturer is pre-coated with a peptide substrate of Akt kinase, 

AKTide-2T which is actively phosphorylated by isoforms of Akt (). 10uL of the diluted 

CADD agents was added into separate quadruplet wells, followed by 100μL/well of 

reaction buffer and incubation at 30°C for 1-hour. Following the wash step utilizing a 1X 

wash buffer, 100μL of HRP conjugated anti-phospho-AKTide-2T monoclonal antibody 

was added to the wells and incubated at room temperature for 1-hour. Next, before 

adding 100μL of the substrate immediately to react with the HRP conjugate, another 

wash step was performed. Subsequently, the stop solution is added to the wells before 

reading the absorbance at 450nm. Precisely, the positive control wells received 90μL 

kinase buffer (containing ATP), 5μL Akt enzyme and 5μL vehicle. The test sample wells 
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received 5μL CADD agents, 90μL kinase reaction buffer, and 5μL Akt enzyme. The 

results obtained from the reading was statistically analyzed, plotted on graphs, and 

interpreted to determine which of the CADD agents are direct Akt inhibitors. The effects 

of the CADD compounds was compared with a known Akt inhibitor, staurosporine. In 

addition, our CADD Akt inhibitors was monitored for their ability to compete for the 

ATP binding site of Akt to inhibit phosphorylation at the kinase domain. This study was 

performed in accordance with the well-established Akt Assay kit procedures.  

 

Results 

CADD Compounds B and C regulate Akt Activation in WBras1 Cells and Human 

Carcinoma Cells  

 

We previously reported decreased Akt phosphorylation at the Ser473 activating 

site by micromolar concentrations of CADD compound B in both WB-ras1 and H2009 

cells that occurred at 4 and 24 h (see figure 9; Uko et al., 2018). Here we show regulatory 

effects of compound B and C on the Thr308 phosphorylation site of Akt kinase. Figure 

13 demonstrates that both 1.25μM compound B and 2.5μM compound C significantly 

decreased Thr308 phosphorylation of Akt in WBras1 cells (See top panel, lanes 3-4 and 

5-6, compared to lanes 1–2). Treatment did not change total Akt kinase levels (bottom 

panel).  In H2009 cells, Figure 13 shows that 1.25μM compound B downregulated 

phosphorylation at Akt Thr308 site by 50% (top panel, lanes 4–5, compared to lanes 2–3) 

at 24 h, while 2.5μM compound C (top panel, lanes 6–7, compared to lanes 2–3) treated 

cells showed no significant decrease in phosphorylation at the same site.  
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Figure 13 A, B. Effect of compound B or C on pAkt Thr308 in WBras1 Cells at 24 h 

treatment. A). Immunoblotting of whole lysates analysis show the effect of compound B 

or C on Akt (Thr308) phosphorylation or total Akt (bottom lanes). Treatment groups were: 

Lane 1 shows vehicle (lanes 1-2), 1.25μM compound B (lanes 3-4), 2.5μM compound C 

(lanes 5-6).  B). Densitometric quantification of bands shown in the graph to the right 

represents the mean ± S.D. (p<0.05 compared to control). Results are representative of at 

least two independent experiments for each treatment. 

 

 

 
Figure 13 C, D. Effect of compound B or C on pAkt Thr308 in H2009 Cells at 24 h. C) 

Western blots demonstrate the effect of compounds B or C on Akt kinase phosphorylation 

on Akt residue Thr308 (top lanes) or total Akt (bottom lanes), respectively at 24 h 

treatment. C) Treatment groups were: Lane 1 shows the pre-stained molecular weight 

marker, vehicle (lanes 2-3), 1.25μM compound B (lanes 4-5), 2.5μM compound C (lanes 

6-7). D) Densitometric quantification of bands is shown in the graph and represent the 

mean ± S.D. (p<0.05 compared to control). Results are representative of at least two 

independent experiments for each treatment.  

 

Compound B regulates phosphorylation activity at both Akt activation sites in H2009 

cells in a concentration dependent-manner 

 

In H2009 cells, Figure 10 above showed that compound B significantly reduced 

Akt phosphorylation at Ser473. Figure 14 A shows that compound B affects 
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phosphorylation of Akt Ser473 in a concentration dependent manner. A similar 

concentration dependent effect was seen for compound B at the Akt Thr308 activation 

site (Figure 15, B).  

 

 

Figure 14 A, B. Dose dependent effect of compound B on Akt kinase in H2009 Cells at 24 

h treatment. Immunoblotting of whole lysates analysis indicated the effect of compound B 

on Akt (Ser473 [A] or Thr308 [B]) phosphorylation or total Akt (blots not shown). 

Densitometric quantification of bands shown in the graphs represent the mean ± S.D. 

(p<0.05 compared to controls). Results are representative of at least two independent 

experiments for each treatment.  

 

 

 

Effect of CADD compound B or C on downstream effectors of Akt in WBras1 cells 

 

Figure 15 shows that treatment of WBras1 cells for 24 hours with 1.25μM 

compound B decreased phosphorylation of the activation site of the downstream effector, 

MDM2 at Ser166 by 65%. Compound C at 2.5μM similarly decreased phosphorylation 

of this site on MDM2 (Figure 15 A, B). For the downstream target of Akt, 4E-BP1, at 24 

h compound B decreased phosphorylation at the Thr37/46 site by 86%, while compound 

C decreased phosphorylation at this site by about 80% (Figure 15 C & D). Compound B 

has no significant effect on GSK3β (Ser9) phosphorylation at 24 h, while compound C 
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reduced phosphorylation at this site by about 50% (Figure 15 E & F). Both compounds 

significantly reduced phosphorylation of the Akt downstream effector, P70S6 kinase, at 

the Thr389 site (Figure 15 G & H). Overall, these results demonstrate that compounds B 

and C decrease the Akt signaling pathway downstream of Akt in ras-transformed WBras1 

cells.  

 

Figure 15 A, B. Effect of compound B or C on MDM2 in WBras1 Cells at 24 h treatment. 

A). Immunoblotting of whole lysates analysis shows the effect of compound B or C on 

MDM2 (Ser166) phosphorylation or β-actin (bottom lanes). Treatment groups were: 

vehicle (lanes 1-2), 1.25μM compound B (lanes 3-4), 2.5μM compound C (lanes 5-6).  B). 

Densitometric quantification of bands shown in the graph to the right represents the mean 

± S.D. (p<0.05 compared to control). Results are representative of at least two independent 

experiments for each treatment.  

 

 
Figure 15 C, D. Effect of compound B or C on 4E-BP1 in WBras1 Cells at 24 h 

treatment. C). Immunoblotting of whole lysates analysis shows the effect of compound B 

or C on 4E-BP1 (Thr37/46) phosphorylation or β-actin (bottom lanes). Treatment groups 

were: vehicle (lanes 1-2), 1.25μM compound B (lanes 3-4), 2.5μM compound C (lanes 5-

6).  D). Densitometric quantification of bands shown in the graph to the right represents 

the mean ± S.D. (p<0.05 compared to control). Results are representative of at least two 

independent experiments for each treatment.
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Figure 15 E, F. Effect of compound B or C on GSK3β in WBras1 Cells at 24 h treatment. 

E). Immunoblotting of whole lysates analysis shows the effect of compound B or C on 

GSK3β (Ser9) phosphorylation or β-actin (bottom lanes). Treatment groups were: vehicle 

(lanes 1-2), 1.25μM compound B (lanes 3-4), 2.5μM compound C (lanes 5-6).  F). 

Densitometric quantification of bands shown in the graph to the right represents the mean 

± S.D. (p<0.05 compared to control). Results are representative of at least two independent 

experiments for each treatment.  

 

 

 
Figure 15 G, H. Effect of compound B or C on P70S6K in WBras1 Cells at 24 h treatment. 

G). Immunoblotting of whole lysates analysis shows the effect of compound B or C on 

P70S6K (Thr389) phosphorylation (top lanes) or β-actin (bottom lanes). Treatment groups 

were: Lane 1-2 shows the vehicle, 1.25μM compound B (lanes 3-4), 2.5μM compound C 

(lanes 5-6).  H). Densitometric quantification of bands shown in the graph to the right 

represents the mean ± S.D. (p<0.05 compared to control). Results are representative of at 

least two independent experiments for each treatment.  

 

 

 

Effect of CADD Compounds on Another Kinase Pathway 

 

Effect of compounds B and C on JNK phosphorylation in WBras1 cells 

 

Figure 16 shows that there was no significant effect of either compound B or C 

on phosphorylation of JNK at Thr183/185 at 24 h at the concentrations that were 

effective in reducing phosphorylation of Akt and downstream effectors.
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Figure 16. Effect of CADD compound B or C solenopsin analogs on JNK phosphorylation 

at 24 h. in WBras1 cells. A). Cells were treated with vehicle, 1.25μM compound B or 2.5μM 

compound C for 24 h and western blot analysis was conducted on cell lysates following 

extraction. Antibodies utilized are specific for phospho-JNK (thr183/tyr185)/ Total JNK 

B). Densitometric quantification of blots is shown in the graph and * represents the mean 

± S.D. (p<0.05 compared to control). Results represent at least two independent 

experiments for each treatment.  

 

 

 

Effect of CADD compounds on Akt Pathway Signaling in H2009 Cells 

 

We previously showed (Figure 10) that compound B and C affected phosphorylation of 

at Akt Ser473 at 24 h in WBras1 cells and H2009 cells at 24 h.  In H2009 cells at 24 h, 

compound B decreased phosphorylation on P70S6 kinase at 1.25μM and 1.5μM by 

approximately 80 and 85% respectively (Figure 17 A, B). Compound C had no 

significant effect on P70S6 kinase at 24 h in H2009 cells (data not shown). However, 

compound C decreased phospho-4E-BP1 at 24 h by ~30% (Figure 17 C, D), but 

compound B did not. Neither compound B or C significantly decreased phosphorylation 

of GSK3β or MDM2 at 24 h in H2009 cells (data not shown). However, at longer 

treatment times (48 h) compound B and C decreased phosphorylation of MDM2 and 

P70S6K (Figure 17 E, F & K, L), while compound B also decreased phosphorylation 
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of 4E-BP1 and GSK3β (Figure 17 G, H & I, J). These results demonstrate that the 

kinetics of the effect of compounds B and C on phosphorylation of Akt downstream 

effectors in H2009 cells were different for some of the effectors than in WBras1 cells.  

 

Figure 17 A, B. Effect of compound B or C on P70S6K in H2009 Cells at 24 h treatment. 

A). Immunoblotting of whole lysates analysis shows the effect of compound B or C on 

P70S6K (Thr389) phosphorylation (top lanes) or total P70S6K (bottom lanes). Treatment 

groups were: Lane 1 shows the pre-stained molecular weight marker, vehicle (lanes 2-3 & 

6-7), 1.25μM compound B (lanes 4-5), 1.5μM compound B (lanes 8-9).  B). Densitometric 

quantification of bands shown in the graph to the right represents the mean ± S.D. (p<0.05 

compared to control). Results are representative of at least two independent experiments 

for each treatment.  

 

 

 
Figure 17 C, D. Effect of compound B or C on 4E-BP1 in H2009 Cells at 24 h treatment. 

C). Immunoblotting of whole lysates analysis shows the effect of compound B or C on 4E-

BP1 (Thr37/46) phosphorylation (top lanes) or total β-actin (bottom lanes). Treatment 

groups were: Lane 1 shows the vehicle (lanes 1-2), 1.25μM compound B (lanes 3-4), 

2.5μM compound C (lanes 5-6). D). Densitometric quantification of bands shown in the 

graph to the right represents the mean ± S.D. (p<0.05 compared to control). Results are 

representative of at least two independent experiments for each treatment. 
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Figure 17 E, F. Effect of compound B or C on MDM2 in H2009 Cells at 48 h treatment. 

E). Immunoblotting of whole lysates analysis shows the effect of compound B or C on 

MDM2 (Ser166) phosphorylation or α-tubulin (bottom lanes). Treatment groups were: 

vehicle (lanes 1-4), 1.25μM compound B (lanes 5-6), 2.5μM compound C (lanes 7-8). F). 

Densitometric quantification of bands shown in the graph to the right represents the mean 

± S.D. (p<0.05 compared to control). Results are representative of at least two independent 

experiments for each treatment.  

 

 

 

Figure 17 G, H. Effect of compound B or C on 4E-BP1 in H2009 Cells at 48 h treatment. 

G). Immunoblotting of whole lysates analysis shows the effect of compound B or C on 4E-

BP1 phosphorylation (top lanes) or total 4E-BP1 (bottom lanes). Treatment groups were: 

Vehicle (lanes 1-3), 1.25μM compound B (lanes 4-5), 2.5μM compound C (lanes 6-7). H). 

Densitometric quantification of bands shown in the graph to the right represents the mean 

± S.D. (p<0.05 compared to control). Results are representative of at least two independent 

experiments for each treatment. 
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Figure 17 I, J. Effect of compound B or C on GSK3β in H2009 Cells at 48 h treatment. I). 

Immunoblotting of whole lysates analysis shows the effect of compound B or C on GSK3β 

(Ser9) phosphorylation or α-tubulin (bottom lanes). Treatment groups were: vehicle (lanes 

2-5), 1.25μM compound B (lanes 6-7), 2.5μM compound C (lanes 8-9).   J). Densitometric 

quantification of bands shown in the graph to the right represents the mean ± S.D. (p<0.05 

compared to control). Results are representative of at least two independent experiments 

for each treatment.  

 

 

 
Figure 17 K, L. Effect of compound B or C on P70S6K in H2009 Cells at 48 h treatment. 

K). Immunoblotting of whole lysates analysis shows the effect of compound B or C on 

P70S6K (Thr389) phosphorylation (top lanes) or α-tubulin (bottom lanes). Treatment 

groups were: Lane 1 shows the pre-stained molecular weight marker, vehicle (lanes 2-5), 

1.25μM compound B (lanes 6-7), 2.5μM compound C (lanes 8-9).  L). Densitometric 

quantification of bands shown in the graph to the right represents the mean ± S.D. (p<0.05 

compared to control).  

 

 

 

Compound B downregulates the pathway in H2009 cells at short treatment times.  

 

As previously shown, compound B decreased phosphorylation of Akt Ser473 in 

both WBras1 and H2009 cells at 4 h treatment (Figure 10 B). Compound C at 4 h also 
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decreased phosphorylation of Akt Ser473 in WBras1 but not in H2009 cells (Figure 9 A 

& 10 A).  We also demonstrated that compound B, but not compound C decreased 

phosphorylation of Akt473 at 1 h (Figure 10 B) in H2009 cells. Figure 18 A, B indicates 

that compound B decreased phosphorylation of the Thr308 site at 1 and 4 h in H2009 

cells by approximately 65% (Figure 19 A, B). In these experiments, a higher 

concentration of compound B (2.5μM) was utilized to promote a robust response. Figure 

18 E-H shows that phosphorylation of both GSK3β and P70S6K were significantly 

decreased by compound B at 1 and 4 h. MDM2 phosphorylation showed no response at 

the 1 h time point but was decreased at 4 h (Figure 18 C, D). These results demonstrate 

that the Akt pathway can be downregulated by compound B as early as 1 h treatment 

time. 

 

Figure 18. Effect of compound B on Akt kinase in H2009 Cells at 1 or 4 h treatment.   A). 

Western blots show the effect of compound B on Akt (Thr308) phosphorylation or total 

Akt (bottom lanes). Treatment groups were: Lane 1 shows the pre-stained molecular weight 

marker, vehicle (lanes 2-4), 2.5μM compound B (lanes 5-6), 2.5μM compound B (lanes 7-

8).  B). Densitometric quantification of bands shown in the graph to the right represents 

the mean ± S.D. (p<0.05 compared to control). Results are representative of at least two 

independent experiments for each treatment.   

 



                                                                                                                                            68 

 

 

 

 

 
Figure 18 C, D. Time course effect of compound B on MDM2 in H2009 Cells at 1 or 4 h 

treatment.  C). Immunoblotting of whole lysates analysis show the effect of compound B 

on MDM2 (Ser166) phosphorylation or β-actin (bottom lanes). Treatment groups were: 

vehicle (lanes 2-4), 2.5μM compound B at 1 hour (lanes 5-6), 2.5μM compound B at 4 

hours (lanes 7-8). D). Densitometric quantification of bands shown in the graph to the right 

represents the mean ± S.D. (p<0.05 compared to control).  

 

 

 
Figure 18 E, F. Time course effect of compound B on GSK3β in H2009 Cells at 1 or 4 h 

treatment. E). Immunoblotting of whole lysates analysis show the effect of compound B 

on GSK3β (Ser9) phosphorylation (top lanes) or total GSK3β (bottom lanes). Treatment 

groups were: Lane 1 shows the pre-stained molecular weight marker, vehicle (lanes 2-4), 

2.5μM compound B at 1 hour (lanes 5-6), 2.5μM compound B at 4 hours (lanes 7-8).    F). 

Densitometric quantification of bands shown in the graph to the right represents the mean 

± S.D. (p<0.05 compared to control).  
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Figure 18 G, H. Time course effect of compound B on P70S6K in H2009 Cells at 1 or 4 h 

treatment. G). Western blots show the effect of compound B on P70S6K (Thr389) 

phosphorylation (top lanes) or α-tubulin (bottom lanes). Treatment groups were: Lane 1 

shows the pre-stained molecular weight marker, vehicle (lanes 2-4), 2.5μM compound B 

at 1 hour (lanes 5-6), 2.5μM compound B at 4 hours (lanes 7-8). H). Densitometric 

quantification of bands shown in the graph to the right represents the mean ± S.D. (p<0.05 

compared to control).  

 

 

 

Effect of CADD agents on JNK and MAPK/ERK Kinase Phosphorylation 

 

Figure 19 shows that there was no significant effect of compound B on 

phosphorylation of JNK Thr183/185 activation site (Figure 19 A, B) at 24 h or 48 h 

(Figure 19 E, F) at the concentrations that were effective in reducing phosphorylation of 

Akt and downstream effectors at the same time points. Figure 19 C, D shows that 

compound B or C had no significant effect on MAPK/ERK phosphorylation at the 

Thr37/46 activation site, and no significant effect was observed at 48 h (data not shown). 

These results suggest that compound B and C show specificity for the Akt pathway. 
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Figure 19 A, B. Effect of compound B or C on JNK in H2009 Cells at 24 h treatment. A). 

Immunoblotting of whole lysates analysis show the effect of compound B or C on JNK 

(Thr183/Tyr185) phosphorylation (top lanes) or total JNK (bottom lanes). Treatment 

groups were: Lane 1 shows the pre-stained molecular weight marker, vehicle (lanes 2-5), 

1.25μM compound B (lanes 6-7), 2.5μM compound C (lanes 8-9).  B). Densitometric 

quantification of bands shown in the graph to the right represents the mean ± S.D. (p<0.05 

compared to control). Results are representative of at least two independent experiments 

for each treatment.  

 

 

Figure 19 C, D. Effect of compound B or C on MAPK/ERK in H2009 Cells at 24 h 

treatment. C). Immunoblotting of whole lysates analysis show the effect of compound B 

or C on ERK (p44/42) phosphorylation (top lanes) or β-actin (bottom lanes). Treatment 

groups were: Vehicle (lanes 1-2), 1.25μM compound B (lanes 3-4), 1.5μM compound C 

(lanes 5-6).  D). Densitometric quantification of bands shown in the graph to the right 

represents the mean ± S.D. (p<0.05 compared to control). Results are representative of at 

least two independent experiments for each treatment.  
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Figure 19 E, F. Effect of compound B on JNK in H2009 Cells at 48 h treatment.           E). 

Western blots show the effect of compound B or C on JNK (Thr183/Tyr185) 

phosphorylation (top lanes) or total JNK (bottom lanes). Treatment groups were: Lane 1 

shows the pre-stained molecular weight marker, vehicle (lanes 2-5), 1.25μM compound B 

(lanes 6-7), 2.5μM compound C (lanes 8-9).  F). Densitometric quantification of bands 

shown in the graph to the right represents the mean ± S.D. (p<0.05 compared to control). 

Results are representative of at least two independent experiments for each treatment.  

 

 

 

Upstream kinases in the presence of CADD agents in H2009 cells 

 

Above, we have shown results of Akt inhibition in the presence of compound B 

and C including their effect on downstream pathway effectors. Here, we present the 

expression of upstream kinases of the Akt pathway when the cells are treatment with the 

CADD agents.  We observed that Compound B did not change phosphorylation levels of 

the upstream molecule, PDK1 at 48, 24, 1 and 4 h treatment times in H2009 cells (data 

not shown). However, the compound B downregulated mTOR at 48 h, 24 h and 4 h 

treatment times (Figure 20 A-F), while compound C exhibited no effect on the 

phosphorylation levels of this protein (Figure 21 A-D). Additional experimentation is 

required to probe whether the effect on mTOR by compound B is due to a dual effect on 

mTOR or another protein in the mTORC2 complex.   
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Figure 20 A, B. Effect of compound B or C on mTOR in H2009 Cells at 48 h treatment. 

A). Western blots show the effect of compound B or C on mTOR (Ser2481) 

phosphorylation (top lanes) or total mTOR (bottom lanes). Treatment groups were: Vehicle 

(lanes 1-4), 1.25μM compound B (lanes 5-6), 2.5μM compound C (lanes 7-8).  B). 

Densitometric quantification of bands shown in the graph to the right represents the mean 

± S.D. (p<0.05 compared to control). Results are representative of at least two independent 

experiments for each treatment.  

 

 

 

Figure 20 C, D. Effect of compound B or C on mTOR in H2009 Cells at 24 h treatment.  

C). Immunoblotting of whole lysates analysis show the effect of compound B or C on 

mTOR (Ser2481) phosphorylation (top lanes) or total mTOR (bottom lanes). Treatment 

groups were: Vehicle (lanes 1-2), 1.25μM compound B (lanes 3-4), 2.5μM compound C 

(lanes 5-6).  D). Densitometric quantification of bands shown in the graph to the right 

represents the mean ± S.D.  

 

 

 
Figure 20 E, F. Effect of compound B on mTOR in H2009 Cells at 1 or 4 h treatment. E). 

Immunoblotting of whole lysates analysis show the effect of compound B on mTOR 
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(Ser2481) phosphorylation (top lanes) or total mTOR (bottom lanes). Treatment groups 

were: Lane 1 shows the pre-stained molecular weight marker, vehicle (lanes 1-3), 2.5μM 

compound B at 1 h (lanes 5-6), 2.5μM compound B at 4 h (lanes 7-8).  D). Densitometric 

quantification of bands shown in the graph to the right represents the mean ± S.D.  

 

 

 

Effect of CADD agents on cell viability in human lung cancer cells 

 

MTT cell viability assay in Figure 21 A and B shows that compound B dose-

dependently reduced cell viability in human lung carcinoma cells (H2009). In this cell 

line, the cell viability decreased to 95%, 94%, and 55% compared to control level after 1, 

5 and 7.5µM of compound B treatment for 22 h, respectively.  Figure 21 B demonstrates 

that treatment of the cells with compound C decreased cell viability to 85, 30 and 11% 

compared to control after treatment with 2.5, 5 and 10 µM compound C for 22 h. These 

results suggest that compound B is less toxic to the cells compared to compound C. 

 

Figure 21 A. Effect of compound B on cell viability in human lung cancer cells. Cells were 

treated with 0.125μM, 0.5μM, 1μM, 5μM or 7.5μM compound B at 22 hours. Percentage 

of survival of H2009 cells was measured by performing the MTT assay. Data are expressed 

relative to the mean optic density (360 nm) of untreated cells, which was defined as 100%. 

The graph shown represents the mean ± SD (n = 4). 
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Figure 21 B. Effect of compound C on cell viability in human lung cancer cells. Cells were 

treated with 0.5μM, 1μM, 2.5μM, 5μM or 10μM compound C at 22 hours. Percentage of 

survival of H2009 cells was measured by performing the MTT assay. Data are expressed 

relative to the mean optic density (360 nm) of untreated cells, which was subjectively 

defined as 100%. The graph shown represents the mean ± SD (n = 4). 

 

 

 

Compounds B and C are not direct inhibitors of Akt kinase 

 

To determine whether B and C directly inhibit Akt kinase at the active site, we monitored 

them in a cell-free based assay. Figure 22 indicates that 1.25µM compound B has no 

direct inhibitory effect on Akt activity compared to vehicle control while the active site 

inhibitor, staurosporine, did.  These results suggest that compound B negatively 

modulates Akt kinetic activity by binding to a site different from the active site on Akt to 

cause decreased phosphorylation of Ser473 and Thr308. Compound C also did not 

decrease Akt activity in the cell-free system at 2.5µM (data not shown). 
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Figure 22. Effect of compound B on Akt kinase activity in a cell-free based assay. Treated 

pre-coated wells with the vehicle, 10μM staurosporine, 1.25μM compound B. Level of 

inhibition was determined by comparing the vehicle control, staurosporine to compound 

B. Data are expressed relative to the mean optic density (450 nm). The graph shown 

represents the mean ± SD (n = 4). 

 

 

 

Discussion 

 The studies presented in this chapter demonstrate that the CADD agent, 

compound B.inhibits the activation of Akt, as assessed by monitoring Thr308 and Ser473 

phosphorylation, and decreased Akt effector activity downstream of Akt. Evidence 

presented indicates that compound B induces inhibitory effects on the ability of pathway 

target proteins to propagate signals, leading to antiproliferation in carcinoma cells. 

Compound C was substantially less effective than compound B in most assays.  

The investigational compounds used in this study are structurally related to 

solenopsin, which has been characterized as an Akt pathway inhibitor (Arbiser, et al., 

2007). The study reported that solenopsin antagonizes Akt leading to inhibitory effects on 

angiogenesis (Arbiser, et al., 2007). Inhibition of Akt by Akt inhibitors can occur by 

targeting allosteric pockets or the ATP binding site of the kinase (Wu et al., 2015).
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The formation of steric hindrance may deter binding of upstream proteins from 

phosphorylatory activity at the Ser473 site resulting in loss of full activation of the kinase 

(Wu et al., 2010). Arbiser’s team reported that solenopsin suppressed phosphorylation in 

vitro at Ser473 and Thr308 residues of Akt kinase (Arbiser et al., 2007).  Due to the 

structural similarities of compound B and C to solenopsin, we postulated that the anti-

proliferative effect reported in our previous study (Uko, et al., 2018) was induced by 

inhibition of Akt kinase activity by blocking the phosphorylation process at the 

regulatory site residues, Thr308 and Ser473, thereby decreasing Akt downstream 

phosphorylation activity and cell survival.  

In this study, we first examined the phosphorylation of Akt and total Akt kinase 

levels in epithelial cells (WBras1) by Western immunoblot analysis. Decreased levels of 

phospho-Akt at Thr308 by compounds B and C and unaltered levels of total Akt were 

observed (Figure 13). Similar results were obtained from monitoring compound B in 

human lung carcinoma cells, except compound C did not reduce phosphorylation of Akt 

at this site. A dose-dependent study of compound B in H2009 cells after a 24 h treatment 

revealed that concentrations as low as 0.5µM induce inhibition of Akt activation at both 

Thr308 and Ser473 sites (Figure 14).  Compound C had no effect in the dose-dependent 

study in H2009 cells at 18 h with the highest concentration being 10µM and the lowest 

2.5µM (Figure not shown).  

To examine pathway inhibition in WBras1 cells, western blotting was employed, 

and results suggested that compound B did not alter GSK3β phosphorylation, but 

compound C did. However, significant decreases in phosphorylation levels of MDM2, 

4E-BP1 and P70S6K in rat epithelial liver cells at 24 h were observed for compound B 
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and C (Figure 15, A-H).   

We further evaluated the effect of CADD agents on the Akt pathway effectors 

previously mentioned. Like perifosine, compound B exhibits significantly decreased 

MDM2, 4E-BP1, GSK3β and P70S6K phosphorylation at 48h in human lung carcinoma 

cells (Figure 17, A-H). Since compound B inhibits Akt activation, this suggests that Akt 

positively controls the activity of this downstream effectors. The inhibition of MDM2 

may be indicative of compound B’s ability to disrupt the effector's interaction with the 

tumor suppressor, p53 preventing its degradation. This action promotes the normal 

regulation of cell growth and cell proliferation (Kastan, Canman & Leonard, 1995).   

GSK3β is a substrate of Akt kinase and is inhibited once phosphorylated at the 

Ser9 site (Duan, et al., 2014). We found that the phosphorylation levels of GSK3β 

decreased suggesting its activation which mediates the inhibition of glycogen synthesis 

(Manning & Cantley, 2007). The reduction in phosphorylation levels observed in 4E-BP1 

and P70S76K are indicative of the downregulation of mTORC1.  

Next, in both cell types, we monitored the CADD agent’s ability to the affect JNK 

signaling pathway. This pathway is known to be activated when the cell undergoes 

apoptosis or stress (Song, et al., 2016). Neither compound B or C significantly altered 

phosphorylation of JNK at the Thr183/Y185 activation at 24 h in WBras1, but in H2009 

compound C did. (Figure 16 A, B & Figure 19 E, F). These results are in contrast with 

reported perifosine effects on this protein. In a study examining the cytotoxicity effect of 

perifosine, JNK was evaluated for its role in perifosine-induced cell death; increased 

cytotoxicity was reported in perifosine treated cells (Hideshima et al., 2006). In human 

multiple myeloma cells, perifosine activates the formation of death induced 
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signaling complex (DISC) and the recruitment of tumor necrosis factor-related apoptosis-

inducing ligand (TRAIL-R1/DR4, TRAIL-R2/DR5), including Bid within lipid rafts, to 

promote cell death in carcinoma cells (Hideshima et al., 2006).  

We also examined the effect of CADD agents on ERK signaling transduction in 

H2009 cells. This protein regulates various cytosolic and nuclear proteins which includes 

transcription factors of which many are involved in cell proliferation, survival and 

metastasis (Chang & Karin, 2001; Heist and Engelman, 2012). At 24 h (Figure 19, C and 

D), both compounds had no effect on phosphorylation of ERK, which highlights their 

specificity for the Akt pathway. 

Upstream proteins PDK1 and mTORC2 were also monitored for CADD agents 

effect on their cellular activity in H2009 cells at 1, 4, 24 or 48 h treatments (data not 

shown). Our results suggested that both compounds do not alter PDK1. However, only 

compound B altered the phosphorylation levels of mTORC2. These results may explain 

the decrease seen in the phosphorylation of Akt at Ser473, which would signify the 

indirect target of mTORC2 by compound B. Further experiments are required to 

substantiate on this possible mechanism. 

Next, we examined human lung carcinoma cells in the presence of an increased 

concentration of compound B at 1 or 4 h for Akt activation and downstream signaling 

activity. As evidenced by our results, compound B suppressed activation of Akt and 

robustly downregulated protein targets MDM2, GSK3β and P70S6K (Figure 18, C-H). 

The assessment of cellular growth in CADD treated-H2009 cells revealed that both 

agents possess inhibitory effects on the proliferation of tumor cells (Figure 11). Further 
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characterization of our investigational compounds involved evaluating their ability to 

directly inhibit Akt kinase and compete with ATP using a cell-free based assay. Here, we 

concluded that the agents are not direct Akt inhibitors and none are competitive ATP 

inhibitors.  

In summary, our results demonstrated that compound B inhibits Akt activation 

and suppresses downstream target proteins along the Akt pathway at multiple time points 

in rat liver epithelial cells and human lung carcinoma cells. This may occur by allosteric 

inhibition of Ser473 and Thr308 phosphorylation or by effects on an upstream target such 

as mTORC2. 
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CHAPTER 5 

NOVEL INVESTIGATIONAL AKT INHIBITOR PHARMACOPHORE  

MODELED ANALOGS  

Pharmacophore Modeling  

Pharmacophore modeling is a computer-aided drug design (CADD) subfield 

approach that strictly models ligand and binding site interactions. These methods utilize 

structure-activity relationships of ligands to suggest the three-dimensional properties 

needed in a molecule for the exhibition of specific biological activity to either trigger or 

inhibit biological responses (Martin, 2007; Wermuth, Ganellin, Lindberg, & Mitscher, 

1998). The term pharmacophore was first defined by Paul Ehrlich in the early 1900’s as 

“a molecular framework that carries (phoros) the essential features responsible for a 

drug’s (pharmacon) biological activity" which was later redefined by Peter Gund in 1977 

to the currently used definition to be “a set of structural features in a molecule that is 

recognized at a receptor site and is responsible for that molecule's biological activity” 

(Güner, 2000).  

The study of pharmacophore models has contributed to the understanding of these 

interactions, in addition to fostering the evolutionary shift of the drug design process 

from two-dimensional molecule connectivity to three-dimensional (3D) arrangement of 

chemical features, which may include hydrophilic or hydrophobic regions, hydrogen 

bond acceptors or donors, center of aromatic or non-aromatic rings, positive or negative 

charges etc. (Pires, Ascher, & Blundell, 2013). Through 3D pharmacophore modeling, 
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the identification of areas most favorable or unfavorable to specific inhibitor interactions 

can be achieved as this approach takes into account the 3D structures including the 

binding of inhibitors to the receptors Vlachakis, Tsaniras, & Kossida, 2012).   

In addition, this computer-based drug design approach utilizes structure-activity 

relationships of ligands to suggest the three-dimensional properties that are required in a 

molecule for certain biological activities to occur (Martin, 2016; Wolber & Sippl, 2015).  

Studies have employed the CADD approach with the main aim of expediting and 

rationalizing the drug design process while reducing cost (Taft & Da Silva, 2008).   

In this section of the project, additional data collected from biological testing of 

two other CADD modeled agents compounds A and E in tumorigenic cells will be 

discussed. Both agents are modeled after a known Akt inhibitor. We will also share 

additional biological activities of compound D (Figure 23 C) not reported in chapter 3, 

previously seen in chapter 3.  Similar to the solenopsin analogs, previously discussed in 

chapters 3 and 4, we performed additional pharmacophore modeling after known a Akt 

inhibitor which resulted in the selection of two compounds, compound A (N-[(S)-(1-

methylimidazol-2-yl)-phenyl-methyl]-3-ureido-benzamide) & compound E ((2S)-2-

amino-3-(4-hydroxyphenyl)-N-[4-(1,2,4-triazol-4-yl)cyclohexyl]propenamide) as shown 

in Figure 23 A-B, which were purchased and assayed for their ability to inhibit Akt 

pathway signaling activity.  

Our results suggest that compound E (10 µM) is a more effective inhibitor of the 

Akt pathway signaling in both WBras1 and H2009 cells at a lower concentration than 

either compound A (25 µM) or D (25 µM). Compound E also significantly impaired the 

phosphorylation of ERK, indicating the possibility of a dual pathway inhibitory 
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functionality. In contrast, compound A and D did not exhibit significant downstream Akt 

pathway inhibition.    

 

Figure 23 A. Structure of N-[(S)-(1-methylimidazol-2-yl)-phenyl-methyl]-3-ureido-

benzamide also known as compound A. Built using Spartan software 14 version. The white 

color portion of the structure represents hydrogen, gray is carbon, red is oxygen and purple 

nitrogen. 

 

 

 

 
 

Figure 23 B. Structure of (2S)-2-amino-3-(4-hydroxyphenyl)-N-[4-(1,2,4-triazol-4-yl) 

cyclohexyl] propanamide also known as compound E. Built using Spartan software 14 

version. The white color portion of the structure represents hydrogen, gray is carbon, red 

is oxygen and purple nitrogen.  
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Figure 23 C.  Structure of 2-(9-decenyl)-3-ethyl-1,3-oxazolidine also known as compound 

D. Built using Spartan software 14 version. The white color portion of the structure 

represents hydrogen, gray is carbon, red is oxygen and purple nitrogen. 

 

 

Materials and Methods 

Reagents and Chemicals 

 

H2009 human lung tumor cells from the American Type Culture Collection 

(ATCC, Manassas, VA) were provided by Randall Ruch at the University of Toledo. 

Pharmacophore modeled compounds A  N-[(S)-(1-methylimidazol-2-yl)-phenyl-methyl]-

3-ureido-benzamide, E  (2S)-2-amino-3-(4-hydroxyphenyl)-N-[4-(1,2,4-triazol-4-yl) 

cyclohexyl], and D  (2-(9-decenyl)-3-ethyl-1,3-oxazolidine) were obtained commercially 

from Enamine Ltd and Sigma-Aldrich, now Millipore Sigma. RPMI Medium 1640(1X) 

was purchased from Fisher Scientific (Pittsburg, PA) and fetal bovine serum (FBS) was 

obtained from Invitrogen (Carlsbad, CA). L-glutamine, trypsin, and phosphate buffered 

saline (PBS) were purchased from Fisher Scientific (Pittsburgh, PA).  

Tissue culture treated flasks with vented caps were obtained from CELLTREAT 

Scientific Products (Pepperell, MA). Phenylmethylsulfonyl fluoride (PMSF), Trypan blue 

solution, and Ponceau Red solution were from Sigma Chemical Co. (St. Louis, MO), 
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and protease inhibitor cocktail was provided by Chalet Tan at Mercer University. Pan-

Akt, phospho-Akt (Ser473), phospho-Akt (Thr308), and phospho-JNK (Thr183/Tyr185), 

phospho–GSK3β (Ser9), phospho-MDM2 (ser166), phospho-P70S6 Kinase (Thr389), 

phospho-4E-BP1 (Thr37/46), β-actin, anti-rabbit IgG alkaline phosphatase-conjugated 

antibodies and were purchased from Cell Signaling Technology (Beverly, MA). Nonfat 

dry milk, Tris-hydrochloride, Tween-20, DC Protein Assay, Sodium Dodecyl Sulfate, 

25x alkaline phosphatase color development buffer, 5-bromo-4-chloro-3-indolyl 

phosphate/nitroblue tetrazolium (BCIP/NBT), protein molecular mass standards, PVDF 

membranes, and all electrophoresis and transfer buffer components were purchased from 

Bio-Rad (Hercules, CA). All other solvents, reagents, and chemicals utilized were of 

analytical grade. 

Cell Culture 

WB-ras rat liver epithelial cells (obtained from J. Trosko, Michigan State 

University) were sub-cloned from single cells to obtain the WB-ras1 line, grown in alpha 

Modification of Eagle’s Media supplemented with 2 mM/L l-glutamine and 5% FBS and 

utilized for experiments between passages 7-11. G418 antibiotic was added to the α-

MEM for culturing cells at a concentration of 500 µM but was not added to cells seeded 

for experiments. Human lung carcinoma cells (H2009) were grown in RPMI-1640 or hy-

clone fetal bovine serum liquid media with 2mM/L L-glutamine added, and 5% fetal 

bovine serum and utilized passages between 38-39. Cells were subculture by 

trypsinization and seeded at 5-10% confluency in 25cm2 flasks and incubated at 37°C in 

an atmosphere of 5% CO2. At 75-80% confluency, cells were treated with vehicle 

dimethyl sulfoxide (DMSO), test compounds A, D or E and re-incubated for varying 
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times.  

Experimental methods 

Extraction of proteins, protein concentration assay, western immunoblot assay, Cell 

proliferation, cell viability assay, and Akt kinase activity assay procedures as described in 

chapter 3 and 4 were followed. 

 

Results 

Effect of compounds A or E on phosphorylation of Akt in WBras1 and human carcinoma 

cells 

The dephosphorylation of overactivated Akt kinase in WBras1 and H2009 cells 

treated with compounds A (25 µM) or E (10 µM) was assessed at 24 h. The 

phosphorylation of Akt at the Ser473 sites is required for the full activation of Akt (Brazil 

& Hemmings, 2001, Stokoe, et al., 1997). To better understand the effect of the CADD 

compounds on overactive Akt phosphorylation, the aforementioned cell types were 

treated with the agents independently and monitored for their inhibitory effect on Akt 

activation. As can be seen in the representative blot in Figure 24 A and C, the 24 h 

treatment of WBras1 cells with compound A (25 µM) or compound E (10 µM) caused a 

decrease in phosphorylation levels of Akt, compared to control.  However, no effect was 

seen in compound A-H2009 treated cells at 24 h, while compound E significantly 

impaired phospho-Akt (Figure 24 E). These results confirm the ability of both 

compounds A and E to inhibit the activation of Akt by dephosphorylation, but compound 

E was effective in both WBras1 and H2009 cells.  
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Figure 24 A, B. Compound A induces Akt dephosphorylation in WBras1 cells. A) Western 

blot analysis reveals a decreased on phosphorylated Akt levels after a 24 h treatment with 

compound A. Treatment groups were as follows: Lane 1 shows the pre-stained molecular 

weight marker, vehicle (lanes 2-3), 25 µM compound A (lanes 4-5). Total Akt was used as 

a loading control. B).  Densitometric quantification of bands is portrayed in the graph to 

the right represents the mean ± (p < 0.05 compared to control). Results are demonstrative 

of at two independent experiments for each treatment. 
 

 

 

 

Figure 24 C, D. Effect of compound E on Akt phosphorylation in H2009 cells. C) Western 

blot analysis reveals the effect of treated cells on phosphorylated Akt levels after a 24 h 

treatment with compound E. Treatment groups were as follows: Lane 1 shows the pre-

stained molecular weight marker, vehicle (lanes 2-3), 10 µM compound E (lanes 4-5). 

Total Akt was used as a loading control. D). Densitometric quantification of bands is 

portrayed in the graph to the right represents the mean ± (p < 0.05 compared to control). 

Results are demonstrative of at two independent experiments for each treatment.  
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Figure 24 E, F. Effect of compounds A or E on Akt phosphorylation in H2009 cells. E) 

Western blot analysis reveals the effect of treated cells on phosphorylated Akt levels after 

a 24 h treatment with compound E. Treatment groups were as follows: Lane 1 shows the 

pre-stained molecular weight marker, vehicle (lanes 2-3), 25 µM compound A (lanes 4-5) 

and 10 µM compound E (lanes 6-7). Total Akt served as a loading control. F). 

Densitometric quantification of bands is portrayed in the graph to the right represents the 

mean ± (p < 0.05 compared to control). Results are demonstrative of at two independent 

experiments for each treatment.  

 

 

Compound E reduces signaling of downstream Akt effectors in WBras1 cells 

Activated Akt is responsible for the phosphorylation of downstream effectors 

involved in pathway signaling and serves as an important central hub that propagates 

cellular cues to regulate various biological processes (Manning & Canley, 2007).  

We hypothesized that the inhibition of Akt activation induces decreased effectors 

downstream signaling activity. Here, immunoblotting analysis was utilized to monitor the 

effect of compound E (10 µM) on Akt downstream effectors in WBras1 treated cells over 

the time course of 24 h (Figure 25 A – H). DMSO served as control.  

The level of phosphorylated MDM2 kinase at the Ser166 site (Figure 25 A), decreased by 

over 80%, while phospho-4E.BP1 (Figure 25 C) and phospho-GSK3β (Figure 26 E) 

reduced by approximately 72% and 30%, respectively. Compound E did not decrease 

phospho-P70S6k (Figure 25 G) did not decrease. These results suggest that the 
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impairment of Akt activation by dephosphorylation has led to decreased phosphorylation 

of effectors downstream of Akt.  

 

Figure 25 A, B. Effect of compound E on MDM2 phosphorylation in WBras1 cells. A) 

Western blot analysis reveals the effect of treated cells on phosphorylated Akt levels after 

a 24 h treatment with compound E. Treatment groups were as follows: Vehicle (lanes 1-2) 

and show 10 µM compound E (lanes 3-4). β-actin served a loading control.  B). 

Densitometric quantification of bands is portrayed in the graph to the right represents the 

mean ± (p < 0.05 compared to control). Results are demonstrative of at least two 

independent experiments for each treatment.  

 

 

 
Figure 25 C, D. Effect of compound E on 4E-BP1 phosphorylation in WBras1 cells. C) 

Western blot analysis reveals the effect of treated cells on phosphorylated Akt levels after 

a 24 h treatment with compound E. Treatment groups were as follows: Vehicle (lanes 1-2) 

and show 10 µM compound E (lanes 3-4). β-actin served a loading control.  D). 

Densitometric quantification of bands is portrayed in the graph to the right represents the 

mean ± (p < 0.05 compared to control). Results are demonstrative of at least  two 

independent experiments for each treatment.  
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Figure 25 E, F.  Effect of compound E on GSK3β phosphorylation in WBras1 cells. E) 

Western blot analysis reveals the effect of treated cells on phosphorylated Akt levels after 

a 24 h treatment with compound E. Treatment groups were as follows: Lanes 1 and 2 show 

vehicles, lanes 3-4 displays 10 µM compound E. β-actin served as a loading control. F). 

Densitometric quantification of bands is portrayed in the graph to the right represents the 

mean ± (p < 0.05 compared to control). Results are demonstrative of at least two 

independent experiments for each treatment.  

 

 

 
Figure 25 G, H.  Effect of compound E on P70S6K phosphorylation in WBras1 cells. G) 

Western blot analysis reveals the effect of treated cells on phosphorylated Akt levels after 

a 24 h treatment with compound E. Treatment groups were as follows: Lanes 1 and 2 show 

vehicles, lanes 3-4 displays 10 µM compound E. β-actin served as a loading control. H). 

Densitometric quantification of bands is portrayed in the graph to the right represents the 

mean ± (p < 0.05 compared to control). Results are demonstrative of at least two 

independent experiments for each treatment.   
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no difference in compound E treated samples compared to control at 24 h. This probably 

indicates the induction of apoptosis; however, longer-course treatments are required to 

gather ample significance of the effects observed.  

 

Figure 26.  Effect of compound E on JNK phosphorylation in WBras1 cells. Western blot 

analysis reveals the effect of treated cells on phosphorylated Akt levels after a 24 h 

treatment with compound E (blots not shown). DMSO was used as the control. 

Densitometric quantification of bands is portrayed in the graph to the right represents the 

mean ± (p < 0.05 compared to control). Results are demonstrative of at least two 

independent experiments for each treatment.  

 

 

Effect of CADD agents A, D or E on downstream effectors signaling in H2009 cells 

 

After having established that impairment of Akt activation affects downstream 

pathway signaling in WBras1 cells, we addressed the question of whether similar results 

can be observed in H2009 cells. Compound compounds A (Figure 24 E) and D (Figure 

9) had no effect on Akt activation, but E induced a decrease. Here, we hypothesized that 

one of the CADD compounds will induce inhibitory effects on Akt downstream effectors 

at 24 h in H2009 cells. Cells were treated with compounds A (25 µM), D (25 µM) or E 

(10 µM) at 24 h and monitored for alternations in phosphorylation levels. Neither CADD 

agents A (25 µM), D (25 µM) or E (10 µM) changed 
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phosphorylation of p-MDM2 and p-P70S6K (Figure 27 A, B). At 24 h, the activation of 

4E-BP1 and GSK3β was also not inhibited (data not shown). These results suggest that 

the CADD agents do not affect the phosphorylation of downstream effectors of the Akt 

pathway. These findings differ from the results obtained from compound E treated-

WBras1 cells, indicating efficacy in this cell type and not in human lung carcinoma cells. 

 

 

Figure 27.  Effect of compound A, D or E on p-MDM2 and p-P70S6K phosphorylation in 

H2009 cells. Western blot analysis reveals the effect of treated cells on phosphorylated Akt 

levels after a 24 h treatment with compound A, D or E (blots not shown). β-actin served 

as loading control. Densitometric quantification of bands is portrayed in the graphs 

represents the mean ± (p < 0.05 compared to control). Results are demonstrative of at least 

two independent experiments for each treatment.  
 

 

Effect of compound E on ERK kinase activation 

Our exploration of CADD agents ‘effects led us to investigate a different pathway kinase, 

ERK. PI3K partly regulates ERK and its inhibition sometimes results in the suppression 

of ERK phosphorylation (Ebi, et al., 2013). Cell lines harboring the PIK3CA mutation 

and/ or HER2 overexpression blocks MEK/ERK pathway signaling after PI3K inhibitor 

treatment (Ebi, et al., 2013).  Compound E significantly induced ERK dephosphorylation 

in H2009 cells by approximately 70% with A and D remaining unchanged after a 24 h 
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treatment (Figure 28). These findings indicate that the inhibition of Akt kinase activation by 

CADD agent E may influence the activation of ERK 

 

 
Figure 28. Effect of compound A, D or E on ERK phosphorylation in H2009 cells. Western 

blot analysis reveals the effect of treated cells on phosphorylated Akt levels after a 24 h 

treatment with compound A (25µM), D (25µM), or E (10µM), (blots not shown). 

Densitometric quantification of bands is portrayed in the graph represents the mean ± (p < 

0.05 compared to control). Results are demonstrative of at least two independent 

experiments for each treatment.  

 

 

Effect of CADD agents on cell proliferation in H2009 cells 

To confirm the inhibitory effect of CADD agents A (25 µM), D (25 µM), and E 

(10 µM), on cell growth, we compared measurements from a 2 and 4-day study in H2009 

cells utilizing Flow Cytometry (FAS) cell counts. Figure 29 A, B reveals that all three 

agents lack the ability to hamper the proliferation of the cancer cells.  
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Figure 29 A, B. Effect of CADD agent A, D, and E on proliferation in human carcinoma 

cells.  A, B. H2009 cells were cultured and treated with compound A 25 μM, compound D 

25 μM or compound E 10 μM and assessed at 2 days or 4 days treatment. Bars represent 

the mean ± S.D. (n=4; p<0.05 compared to control).  

 

Effect of CADD on cell viability in H2009 cells 

An MTT assay was used to assess the antiproliferation effect of compound D at 

concentrations as high as 50 µM in H2009 cells at 22 h (Figure 30). There was no 

inhibitory effect observed. These findings suggest these agents do not affect growth in 

H2009 cells. 

 

 

Figure 30. Effect of compound D on cell viability in human carcinoma cells. Cell viability 

at 22 h was assessed by MTT assay as described in Experimental Procedures. Cells treated 

with compound D at 5 μM, 10 μM, 25 μM and 50 μM display similar viability as control 

(DMSO). No significant difference in cell viability was apparent. Bars represent the mean 

± S.D. (n=4; p<0.05 compared to control).  
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Evaluating Inhibition of Akt Kinase Activation by Compound A, D or E 

 

To determine the ability of the CADD agents to inhibit the activation of Akt 

directly, a cell-free assay with the purified form of the enzyme pre-coated in a 96-well 

plate was utilized. The inhibitory effect of compounds A, D and E on Akt activation was 

assessed following the manufacturer's protocol (CycLex) as described in Experimental 

Procedures. Figure 31 shows the effect of compounds A (25 μM), D (25 μM) and E (10 

μM) on Akt activity. The positive control without DMSO served to monitor the influence 

of DMSO on our test compounds results. A potent inhibitor of kinases, Staurosporine, 

served as a cue for direct inhibition of the kinase. It has a strong affinity to the ATP-

binding site and blocks ATP binding. While compound D induced Akt activation, no 

significant inhibition manifested in compound A and E treated wells. The results show 

that Akt activity was unaffected by all three CADD compounds and further suggests the 

inability of these agents to directly inhibit the activation of Akt kinase. 

 

 

Figure 31. In vitro Akt kinase (ELISA) of compounds A, D, and E at the indicated 

concentrations. In reference to the graph, there is no inhibition of Akt activity by CADD 

agents A, D or E. Staurosporine is a known inhibitor of a wide range of kinases and a potent 
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inhibitor of ATP. The controls include DMSO at a concentration of 0.1%. Bars represent 

the mean ± S.D. (n=4; p<0.05 compared to control).  

  

 

Discussion 

 We describe the biological activities of three CADD agents, A, D and E which are 

small molecules modeled after known Akt pathway inhibitors. Compound A and E are 

structurally similar but have different conformations, while compound D is a derivative 

of solenopsin. Compound A, D and E significantly inhibit Akt phosphorylation in 

WBras1 cells. However, compounds A and D were used at 25 µM while compound E was 

used at 10 µM. In H2009 cells, only compound E decreased Akt phosphorylation. Our 

findings led us to further investigate agents A, D and E for inhibitory effects on 

downstream Akt effectors in H2009 cells. All three agents demonstrated no decrease in 

4E-BP1, GSK3β, MDM2 or P70S6K (Figure 27) phosphorylation in H2009 cells at 24 h. 

The ERK pathway was explored and only E inhibited activation of ERK at the 

Thr202/Thy204 site at 24 h in H2009 cells (Figure 28). This indicates the ability of 

compound E to affect other pathways.   

Since agent E inhibited phospho-Akt in H2009 cells, we speculate that upstream 

inhibitory effects of this compound should be explored to further elucidate its mechanism 

on this pathway.  Our discovery that only compound E reduced phospho-Akt in both cell 

types, prompted us to evaluate its effect on downstream effectors in WBras1 cells. 

Strikingly, the CADD agent blocked phosphorylation in 4E-BP1, GSK3β and MDM2 at 

24 h, showing a weakening of Akt signaling downstream activity in WBras1 cells. In the 

same cell line, E lacked activity in JNK phosphorylation. However, further examination 
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 is required to determine the specificity of this agent.    

Our studies revealed that all three compounds do not inhibit cell proliferation in 

H2009 cells at the concentration tested. We also report that the viability of the cells is not 

affected by these CADD agents after a 2 and 4-day treatment of H2009 cells (Figure 29 

C) at the concentrations tested. Based on our study of Akt inhibition in a cell free-assay, 

compounds A, D and E were unable to inhibit Akt directly. Taken together, these 

findings reveal that the test compounds could be inducing the blockage of Akt 

phosphorylation upstream of the pathway. The relatively high concentration required for 

significant effects in Akt phosphorylation and then lack of effect on cell proliferation, 

suggests that these compounds may have limited clinical efficacy. 
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CHAPTER 6 

SUB-SAHARAN AFRICAN HERBAL EXTRACT ATTENUATES AKT 

ACTIVATION IN HUMAN CARCINOMA CELLS 

 

Introduction 

For centuries, plants have served as the bedrock for treatment of diseases, 

including cancer, and remain one of the richest resources of therapeutic agents to date. A 

wealth of clinical research and mechanistic knowledge about herbal medicine is still 

unexplored and untapped. Despite the long use of plants remedies in cancer treatment, 

there is no scientific documentation of the knowledge and experience of herbalists. 

However, traditional knowledge and information have been passed down orally from one 

generation to the next. Emerging developments in drug research have revealed that 

numerous naturally acquired products from plant sources possess anticancer properties. 

Plants have numerous phytochemicals that have been reported to exhibit many 

bioactivities such as antitumor, antioxidant, antibacterial and anti-inflammatory effects 

(Bourgou, et al., 2012; Korkina, 2007; Siriwatanametanon, et al., 2010). For instance, 

Pezzuto (1997), in addition to Wu and his team (2002), reported that extracts from natural 

products such as vegetables, fruits, and medicinal herbs, have shown inhibitory effects on 

cancer compared to the traditional modalities of treatment. The vast and unique chemical 

assortment of medicinal plants extracts exhibits tremendous promise for novel drug 

advancements towards the treatment of various maladies.  

Lung Cancer has been reported as the deadliest form of cancer in the world that accounts 
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for over 1.5 million deaths annually and 20% of cancer mortalities overall (Ferlay, et al., 

2015). While the most significant strategy of preventing lung cancer is to refrain from the 

consumption of tobacco, a large proportion of lung cancer cases manifest in former 

smokers, mostly in nations where tobacco cessation movements have been a success. 

Symptoms of the disease typically emerge in the advanced stages (National Cancer 

Institute, 2018; Koyi, Hillerdal, & Brandén, 2002) and many people misconceive them 

for infections or long-term effects from smoking. These symptoms manifest as cough, 

fatigue, check pain, dyspnea, etc. which usually leads to poor prognosis (Koyi, Hillerdal, 

& Brandén, 2002). The modalities of care for lung cancer patients involve surgery, 

chemotherapy, radiotherapy, and targeted therapy (National Cancer Institute, 2018). 

Although some plants possess limited bioavailability, studies indicate that chemical 

structure modification of the more promising compounds enhances adsorption, 

distribution, metabolism, excretion, and reduces toxicity and increases antitumor activity 

(Guo, 2017; Yao, et al., 2017; Zhou, et al., 2014).  Artemisia annua L. is a medicinal 

plant consumed in form tea to treat malaria in African and Asian countries and its active 

ingredient, artemisinin (ARS), has been developed into an antimalaria drug utilized 

globally (Cumming, et al., 1996). Studies revealed that ARS is not limited to the 

treatment of malaria, as its derivatives possess antitumor activities in vitro and in vivo 

(Du, et al., 2010). Vinblastine and vincristine are vinca alkaloids, isolated from 

Catharanthus rosea, the pink periwinkle plant and were the first plant-derived agents to 

be used in clinical for cancer treatments (Cragg & Newman, 2005). In animal models, 

curcumin, the bioactive component of Curcumas domestica, exhibited anticancer activity 

in various cell lines by downregulated the tumor necrosis factor (TNF) expression via 
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stimuli interactions (Zhong, et al., 2014). The synthesized curcumin analogues prompted 

antiproliferative activity while inducing cancer cell death (Zhou, et al., 2014).  These 

advancements with plant-derived compounds targeting cancer have shown enormous 

potential in cancer treatment. Despite the development of herbal medicines, there is an 

urgent need for the development of novel and efficacious drugs to combat this disease.     

Herein, we present the effect of a proprietary herbal anticancer mix on human 

lung carcinoma (H2009) cells. This herbal mix is comprised of three Sub-Saharan 

African plants and has been used clinically on cancer patients. We evaluated the 

biological activity of the herbal extract on cell proliferation, cell viability and its ability to 

inhibit Akt phosphorylation. Taken together, our study suggests that the anticancer herbal 

mix exhibits inhibitory activity against H2009 human lung cancer cells in vitro. However, 

further investigation is needed to understand its mechanism on pathways in different cell 

lines and cell types, including in vivo studies.  

 

 

Materials and Methods 

Herbal Material  

The dried powdered herbal mix was obtained from Mishenland Glory Venture, Lagos, 

Nigeria. The herbal mix comprises of plantain (Musca paradisiaca), yam (Dioscorea 

rotundata) and fish (Atlantic herring).  

 

Reagents and Chemicals  

H2009 human lung tumor cells were from the American Type Culture Collection 

(ATCC, Manassas, VA) and provided by Randall Ruch at the University of Toledo. 
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Alpha Modification of Eagle's Medium was purchased from Mediatech (Herndon, VA) 

RPMI-1640 (Gibco), L-glutamine, trypsin, fetal bovine serum (Gibco) and phosphate 

buffered saline (PBS) were from Fisher Scientific (Pittsburgh, PA). 

Phenylmethylsulfonyl fluoride (PMSF), G418, and protease inhibitor cocktail were from 

Sigma Chemical Co. (St. Louis, MO). Rabbit monoclonal phospho-specific Akt antibody 

(ser473, #4060), rabbit monoclonal Akt (pan) antibody (#4685), and anti-rabbit alkaline 

phosphatase-conjugated antibody (#7054) were purchased from Cell Signaling 

Technology (Beverly, MA). Tween-20, TRIS-HCl, nonfat dry milk, protein molecular 

mass standards, PVDF transfer packs, 12.5% precast gels and all electrophoresis 

materials were from Bio-Rad (Hercules, CA). All other chemicals, reagents, and solvents 

used were of analytical grade. 

 

Herbal Extract 

The desiccated powdered herbal mix (labeled as BAH) was obtained from 

Mishenland Glory Venture, Lagos, Nigeria. and extracted using dimethyl sulfoxide 

(DMSO). Weighed 0.3 g of the dried herbal mix into a clean microtube and 1 ml/ 0.1 g of 

sterile solvent (DMSO or ethanol) was added. For the aqueous extract, 25 ml of distilled 

sterile water (diH2O) was added to 3g of the powder. The mixture was sonicated for 

approximately 60 seconds and allowed to incubate for 10 minutes. Sonication repeated 

for 30 seconds before centrifugation at top speed in a microcentrifuge machine for 5 

minutes at room temperature. The supernatant was carefully transferred to clean 

microtubes in a class II cell culture hood and filtered using 0.2 µM sterile filters to 

remove pathogenic bacteria and their pore before storage in a freezer at -20°C. Extracts 
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were tested for sterility by adding 1 ml of cell culture medium a dish and 1 or 2 µl of the 

extract added and incubated for 24 to 48 h. If the medium remains clear with no growth, 

the extract is ready for experimentation on cells. Cloudy medium indicates bacterial 

growth, and re-filtering is required followed by sterility testing before treatment of cells. 

 

Cell Culture 

Human lung carcinoma cells were grown in RPMI 1640 RPMI-1640 media, 

supplemented with 2mM/L L-glutamine and 10% hyclone-fetal bovine serum for growth. 

The cells were allowed to attach for 24 hours before the media is changed. The cell 

passages were between 41-54 for H2009 cells. Confluent cells were subcultured, 

trypsinized and plated at 5-20% confluence. Cells were incubated in an environment of 

5% CO2 at 37°C. Grown to 75-80% confluency, the H2009 cells were treated with 

different volumes of vehicle (DMSO) or herbal mix extract and incubated in an 

environment of 5% CO2 at 37°C for different time points. The extraction process for the 

desiccated herbal mix as described previously in this section was followed. The selected 

plate extract was utilized to treat cells at 5 or 10 µL depending on the experimental 

design. DMSO concentration of less than 1% was to avoid undesirable effect on the cells. 

After treatment, cells were incubated for a period of 1, 4, 24 or 48 for western 

immunoblot assays.  

 

Cell Protein Extraction and Protein Concentration Assay 

At expiration of the desired incubation time, medium was removed from cells and 

washed with 10-15 mL PBS and extracted using 300μl of extraction buffer containing 
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1mM PMSF, 1:100 protease inhibitor cocktail dilution and 2% SDS. The lysed cell 

suspension was scraped off the flasks or dishes and transferred to micro-centrifuge tubes. 

At room temperature, the samples were sonicated twice at 15 seconds per pulse. For 

determining the protein concentration of the samples, the Bio-Rad DC protein assay was 

employed. Bovine serum albumin (BSA) was utilized as a standard protein and using a 

TECAN GENios plate reader, the absorbance was read and obtained at 750nm.  

 

Western Immunoblot Assay 

Samples were prepped for protein separation on 12% acrylamide SDS gels, 4x 

sample buffer was added to equal amounts of protein per lane at 25% of the final volumes 

of samples before loading them onto the gel. The gels were transferred semi-dry for 7 

minutes onto PVDF membranes utilizing a Bio-Rad Trans-Blot Turbo™ Transfer 

System. For 1 minute, the membranes were washed in water, stained utilizing Ponceau 

Red for 3-15 minutes, washed again with water, scanned and blocked using 4% nonfat 

dry milk, 0.1% Tween-20, 40 mM Tris, pH 7.5 for 60 minutes. The primary antibody of 

specific downstream Akt effectors (i.e. Akt, MDM2, GSK3β, 4E-BP1, P70S6K) was 

added to the blocking buffer for incubation independently overnight at 4°C. The 

BCIP/NBT colorimetric method for development of immuno-positive bands was 

employed after the incubation of blots in secondary antibody for 90 minutes. The blots 

were left to dry and later scanned onto a computer for the densitometric quantification of 

the bands. To measure the intensities of the bands, UN-SCAN-IT software (version 6.1) 

was utilized and the statistical analysis of these intensities was carried out using 

Statistix® software. 
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Akt Activity Assay 

The protocol provided in the in-vitro Cyclex® Akt kinase Assay/ Inhibitor 

Screening Kit (CY-1168) manufactured by MBL International Corporation was carried 

out to investigate the effect of the extract on Akt activity. The kit contained a 96-well 

plate pre-coated with a synthetic substrate for Akt and can be phosphorylated by Akt 1, 

Akt 2 or Akt 3. Test compounds were DMSO and the plant extract in DMSO at 2.5 

μL/well respectively. The assign sample wells were treated and assessed following the 

manufacturer's protocol. Samples absorbance were read at 450nm using FLUOstar 

Omega spectrophotometric plate reader. The values obtained were analyzed using 

Statistix® software. 

 

Statistical Analysis 

Analysis of data collected from experiments was performed using Statistix® 

software. For multiple comparisons, the one-way ANOVA using the Tukey test was 

employed. The experiments were conducted at least two times or more and the data 

represented as the mean ±SD. The differences were considered statistically significant at 

a p-value of less than 0.05. Data analyzed utilizing Statistix® software were imported 

into GraphPad Prism 7 for the creation of graphs.  

 

Cell Proliferation Assay 

 The effect of the extract on cell proliferation was determined by trypsinizing and 

counting cells on a flow cytometer. Cells were seeded at 20,000 cells per well in 1 ml 

medium onto 12 well tissue culture-treated plates and allowed to attach overnight. Cells 
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were then treated with vehicle or drug for the duration of the experiment. Microscopy of 

tested cells was performed at varying time points and assessed. Following incubation, 

media was removed; cells were washed once with PBS and treated with .8 ml of trypsin 

until cells no longer adhered to the well. After trypsinization, 0.1 ml of culture medium 

and 0.1 ml of PBS containing 1 mM CaCl2 and 1 mM MgCl2 were added to each well, 

cells were triturated 7-10 times to disperse cells, and cells in suspension were counted 

using a BD AccuriTM C6 flow cytometer.  

  

Cell Viability  

Cell viability and antiproliferation was measure by 3-(4,5-dimethylthiazol-2yl)-

2,5-diphenyltetrazolium bromide (MTT) reduction to formazan (Thermo Fisher, 

Carlsbad, CA). Cells were plated in 96-well plates and allowed to attach while incubating 

(37° C, 5% at CO2) and treated with BAH extract in DMSO 0.5, 1, 2.5, 5 µl or vehicle 

(DMSO) for 22 h after which, to each well MTT reagent was added and incubated for 4 h 

at 37° C. DMSO was utilized to dissolve the formazan crystals and absorbance measured 

at 360nm on a microliter plate reader.  

 

Results 

BAH decreases Akt phosphorylation in H2009 cells  

To assess whether BAH inhibits Akt activity in H2009 cells, we monitored 

phosphorylation at the Ser473 and Thr308 activation site treatment at 24 and 48 h. The 

cells were treated with 5 µl (1µl/1ml) once every 24 h, this implied that the 48 h groups 

in this study received treatment twice. Western blot analysis showed that the level of 
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phosphorylated Akt in BAH-H2009 treated cells at both Thr308 (Figure 32 C, D) and 

Ser473 (Figure 32 A, B) decreased at 24 and 48 h. We also investigated shorter 

treatments at 1 and 4 h in the same cell type at 5 and 10 µL BAH volumes independently 

to establish an approximate initiatory period of Akt inhibition by the herbal extract. BAH 

(5 µL) at 1 h decreased phosphorylated of Thr308 (Figure 24 E, F) and Ser473 (Figure 

32 G, H) by approximately 50% and 36%, respectively. This indicates that BAH can 

enter cells within a short period of time to exert inhibitory effects. In contrast, the 4 h 

treatment showed no significant decrease in the levels of Akt phosphorylation at both 

activation sites. However, at a two-fold higher volume (10 µl), Ser473 Akt 

phosphorylation levels decreased at both 1 and 4 h treatments by about 40 and 35%, 

respectively (Figure 32 I, J). This indicates that increasing the extract volumes for the 4 h 

treatments enhances the induction of Akt inhibition. Collectively, these results show that 

the BAH extract initiates early inhibitory action on the Akt kinase which is sustained 

throughout the duration of treatment as described in our findings. 

 

Figure 32 A, B. BAH induces decreases phosphorylation of Akt in H2009 cells at 24 or 48 

h. A). Western blots show the effects of the herbal mix on Akt phosphorylation on Ser473 

residue (top lanes) or total Akt (bottom lanes). Lane 1 represents pre-stained molecular 

weight marker (MM). Treatment groups were: vehicle (lanes 2-4), 5μL BAH 24 h (lanes 

5-6), 5μL BAH  48 h (lanes 7-8). B). Densitometric quantification of bands is shown in the 

graph to the right and represent the mean ± S.D. (* p<0.05 compared to control). Results 

are representative of at least two independent experiments for each treatment.
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Figure 32 C, D. Effect of BAH on Akt phosphorylation in H2009 cells at 24 or 48 h. C). 

Western blots show the effects of the herbal mix on Akt phosphorylation on Thr308 residue 

(top lanes) or total Akt (bottom lanes). Lane 1 represents the pre-stained molecular weight 

marker (MM). Treatment groups were: vehicle (lanes 2-4), 5μL BAH 24 h (lanes 5-6), 5μL 

BAH  48 h (lanes 7-8). D). Densitometric quantification of bands is shown in the graph to 

the right and represent the mean ± S.D. (* p<0.05 compared to control). Results are 

representative of at least two independent experiments for each treatment. 

 

 

 

Figure 32 E, F.  Low volume of BAH extract reduces Akt activation in carcinoma cells at 

1 h. E). Western blots show the effects of the herbal mix on Akt phosphorylation on Ser473 

residue (top lanes) or total Akt (bottom lanes). Lane 1 represents the pre-stained molecular 

weight marker (MM). Treatment groups were: vehicle (lanes 2-3), 5μL BAH 24 h (lanes 

4-5), 5μL BAH  48 h (lanes 6-7). F). Densitometric quantification of bands is shown in the 

graph to the right and represents the mean ± S.D. (* p<0.05 compared to control). Results 

are representative of at least two independent experiments for each treatment. 
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Figure 32 G, H.  Effect of the extract on Akt phosphorylation in carcinoma cells at 1 or 4 

h.  G). Western blots show the effects of the herbal mix on Akt phosphorylation on Thr308 

residue (top lanes) or total Akt (bottom lanes). Lane 1 represents the pre-stained molecular 

weight marker (MM). Treatment groups were: vehicle (lanes 2-3), 5μL BAH 24 h (lanes 

4-5), 5μL BAH  48 h (lanes 6-7). H). Densitometric quantification of bands is shown in the 

graph to the right and represents the mean ± S.D. (* p<0.05 compared to control). Results 

are representative of at least two independent experiments for each treatment. 

 

 

 

 
Figure 32 I, J.  Effect of the increased volume of the extract on Akt phosphorylation in 

carcinoma cells at 1or 4 h. I). Western blots show the effects of the herbal mix on Akt 

phosphorylation on Ser473 residue (top lanes) or total Akt (bottom lanes). Lane 1 

represents the pre-stained molecular weight marker (MM). Treatment groups were: vehicle 

(lanes 2-3), 5μL BAH 24 h (lanes 4-5), 5μL BAH  48 h (lanes 6-7). J). Densitometric 

quantification of bands is shown in the graph to the right and represents the mean ± S.D. 

(* p<0.05 compared to control). Results are representative of at least two independent 

experiments for each treatment. 

 

 

 

The effect of BAH on downstream effectors of Akt kinase in H2009 Cells 

The ability of the herbal extract to block Akt activity reported here indicates the 

possibility of blocking activation downstream of the Akt pathway. To evaluate whether 

the inhibition of Akt activation at the two phosphorylation sites affect downstream 
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signaling of the pathway, GSK3β, MDM2, 4E-BP1, and P70S6K were monitored for 

signaling activity in human lung cancer cells. GSK3β is a downstream substrate of Akt 

kinase. Figure 33 A, B shows that phospho-GSK3β at the Ser9 residue decreased in the 

presence of BAH extract (5µL) at the 1 or 4 h treatments. However, Figure 33 B shows 

that at 24 or 48 h treatments, 5µL BAH did not decrease phospho- GSK3β at the Ser9 

residue. Another Akt substrate, MDM2 was examined and the results showed that BAH 

did not reduce phosphorylation levels of the kinase at 24 h in H2009 cells, while a 

decrease was observed at 48 h (Figure 33 C, D). No effect on MDM2 was seen at 1 or 4 h 

(data not shown). mTORC1 is a downstream target of Akt and we speculated that BAH 

may affect two of its substrates 4E-BP1 and P70S6K. Our results from monitoring both 

kinases showed that BAH reduced the phosphorylation levels of 4E-BP1 kinase at 24 and 

48 h treatments (Figure 33 E, F). In contrast, BAH did not decrease P70S6K 

phosphorylation at 24 or 48 h (data not shown). These results reveal that BAH can 

downregulate downstream Akt signaling activity.  

 

 
Figure 33 A, B. Effect of BAH extract on phospho-GSK3β in human carcinoma cells at 1, 

4, 24 or 48 h. Western blot analysis showed the effects of the 5µl herbal mix on GSK3β 

(Ser9) kinase phosphorylation. Densitometric quantification of bands are shown by the 

graphs and represent the mean ± S.D. (* p<0.05 compared to control). Results are 

representative of at least two independent experiments for each treatment. 
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Figure 33 C, D. Effect of BAH extract on phospho-MDM in human carcinoma cells at 24 

or 48 h. C). Western blots show the effects of the herbal mix on phospho-MDM2 

phosphorylation on Ser166 (top lanes) or alpha-tubulin (bottom lanes). Lane 1 represents 

pre-stained molecular weight marker (MM). Treatment groups were: vehicle (lanes 2-4), 

5μL BAH 24 h (lanes 5-6), 5μL BAH  48 h (lanes 7-8).  D). Densitometric quantification 

of bands is shown in the graph to the right and value represent the mean ± S.D. (* p<0.05 

compared to control). Results are representative of at least two independent experiments 

for each treatment. 
 

 

 
Figure 33 E, F. Effect of BAH extract on phospho-4E-BP1 in human carcinoma cells at 24 

or 48 h.  E). Western blots show the effects of the herbal mix on phospho-4E-BP1 

phosphorylation on Thr37/46 (top lanes) or alpha-tubulin (bottom lanes). Lane 1 represents 

pre-stained molecular weight marker (MM). Treatment groups were: vehicle (lanes 2-4), 

5μL BAH 24 h (lanes 5-6), 5μL BAH  48 h (lanes 7-8). F). Densitometric quantification of 

bands is shown in the graph to the right and values represent the mean ± S.D. (* p<0.05 

compared to control). Results are representative of at least two independent experiments 

for each treatment. 

 

 

 

The Effect of BAH in DMSO Extracts on Cell Viability in Human Carcinoma Cells  

To determine the viability of cells after BAH treat treatment in DMSO, we 

conducted a MTT assay which is a rapid and highly accurate colorimetric assay generally  
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utilized for the determination of cell growth and cell cytotoxicity. The assay measures 

cell membrane integrity by detecting mitochondrial activity through enzymatic reaction 

on the reduction of MTT to formazan. H2009 cells were plated in a 96 well plate at 

80,000 cells/ well in 100 µl culture medium. Following overnight culture, cells were 

treated with the BAH herbal mix extracts in DMSO at varying volumes of 0.5, 1, 2.5, and 

5 µl for 22 h (Figure 34). DMSO treated cells were utilized as negative control. The 1 

and 5 µl treatments showed a small reduction in the number of viable cells. This result 

revealed that there is no significant concentration dependence between the reduction of 

cells viability and increasing volumes of BAH extract over this concentration range. 

Overall, percent cell viability versus BAH treatment volumes shows that BAH has low 

cytotoxicity on H2009 cells. 

 
Figure 34. Effects of BAH Extract on H2009 Cell Viability. Cells were treated with 0.5, 1, 

2.5 and 5 µl (1 µl/well) at 22 h. Bars represent the mean ± S.D. (n=4; * p<0.05 compared 

to control).   

 

 

 

BAH directly inhibits Akt at the Active Site 

The effect of BAH in DMSO extract in H2009 cells was assessed for its ability to 

block Akt kinase in vitro in a cell-free assay. Figure 35 A shows that BAH in DMSO 
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extract significantly suppressed Akt activity compared to the staurosporine and DMSO, positive 

and negative control, respectively. We decided to test whether quadrupling the concentration of 

ATP would affect the response of Akt to BAH in DMSO at the same volume. Our findings 

showed that ATP at the concentration used did not significantly affect its ability to inhibit Akt 

activity (Figure 35 B).  

 

 
Figure 35 A, B. Effect of BAH extract on Akt Inhibition in a cell-free assay. Graph A shows 

the effects of BAH on Akt kinase activity. Graph B shows BAH competitive assay with 

increased concentration of ATP. DMSO is used as control and Staurosporine is a known 

Akt kinase inhibitor. The assay involved the use of an Akt kinase kit with a microtiter 96-

well plate coated with a synthetic peptide substrate pre-phosphorylated by Akt kinase. The 

antibody used binds specifically to the phosphorylated substrate. Similarly, HRP-linked 

secondary conjugated detection antibody is utilized to catalyze the conversion of a 

chromogenic substrate to a color quantifiable by a plate reader. Bars represent the mean ± 

S.D. (n=4; * p<0.05 compared to control).   

 

 

 Cell Morphology Observation in BAH in DMSO and BAH in DiH2O Treated Cells 

The cells were treated with BAH in DMSO and monitored for morphological 

changes associated with cell treatment every 24 h using an inverted confocal microscope 
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for 2 (Figure 36 A) and 3 (Figure 36 B) days. The doses ranged from 0.25 to 1.5 µL/ 

well. The changes in morphology of the cells included clustering, rounding of cells with 

some disintegration appearance after treatment with the extract at 2 and 3µL/well (Figure 

36 A, B). The BAH-treated cells at 1µL/ well did not have these characteristics, but there 

were significantly fewer cells compared to control at 2 days and 3 days (Figure 36 A).  

For BAH in distilled water (diH2O), the extraction process was performed by 

bringing the mixture to a boil to facilitate the dissolution of the bioactive organic 

compounds. The collected extract exhibited dramatic microscopal effects on carcinoma 

cells at high volumes. Figure 36 C, D reveals that BAH in diH2O extract-treated cells, 1, 

25 and 50µL/well showed different morphological characteristics compared to the BAH 

in DMSO extract-treated cells. Figure 36 C images show BAH in diH2O after 1-day 

treatment with cells rounding up after 25 and 50 µL treatments. There was no change in 

the 1 µL treated cells compared to control. At day 2, cells seem to be recovering from 

treatment and becoming less sensitive to BAH (50 µL) (Figure 36 D).  
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Figure 36 A, B. Microscopic visualization of BAH in DMSO treated cells at 2 (A) and 3 

(B) days. A). Cells treated with 1, 2 and 3 µl (1 µl/1 ml) of BAH and control, respectively 

for 2 days with dosing every 24 h. B). Same cells were treated, monitored and visualized 

at day 3 for morphological changes as seen above. The cells treated with BAH show 

sensitivity to treatment at 2 and 3 days. 

 

 

A) B)

C) D)
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Figure 36 C, D. Microscopic visualization of BAH in diH2O treat cells at 1 (C) and 2 (D) 

days. C). Cells treated with 1, 25 and 50 µl of BAH and control, respectively for 1 day. D). 

Same cells were treated every 24 h, monitored and visualized at day 2 for morphological 

changes as seen above. Compared to control, the 2-day BAH (50 µl) -treated cells, shows 

lesser sensitivity to treatment with cells individualizing and breaking away from the 

rounded cluster seen in 1-day images. 

 

 

 

Effect of BAH in DMSO or BAH in DiH2O Extract on the Proliferation of H2009 Cells 

DMSO is an organic solvent that dissolves polar and non-polar compounds. Thus 

far, the data collected along with the results identify DMSO as the most suitable solvent 

or extractant agent for the complete extraction of the bioactive compounds in the herbal 

mix. Our assumption is that these compounds are probably a mix of poplar, non-polar and 

slightly hydrophilic in nature. The cells received BAH in DMSO or BAH in sterile diH2O 

treatment every 24 h. Figure 37 A, B shows that BAH extract in DMSO induced 

antiproliferative effects at 1, 2 or 3 µl in H2009 cells at 2 or 3-days treatments in a dose-

dependent manner. The lowest volume assayed was 0.5µL/ well and there was no effect 

on cell proliferation (Figure 37 A).   

 The effect of BAH in diH2O extract at 1, 25 or 50 µl shown in Figure 38 reveals 

no significant decrease in BAH treated cells compared to control. The reduction observed 

in the treatments with the BAH in DMSO extract was statistically significantly more than 

the aqueous extract. The IC50 value for the BAH in DMSO extract-treated cells was 

estimated to be 1.50 µl (2 ml/ well) for the 2 and 3-day treatments (Figure 37 A, B).  
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Figure 37 A, B. Effect BAH in DMSO at varying volumes on H2009 cell proliferation at 

[A] 2 or [B] 3 days treatments. Cells were treated every 24 h. Inhibitory effects of the 

extract on H2009 cell proliferation is observed in a concentration-dependent manner at 

both the 2 and 3-days treatments. Bars represent the mean ± S.D. (n=4; * p<0.05 compared 

to control). 

 

 

 
Figure 38. Effect of BAH in sterile diH2O at increasing volumes on H2009 cell 

proliferation at 2 days treatment. Cells were treated every 24 h. Inhibitory effect of the 

extract on H2009 cell proliferation is not observed at increased treatment volumes. Bars 

represent the mean ± S.D. (n=4; here, * p > 0.05 compared to control). 

 

 

 

Discussion 

The present study demonstrates the ability of BAH herbal mix extract in DMSO 

to inhibit Akt phosphorylation, block downstream Akt pathway signaling activity, reduce 
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proliferation, and induce morphological changes in human lung carcinoma cells. Our 

findings also highlight the solubility of bioactive components in the herbal mix in the 

organic solvent, DMSO, compared to sterile distilled water. We also observed that the 

extract inhibits Akt pathway signal with a concomitant decreased functional kinase 

activity of Akt kinase, which may be responsible for its antiproliferative and anticancer 

effects. Increased volumes of the extract at short treatment times decreased 

phosphorylation levels of GSK3β (Ser9), a downstream effector of Akt. Low volume 

treatments at 1 h reduced pAkt at Ser473 with no significant effect observed at 4 h.  This 

indicates that there is an early effect of the extract on the phosphorylated form of Akt 

with possible inhibitory effects on other downstream pathway effectors. 

Although, decreases of phospho-Akt levels at both Thr308 and Ser473 sites were 

observed at 24 and 48 h treatments (Figure 1 A, B), GSK3β at Ser9 remained unchanged 

(Figure 2 F). Akt directly inactivates GSK3β by phosphorylation which promotes its 

antiapoptotic activity in cancer cells by suppressing apoptotic responses mediated by 

PI3K/ Akt signaling (Pap & Cooper, 1998). However, MDM2, the inhibitor of the tumor 

suppressor-p53, was blocked in the presence of the herbal mix extract at 48 and not 24 h 

(Figure 2 A, B). These findings highlight the potential of BAH to induce the localization 

of MDM2 to the cytoplasm thereby promoting growth arrest, cell proliferation and 

triggering DNA damage (Rigatti, et al., 2011). Restricting MDM2 promotes p53 

functionality, which sustains the sensitivity of cancer cells to the plant extract treatments. 

Thus, the tumor suppressors are activated, blocking uncontrolled cancer cell growth and 

proliferation (Wang, et al., 2012).  

We further anticipated that since GSK and MDM2 were repressed, other effectors 
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downstream of the pathway might also be regulated by the extract. Akt can phosphorylate 

and activate mTOR, and the activated kinase modulates the phosphorylation and 

activation of 4E-BP1 and P70S6K, both downstream substrates of mTOR (Li, et al., 

2015). We, therefore, examined the phosphorylation levels of 4E-BP1 and P70S6K. The 

extract reduced phosphorylation of p4E-BP1 at 24 and 48 h cell treatments. The 

phosphorylation levels of p-P70S6K were also monitored at similar time points and no 

significant alterations were observed. The hypo-phosphorylation levels of 4E-BP1 

indicate decreased activity of mTOR (Gingras, et al., 2001).  This action promotes the 

binding of 4E-BP1 to eIF4E thereby inducing the inhibitory effect on cap-dependent 

translation initiation (Azar, et al., 2008; Showkat, et al., 2014). By direct phosphorylation 

of 4E-BP1, mTORC1 causes the release of eIF4E from the 4E-BP1 complex allowing the 

formation of eIF4F complex and the initiation of cap-dependent translation (Li, Fu, & 

Lentzsch, 2013; Showkat, et al., 2014).  The fact that impairment of 4E-BP1 was 

observed could explain the growth inhibitory effect of the herbal mix extract on H2009 

cells.   

In conclusion, we have shown that the BAH herbal mix extract exhibited 

antiproliferative activity against human lung cancer cells. The antiproliferative effect of 

this extract may have induced apoptosis in the cancer cells. However, studies from 

assessing effects on other cancer cell types, including in vivo studies will be beneficial in 

explicating the mechanism of action of the extract and its effect in tumorigenic cells. 

Further, identification and purification of the compounds to obtain bioactive, isolated 

compounds will be undertaken in the future. 
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CHAPTER 7 

SUMMARY AND FUTURE DIRECTIONS 

Compound B, C and D, also known as 2-dodecylsulfanyl-1,4,5,6-tetrahydro-

pyrimidine; N, N' dimethyl(undecylsulfanyl) methanimidamide and 2-(9-decenyl)-3-

ethyl-1,3-oxazolidine, respectively, are solenopsin analogs. Utilizing CADD 

pharmacophore modeling, these compounds were identified and further tested for their 

biological activity in vitro. The three compounds are structurally related; however, a 

closer similarity exists between compound B and C to solenopsin. The ability of these 

analogs to inhibit cancer cell growth, block Akt activation and Akt pathway signaling in 

ras-transformed and carcinoma cells have been described in this dissertation. We 

identified compound B as the lead compound with potent inhibitory activity on human 

cancer cell growth and Akt activation. These studies have provided knowledge and 

insight on their possible mechanisms of action in the alteration of the regulatory activity 

of Akt kinase, in addition to their anti-tumorigenic effects in vitro. 

 

 Our study found that compound B decreased phosphorylation levels of Akt at 

two key regulatory sites, Ser473 and Thr308 in both ras-mutated epithelial cells and 

human lung carcinoma cells, possibly suggesting the existence of an upstream pathway 

target. Investigating further, our findings revealed that compound B inhibited 

phosphorylation levels of mTOR, but not PDK1, which are upstream regulators of Akt 

kinase. It decreased downstream pathway signaling in both cell lines even at early 
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treatment times (1 or 4 h) at increased concentrations. Also, in a cell free-based Akt 

assay, compound B showed no direct inhibition of Akt kinase activity, supporting the 

possibility that compound B target is upstream of Akt, or that compound B binds to Akt 

and blocks phosphorylation at Ser473 and/ or Thr308. It also suggests that compound B 

is not an active site inhibitor. Evaluating the inhibitory effect of compound B on the 

growth of tumorigenic cells was another pivotal component of this study. The inhibition 

of Akt kinase activity by compound B decreased tumorigenic growth (Uko, et al., 2018).  

It would be interesting to study the effects of compound B in combination with a known 

chemotherapeutic agent like doxorubicin or vincristine in breast or prostate carcinoma 

cells to determine if additive or synergistic effects can be obtained. Before moving on to 

in-vivo studies, more in vitro testing in breast, prostate and pancreatic carcinoma cells 

would provide helpful knowledge and insight on its breath of activity for specific 

characterization of compound B. 

 

Contrary to compound B, we found that the treatment of ras-mutated epithelial 

cells with compound C decreased Akt phosphorylation at both regulatory sites, but not at 

the Akt Ser473 in H2009 human carcinoma cells, even at increased concentrations and 

longer treatments. Furthermore, we found that compound C decreased phosphorylation 

levels of downstream targets in ras-mutated epithelial cells and a target in human 

carcinoma cells. As reported for compound B, compound C inhibited growth in H2009 

cells but showed no direct Akt inhibition in the cell free-based assay.  In future studies, 

determining the effects of compound C on upstream and other downstream pathway 

effectors may reveal the target protein/ kinase of this experimental drug. This may 
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facilitate an in-depth understanding of its mechanistic regulatory activity, in addition to 

its ability to inhibit Akt pathway effectors. Among the solenopsin CADD analogues 

examined, compound D was the least potent and efficacious in both cell types. Its 

concentration was the highest used at 25µM, compared to 1.25 µM and 2.5 µM for 

compound B and C, respectively. Although our studies demonstrated compound D’s 

ability to decrease Akt phosphorylation in ras-mutated epithelial cells, similar response 

was not seen in H2009 human carcinoma cells. Also, there was no growth inhibition 

observed at the concentration tested, and we reported its inability to directly inhibit Akt 

kinase utilizing a cell free-based assay. Based on these outcomes, our report on 

compound D is that it does not appear to be a promising therapeutic agent for further 

studies. 

 Compound A and E are CADD pharmacophore analogs modeled after a known 

Akt inhibitor. They are also known as N-[(S)-(1-methylimidazol-2-yl)-phenyl-methyl]-3-

ureido-benzamide and (2S)-2-amino-3-(4-hydroxyphenyl)-N-[4-(1,2,4-triazol-4-yl) 

cyclohexyl] propenamide, respectively. Both compounds inhibited Akt phosphorylation 

in ras-mutated epithelial cells, but only compound E was effective in human carcinoma 

cells. For Akt downstream signaling inhibition, compound E was efficacious in ras-

muted epithelial cells but not in H2009 human carcinoma cells. These studies suggest that 

compound E is capable of inhibition of downstream signaling through disruption of Akt 

activation at the regulatory phosphorylation sites   

Future in vitro studies of compound E should assess the biological activity at 

shorter treatment times, including a concentration dependent study to obtain insight on 

the kinetics of the drug. Also, evaluation of activity in other carcinoma cell lines will 
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provide more knowledge on how compound E affects tumor cells. In the anticancer 

herbal mix extract studies, we focused on Akt signaling to understand the mechanism of 

action by which antitumorigenic activities are inhibited in carcinoma cells in vitro. The 

anticancer herbal mix extract is a composition of plantain (Musca paradisiaca), yam 

(Dioscorea rotundata) and fish (Atlantic herring) from sub-Saharan Africa and was 

discovered by Mishenland Glory Ventures, Nigeria. To our knowledge, we are the first to 

report in vitro studies conducted on the anticancer herbal mix. We reported that the 

extract in DMSO showed the most potent and efficacious effects on carcinoma cells 

compared to the aqueous extraction. This could likely be due to the hydrophobicity of the 

most active chemical components in the plants. In cancer cells, the extract inhibited 

phosphorylation of Akt activation at both regulatory sites, Ser473 and Thr308 (24 h). 

Also, it downregulated signaling of Akt effectors at longer treatments (48 h) with 

increased dosing. Early responses (4 h) were observed in human lung carcinoma cells 

utilizing increased extract volumes. In addition, the extract inhibited cancer cell growth. 

Strikingly, in a cell free-based assay, we reported its direct inhibition of Akt kinase 

activity. These findings indicate that the herbal extract inhibits downstream signaling 

activity likely through the following; 1). blocking Akt activation, 2). dephosphorylation 

of Akt at the regulatory sites and possibly modulation of upstream targets.  

In the future, the upstream effectors of the Akt pathway should be evaluated to 

provide more knowledge on the inhibition of pathway signal transduction by the extract. 

Identification of the active ingredient in the herbal mix should be performed by high- 

performance liquid chromatography (HPLC) to facilitate the purification process and the 

accurate quantification of the active component(s) during experimentation.  In vitro 
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studies on the herbal extract should involve monitoring effects in other cell types like 

breast, prostate, pancreatic cancer cells, etc. This approach may likely lead to a more 

vivid understanding of the breath of its effect in cancer cells.  

 In conclusion, these studies reveal for the first time that the solenopsin analog, 

compound B, and the anticancer herbal extract inhibit Akt phosphorylation and 

downstream Akt signaling to facilitate a reduction in cancer cell proliferation. We also 

demonstrated the utility of CADD in developing potential drug candidates. 
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