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ABSTRACT 
 
 
BLAIR P. CURLESS 
DUAL MODULATOR OF THE AKT AND JNK PATHWAYS TARGETS MTOR IN 
HUMAN ADENOCARCINOMA CELLS 
Under the direction of Diane F. Matesic, Ph.D. 
 
 

Chaetoglobosin K (ChK) is a natural product that has been shown to promote F-

actin capping, inhibit growth, arrest cell cycle G2 phase, and induce apoptosis.  ChK has 

been shown to downregulate two important kinases involved in oncogenic pathways, Akt 

and JNK.  This report investigates how ChK is involved in the receptor tyrosine kinase 

(RTK) pathway (RTK/PI3K/mTORC2/Akt) to the centrally located protein kinase, Akt.  

Akt’s two activation sites, T308 and S473, are known to be affected by ChK treatment.  

Studies have reported that ChK does not inhibit PI3K, unlike wortmannin, and does not 

affect PDK1 activation.  PDK1 is responsible for phosphorylation on Akt T308, while 

mTORC2 phosphorylates Akt S473.  It was my hypothesis that ChK acts on the 

mTORC2 complex to inhibit the phosphorylation seen at Akt S473.  Inhibition of the 

mTORC2 complex would be expected to decrease phosphorylation of both Akt and 

mTOR in the mTORC2 complex, as observed by the known mTOR specific inhibitor, 

Torin1.  Human lung adenocarcinoma H1299 cells were treated with IGF-1 or calyculin 

A to increase phosphorylation at complex mTORC2 and Akt.  Pretreatment with ChK 

was able to significantly decrease phosphorylation at Akt S473 similarly to Torin1, with 

either IGF-1 or calyculin A treatment.  Moreover, the autophosphorylation site on 



 
 

 viii 
 

complex mTORC2, S2481, was also significantly reduced with ChK pretreatment, 

similar to Torin1.  This is the first report to illustrate that ChK has a significant effect at 

mTORC2 S2481 and Akt S473 comparable to Torin1, indicating that it may be a mTOR 

inhibitor.
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CHAPTER 1 

INTRODUCTION 

Therapies to treat cancer have been developed over the last several decades aimed 

at different receptors, oncogenic proteins, signaling cascades, and DNA synthesis.  The 

discovery of specific inhibitors of signaling cascades has advanced treatment and helped 

increase survival and reduce remission rates.  Many of the overstimulated pathways that 

charge tumor growth involve receptors that are classified as receptor tyrosine kinases 

(RTK).  There have been advances such as development of tyrosine kinase inhibitors that 

are able to attenuate a genetically altered pathway and demote tumorigenic activity.  For 

example, erlotinib is an epithelial growth factor receptor (EGFR) inhibitor that is used in 

treatment of lung and pancreatic cancers.1,2   

EGFR alterations in certain non-small cell lung cancer (NSCLC) lines can 

account for roughly 10% of total mutations that are activated to increase oncogenic 

actions.3  Inhibitors of a protein that is involved with signal transduction downstream of 

the receptor, PI-3-kinase (PI3K), are currently approved by the FDA, which are idelalsib4 

and copansilib.5  Interestingly, many of the RTKs can dimerize and increase the overall 

activity of the intracellular signals, such as the case with HER2 and EGFR6.  

Furthermore, these pathways are entangled in activity and come together in the 

RTK/PI3K/mTORC2/Akt signaling cascade. 

Akt, previously known as Protein Kinase B (PKB), is a protein kinase that is a 

key component of several pathway cascades, including integrin, G-protein coupled  
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receptors, IL-2, and the aforementioned RTKs.7  Akt is phosphorylated at three residues 

that function in stabilization and activation of the kinase.  Akt is stabilized by 

phosphorylation at the T450 site by the kinase complex mTORC2.8  Akt is then 

phosphorylated at the T308 site by PDK1 at the membrane, downstream from the 

receptor and PI3K.7,9  Finally, full activation of Akt is completed at S473 by the 

mTORC2 complex.10  Akt activation by PDK1 at T308 is increased by 5-fold over basal 

activity, while the additional phosphorylation at S473 by mTORC2 increases Akt kinase 

activity up to 16-fold.10 

Several clinical trials have been conducted to test possible therapies that act as 

dual kinase inhibitors, which affect two different kinases involved in a pathway.11,12  A 

highly characterized example of this type is wortmannin that covalently inhibits PI3K and 

inhibits mechanistic target of rapamycin complex 2 (mTORC2), both of which are 

involved in the RTK/PI3K/mTORC2/Akt signaling pathway, leading to Akt S473 

dephosphorylation.13,14  Furthermore, VS-558415 PF-0469150216 and gedatolisib17 are 

dual kinase inhibitors that have been studied in Phase I and/or II clinical trials.  The 

benefit from these small molecules is that they may be able to rescind the overactive 

signaling from reaching the centrally active protein, Akt. 

Chaetoglobosin K (ChK) is a natural product indolylcytochalasin with anti-tumor 

properties that has been shown to have activity on two distinct oncogenic pathways, 

specifically the Akt and Jun N-terminal kinase (JNK) pathways.18  Furthermore, ChK was 

found to induce apoptosis, inhibit cytokinesis,19 and arrest the cell cycle in the G2 phase 

via a p53-dependent pathway in cancer cell lines.20,21  Moreover, ovarian tumor lines with 

wild-type p53 and mutant p53 were tested with ChK and the treatment inhibited secretion 
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of VEGF through Akt/mTOR signaling.22  Prior to these latest investigations, it was 

discovered that ChK had the ability to affect both activation sites at Akt, T308 and 

S473.19  It was also found that receptor mediated signaling through PI3K was not 

inhibited using ChK.23  PI3K produces the phospholipid, PIP3, that signals downstream to 

the proteins, PDK1 and mTORC2.24  PDK1 phosphorylates Akt T308 and no change in 

phosphorylation of PDK1 was found in WB-ras1 cells treated with ChK.18  PTEN, the 

inhibitor for the phospholipid PIP3, was also found to not be affected by ChK.18  Since 

ChK affects Akt S473, which is an effector of mTORC2, it was hypothesized that ChK 

acts on mTOR kinase.   

mTORC2 is directly upstream from Akt S473, while mTORC1 is downstream of 

Akt.24  mTORC1 is a complex of several proteins including mTOR, RAPTOR, mLST8, 

DEPTOR, and PRAS4025 and mTORC2 is comprised of mTOR, RICTOR, mLST8, 

mSIN1, and DEPTOR.26  There are two phosphorylation sites for mTOR that distinguish 

the two different complexes.  The autophosphorylation site, S2481, monitors the complex 

mTORC2, while S2448 is probed for complex mTORC1.27–29  Two major downstream 

effectors of mTORC1 are p70S6K1 (S6K1) and 4E-BP1.25,30  Briefly, S6K1 targets the 

S6 ribosomal protein to launch protein synthesis at the ribosome and 4E-BP1 prevents 

cap-dependent translation.26  The inhibition of mTOR by rapamycin decreases 

phosphorylation of S6K1, which causes the loss of a negative feedback loop and 

increases phosphorylation at Akt S473.31,32  Both mTORC1 effectors were altered by 

ChK treatment, which may be due to ChK’s effect on Akt, or a direct effect on mTOR, in 

one or both mTOR complexes.18  The purpose of this research was to monitor the effects 
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of ChK in human adenocarcinoma cells to determine whether it acts on mTOR in the 

mTORC2 complex to alter Akt S473 phosphorylation.
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CHAPTER 2 

REVIEW OF THE LITERATURE 

The following chapter will guide and explain to the reader what is known about 

lung cancer and current treatments.  RTKs will be discussed and how their signaling 

cascades flow from the membrane down through complex mTORC2 to the centrally 

active protein Akt kinase.  In addition, the effects of the two proteins on cellular function 

is also discussed in detail about downstream effectors from Akt and functionality of the 

two mTOR complexes, mTORC1 and mTORC2.  ChK will be reviewed from its 

discovery and include several key articles that explain its cellular effects, and how they 

are related to the discovery of the activity seen on complex mTORC2. 

Receptor Tyrosine Kinase Signaling in Lung Cancer 

Lung cancer is the leading cause of cancer deaths in the United States of America 

(USA) for both men and women.33  The latest statistics for deaths in the USA are for 

2014 and 155,526 people passed away from lung cancer.  Diagnoses were higher at 215, 

951 people with 113,326 men and 102,625 women.  The American Cancer Society 

estimates that 234,030 people will be diagnosed and 154,050 men and women will die of 

lung or bronchus cancer.34 

Lung cancer is divided into two main categories with a small percentage making 

the remaining type named lung carcinoid tumor.  The two main categories are non-small 

cell lung cancer (NSCLC) and small cell lung cancer (SCLC).  NSCLC is the majority of
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lung cancer types at roughly 85% of all cases.35  The various types of NSCLC are 

squamous cell carcinoma, adenocarcinoma, and large cell carcinoma.  These cancers are 

more treatable compared to SCLC and tend to grow slower.36,37  SCLC is roughly 10 – 

15% of the remaining cases and the nickname of this cancer is named “oat-cell” due to its 

appearance under the microscope for pathology examinations.38  SCLC is highly 

aggressive and usually spreads quickly.  The focus on this research was conducted in a 

H1299 human lung adenocarcinoma cell line, which is classified as NSCLC and the 

remainder of this dissertation will concentrate on NSCLC research, current treatment, and 

clinical trials. 

Current treatment options depend on the mutations that the patient may or may 

not have at initial treatment, and which NSCLC type the cancer is classified as.  

Radiation and surgery are options that are explored before chemotherapy is 

commenced.37  Genetic testing is recommended to ensure the best possible outcomes 

since many of the tyrosine kinase inhibitors (TKIs) are designed for a specific mutation 

within the RTK epidermal growth factor receptor (EGFR).39  Mutations within the EGFR 

that are sensitive to these FDA approved drugs, erlotinib, afatinib, gefitinib, must be 

detected to begin treatment.  Resistance often develops to these drugs and may be due to 

a variety of mutations at other intracellular signaling proteins or receptors.36  

Rearrangements in the ALK and ROS1 kinases are other RTKs that can provide the 

overactive signaling driving the cancer and will need appropriate therapy.36  New 

monoclonal antibodies that are designed to recognize the PD-L1 receptor have been 

developed and are now initiated if the patient has a higher level of PD-L1 expression.36   
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The RTKs receive an extracellular signal or ligand and translate it to intracellular 

proteins to alter gene and protein expression.  Many of the mutations in the RTK can be 

as dramatic as being constitutively active, meaning that the signal is always active, and 

will cause uncontrollable signaling if left untreated.  Many of the targeted RTKs for 

treatment signal through a cascade of proteins and kinases to a centrally active kinase 

named Akt.40–42     

As previously mentioned, resistance to approved medications often develops after 

treatment and normally happens within a year or less.36  More options are needed to help 

patients fight their disease and to overcome the gene mutations that are the cause of the 

cancer inflicting pain and suffering.  ChK has been investigated in this report to test 

whether it behaves similarly to the known mTOR inhibitor, Torin1.  The complex 

mTORC2 is directly upstream of Akt while the complex mTORC1 is downstream of 

Akt.10,43  Several other downstream proteins from Akt are affected by ChK treatment, as 

well as Akt at both of its activation sites, T308 and S473.  The complex mTORC2 was 

the main focus of this project since it has not been investigated previously using ChK and 

it contains a known activation site on the mTOR protein within the complex, S2481.  

There are several different types of RTKs that are essential to cellular functions, 

but when these RTKs become expressed too much, or are mutated, the signaling becomes 

overactive and may eventually lead to uncontrollable growth.  One example of the RTK 

family is the epidermal growth factor receptor (EGFR) and its role in lung cancer.  EGFR 

is involved in normal cells lining the respiratory tract, which are ciliated epithelium cells 

from below the pharynx down to the terminal bronchioles.44  A mutation within EGFR 
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could transform the normal epithelium cells into malignant growth, thus promoting the 

development of lung cancer. 

 

 

 

Figure 1.  IGF-1R/PI3K/mTORC2/Akt signaling cascade.  IGF-1R pathway cascade 
diagram showing the signaling from the cell membrane, through Akt kinase, downstream 
to S6K1, which loops back up to the membrane receptor. 

 

 

 

Insulin-like growth factor 1 receptor (IGF-1R) is another type of RTK that is 

studied extensively in breast, prostate, colon, and myeloma cancers.45  The ligand for the 

receptor is IGF-1 (Figure 1).  IGF-1R dimerization is capable with other RTKs, for 

example, estrogen receptor, EGFR, and human epidermal growth factor receptor 2 

(HER2).45  The coupling of these RTKs produces more downstream signaling that affects 
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treatment and creates resistance with cytotoxic agents.6,45,46  The pathways that have been 

characterized to be affected by this phenomenon are Ras/Raf/MEK/ERK and PI3K/Akt.42 

The RTKs transfer their signaling to an intracellular protein family called 

phosphatidylinositol 3-kinases (PI3Ks) and recruit an adapter protein named IRS-1.47  

PI3K is a protein that is made of several different units and is involved in G-protein 

coupled receptor (GPCR) signaling.  PI3K is made of a p85 regulatory subunit and a 

p110 catalytic subunit.48  While there are three classes of PI3Ks, the most commonly 

researched type is Class IA, which are activated via receptors on the cell membrane.  

There are three genes, PIK3R1, PIK3R2, PIK3R3, encoding the p85 regulatory subunit, 

which give rise to splice variants p55α and p50α.47  The regulatory subunit is responsible 

for PI3K to attach to the cell membrane.  The p110 subunit is where the action occurs and 

where the enzyme produces the next signal in the cascade, phosphatidylinositol-3,4,5-

trisphosphate (PIP3) from PIP2.9,47   

PIP3 goes on to recruit a multitude of proteins to the cell membrane by binding to 

their Plekstrin homology (PH) domain. The centrally located protein kinase, Akt, has one 

of these domains49, as well as PDK1 that phosphorylates Akt T308.50  The complex 

mTORC2 completes the phosphorylation on Akt S473 and needs the PH domain on Akt 

in order to phosphorylate that position.49  Alessi et al. was able to purify 32P-labelled 

GST-Akt (PKBα) that was phosphorylated by PDK1 and found that Akt was 

phosphorylated at the T308 position.43  PDK1 activity was later determined to be 

monitored at S241, which showed that mutating that site produced the most significant 

decreases of phosphorylation at Akt T308.51  Several years later in 2010, it was 

discovered that mTORC2 was directly affected by PIP3.49  In an in vitro assay that 
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immunoprecipitated RICTOR, an adapter protein in the mTORC2 complex, it was 

investigated with GST-Akt, with or without its PH domain, in the presence of different 

concentrations of PIP3.49  The different concentrations influenced the phosphorylation 

seen at Akt S473, which is the direct effector of mTORC2.10  Removing the PH domain 

altogether markedly reduced phosphorylation at Akt S473 compared to GST-Akt.49   

PDK1 knockout murine embryonic stem (MES) cells were investigated with IGF-

1 stimulation.52  The Akt T308 phosphorylation was eliminated altogether, while the Akt 

T450 was stable, and Akt S473 responded with an increase of phosphorylation compared 

to control for Akt kinase.  This confirms that PDK1 is responsible for Akt T30843,52 and 

the knockout of PDK1 does not influence the phosphorylation of Akt S473 in MES cells. 

These sets of experiments determined the normal, positive signaling transduction 

at the membrane that produces the fully phosphorylated Akt kinase.  The two mTOR 

complexes and Akt kinase will be discussed in greater detail later, as they have major 

controlling factors in a multitude of cellular functions, including cell-cycle 

progression,53,54 actin cytoskeleton,55 cell survival, growth, and migration41,56,57. 

A major negative regulator in the RTK/PI3K/mTORC2/Akt pathway is the 

phosphatase and tensin homolog (PTEN) protein that is well documented to be mutated 

in several different cancers.58  PTEN functions by directly dephosphorylating PIP3 to 

PIP2, thereby reducing activity downstream of PI3K.59  It was the discovery of PTEN 

that elucidated the RTK/PI3K/Akt pathway to be involved in oncogenesis. Stambolic et 

al. were able to show murine cells with a mutant PTEN enhanced proliferation and 

decreased sensitivity to apoptosis.59  Furthermore, expression of exogenous murine PTEN 

in mPTEN-deficient cells was able to rescue sensitivity toward apoptosis.59  PTEN 
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mutant cells also exhibited increased phosphorylation at Akt S473.59  It was found that in 

a large percentage of glioblastomas that loss of PTEN establishes the most hostile grade 

of tumor.58  Combined with the reported glioblastomas with PTEN mutations, the 

knowledge from Stambolic et al.59 placed PTEN in the tumor suppressor gene class along 

with p53.  

A Single mTOR Gene Produces Two Complexes in Humans 

 mTORC1 and mTORC2 are each a complex of several proteins some of which 

are mutual and others are exclusive.25,60  mTORC1 is a complex of six proteins and 

mTORC2 is comprised of seven.  The two complexes share mTOR, mammalian lethal 

with sec-13 protein 8 (mLST8), DEP domain containing mTOR-interacting protein 

(DEPTOR), and the Tti1/Tel2 complex.60  mTORC1 combines in addition with proline-

rich Akt substrate 40kDa (PRAS40) and regulatory-associated protein of mTOR 

(RAPTOR).41  mTORC2 is comprised of the additional complex proteins rapamycin-

insensitive companion of mTOR (RICTOR), mammalian stress-activated map kinase-

interacting protein 1 (mSIN1), protein observed with rictor 1 and 2 (PROTOR1/2).26,60  

mTORC1 is defined as the RAPTOR-mTOR complex and mTORC2 is defined as 

RICTOR-mTOR complex.   

mTOR is a product of one gene in humans, but the adapter proteins are what 

define the function of the complex.61  In yeast, there are two TOR genes, TOR1 and 

TOR2, that are the target of rapamycin, a macrolide produced by Streptomyces 

hygroscopicus.60  It was discovered that TOR1 was sensitive to rapamycin, however, 

TOR2 was insensitive to the treatment.62  It was thought that one of the complex proteins 

on TOR2 inhibited the binding of rapamycin, therefore the inhibition was not seen as in 
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TOR1.  Rapamycin, which is known as sirolimus, sandwiches itself between the cytosolic 

receptor, FKBP12 protein, and mTOR, which allosterically inhibits the function of 

mTORC1.63  The area in which this occurs is called the FKBP12-rapamycin binding 

domain (FRB).  The binding of FKBP12 to mTORC2 cannot happen when the complex 

is intact.55   

mTOR has been studied extensively since the discovery that it was the target of 

rapamycin, but the understanding during the 1990’s and early 2000’s was that there was 

only one human gene, and therefore only one complex should exist.64  More discoveries 

were made about the mTOR complex as additional adapter proteins were found to co-

immunoprecipitate.65–68  However it wasn’t until the discovery of RICTOR (mAVO3) 

that there were noticeable differences in the functional outputs of the mTOR complex, 

depending on which adapter protein was affected.55,60,62,69  Alessi et al. established that 

PDK1 phosphorylates Akt T308,43 but the kinase that affects Akt S473 remained to be 

elucidated, which was called PDK2.  Sarbassov et al. took the breakthrough of the 

RICTOR-mTOR complex regulating the cytoskeleton69 and found that employing 

shRNA RICTOR in several human cancer lines decreased the phosphorylation at Akt 

S473.10  Immunoprecipitants of ATM, RICTOR, RAPTOR, mTOR, and PKCα were 

reacted in vitro with full-length Akt.  RICTOR significantly increased phosphorylation at 

Akt S473, while mTOR slightly increased, and the others unaffected Akt S473.10  In 

another in vitro kinase assay, known PI3K/mTOR inhibitors LY294002 and wortmannin 

were compared against staurosporine, an Akt kinase inhibitor.  The inhibitors prevented 

the RICTOR-mTOR immunoprecipitant to phosphorylate Akt S473, however, 

staurosporine was ineffective.10  Lastly, Akt kinase activity was monitored.  Akt was 
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activated by PDK1, which increased the kinase activity by 5-fold compared to basal 

levels.  When both PDK1 and RICTOR-mTOR were reacted with Akt, the kinase activity 

increased up to 16-fold, indicating that the RICTOR-mTOR complex phosphorylates Akt 

S473 and fully activates Akt kinase.10  Unfortunately, the kinase assay was not conducted 

with only RICTOR-mTOR and Akt to specifically examine Akt S473 activity.  Sarbassov 

et al. discovered that the elusive PDK2 was complex mTORC2,10 which prompted a race 

to develop direct mTOR inhibitors to reduced Akt S473 phosphorylation, which will be 

discussed later. 

There are two phosphorylation sites for mTOR that distinguish the two different 

complexes.  The autophosphorylation site, S2481, monitors the complex mTORC2, while 

S2448 is probed for complex mTORC1.14,27–29  The mTORC2 complex is mostly 

phosphorylated on the S2481 site, and the mTORC1 complex is mostly phosphorylated 

on the S2448 site.   

There are several reports that illuminate how cells respond to mTOR inhibition 

and different treatments.14,27–29  Peterson et al. discovered that mTOR (FKBP-12-

rapamycin-associated protein, FRAP), autophosphorylates at S2481 under translationally 

repressive conditions.29  It was found that mutating that site to an alanine, S2481A, did 

not prevent rapamycin-induced dephosphorylation of S6K1.  However, the activity of 

S6K1 was higher in the mutant than in wild-type (WT) cells.  In addition, WT TAg Jurkat 

cells and a kinase-dead (KD) mutant were transfected and immunoprecipitated for 

recombinant mTOR in an in vitro assay.29  An anti-mTOR S2481 antibody was designed 

to recognize the phosphorylated S2481 site, and only the WT cells were able to 
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phosphorylate the S2481 site, not the KD mutants.  Moreover, this was repeated in HEK 

293 cells in situ.29   

When HEK 293 or TAg Jurkat cells were treated with rapamycin or wortmannin, 

an inhibitor of PI3K and mTOR,13,14 the S2481 site was unaffected by rapamycin, but 

higher doses of wortmannin significantly dephosphorylated mTOR S2481.29  The 

rapamycin dose was a relatively low-dose at 25 nM for only 30 minutes, which is defined 

as a short-term, low-dose exposure to rapamycin.  Furthermore, wortmannin covalently 

inhibits PI3K and mTORC2, both of which are involved in the RTK/PI3K/mTORC2/Akt 

signaling pathway, leading to Akt S473 dephosphorylation.13,14  The higher doses of 

wortmannin were able to significantly dephosphorylate mTORC2 S2481.29  The level of 

dephosphorylation was also cell specific.  The HEK 293 cells were more sensitive to 

lower doses of wortmannin (10 nM), but the TAg Jurkat cells responded to wortmannin 

at a dose of 500 nM.29 

Roughly a decade later in 2009, Copp et al.27 explored the two mTOR complexes 

using several different cell lines, such as HEK 293 and osteosarcoma U2OS cells.  In 

HEK 293 cells, both complexes were immunoprecipitated according to their adapter 

protein, RAPTOR for mTORC1 and RICTOR for mTORC2.  Interestingly, the RICTOR 

pulldown showed that both S2481 and S2448 were phosphorylated, but only the S2481 

site exhibited an increase of phosphorylation using 200 nM of insulin to stimulate the 

RTK/PI3K/mTORC2/Akt pathway.27  The RAPTOR pulldown for mTORC1 only 

exhibited phosphorylation at S2448, and only this site responded to insulin treatment.  In 

U2OS cells, RICTOR was specific to S2481 and RAPTOR was specific to S2448.27  

Lentiviral shRNA was used for direct inhibition of specific proteins, mTOR, RAPTOR, 
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and RICTOR.  RAPTOR inhibition produced a sharp decrease in phosphorylation only at 

S2448, while RICTOR inhibition essentially wiped out S2481.27   

Copp et al.27 went on to use a higher-dose of rapamycin, compared to Peterson et 

al.,29 to study the inhibition seen at the different mTOR complexes.  First, rapamycin was 

used at 100 nM for either one or 24-hours.  The short-term treatment showed that S2448 

was affected by rapamycin.  In contrast, S2481 increased in phosphorylation with insulin 

treatment, even with rapamycin pretreatment, indicating the S2481 site is insensitive to 

short-term rapamycin treatment.  However, in the long-term (24-hour) treatment, both 

S2448 and S2481 were not phosphorylated at all, even with insulin stimulation, 

indicating that the sensitivity of the complexes to rapamycin could be subjected to dose 

and time exposed to treatment.27  Furthermore, RICTOR was immunoprecipitated and 

probed for mTOR S2481.  After 24-hours, both RICTOR and mTOR were no longer 

complexed together, indicating that rapamycin affects mTOR adapter proteins from 

forming a complex.27  The long-term exposure was repeated in multiple cell lines, 

including MDA-MB-231, MDA-MB-468, SKBR3, and A549.  The two mTOR 

complexes were measured by their respective effectors, Akt S47310 and S6K1 T389.70  

While Akt S473 was relatively unaffected (MDA-MD-231 and A549 showed an 

increase) by 24-hour rapamycin treatment, S6K1 was markedly reduced.  Copp et al.27 

was able to exemplify that S2481 may be selective toward mTORC2 and S2448 selects 

for mTORC1.   

Rosner et al.28 investigated the mTOR S2448 site further by immunoprecipitating 

either RAPTOR or RICTOR.  Both pulldowns demonstrated that S2448 is 

phosphorylated in both mTOR complexes.  However, this report used wortmannin (100 
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nM) in addition to short-term rapamycin (100 nM) treatment.  Both rapamycin and 

wortmannin decreased phosphorylation at S2448 compared to either serum or insulin 

stimulation.28  Measured outputs were slightly different compared to Copp et al.27  S6K1 

effector S6 S235/236 and Akt S473 were probed.  Both rapamycin and wortmannin 

dephosphorylated protein S6 S235/236, however only wortmannin affected Akt S473.28  

This study further explains that the sensitivity of the mTOR complexes to rapamycin is 

selective, probably due to the binding of rapamycin to the complex.  Wortmannin is 

different in that it is a catalytic site inhibitor rather than an allosteric inhibitor; therefore, 

the difference in direct inhibition of mTOR is seen in both effectors, Akt S473 and S6K1 

T389. 

Soliman et al.14 focused their research on the S2481 site of mTOR and 

investigated each complex individually by immunoprecipitating RAPTOR or RICTOR.  

The S2481 was markedly reduced with rapamycin or wortmannin treatment measuring in 

the RAPTOR precipitants.  As expected with the RICTOR precipitant, rapamycin was 

unable to affect S2481, while wortmannin affected S2481.  The whole cell lysate 

exhibited a slightly reduced phosphorylation at S2481 with rapamycin and insulin 

compared to insulin alone in 3T3-L1 adipocytes.14  HEK 293 cells were investigated 

further, and while their mTOR complex immunoprecipitants agree with the adipocytes 

results, the whole cell lysates displayed that S2481 was unaffected by rapamycin 

treatment.14  Perhaps different levels of each complex are found in different cells.   

The whole cell lysates simultaneously demonstrated that Akt S473 was unaffected 

by rapamycin treatment, but was affected dramatically with wortmannin, in insulin 

treated cells.14  However, S6K1 T389 was affected by either rapamycin or wortmannin in 
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insulin treated cells, further proving that mTORC1 is sensitive to rapamycin.14  To prove 

that mTORC2 was indeed monitored by S2481, a time course experiment using 

rapamycin from zero to 90 minutes at several different points was carried out.  By 

immunoprecipitating RAPTOR and comparing it to the whole cell lysate, the RAPTOR 

S2481 was significantly dephosphorylated as time progressed from zero to ten minutes, 

then remained at that state up to 90 minutes.14  This is in stark contrast to the whole cell 

lysate where the phosphorylation of S2481 was unchanged at all time points, thus leading 

to the conclusion that the mTORC2 complex amount in the cell was much larger than 

mTORC1 complex.14  Recall, rapamycin short-term dose doesn’t affect mTORC2, 

whereas mTORC1 is very sensitive to rapamycin.  In addition, the protein S6, which is 

the effector of S6K1, was monitored and rapamycin unaffected S6 until 30 minutes into 

treatment and then it dephosphorylated completely for the remaining time.14 

These sets of reports on the phosphorylation sites, S2448 for mTORC1 and S2481 

for mTORC2, have shown that both complexes are phosphorylated on each site.  

However, the effects seen with respect to the downstream functions of these 

phosphorylation changes are specific to each complex, as seen with rapamycin or 

wortmannin treatment.  mTORC2 S2481 monitors the rapamycin-insensitive RICTOR-

mTOR complex 2 and mTORC1 S2448 monitors rapamycin-sensitive RAPTOR-mTOR 

complex 1.   

Inekoue et al. unraveled additional mysteries surrounding long-term rapamycin 

treatment with complex mTORC2.52  In HepG2 whole cell lysates, the conditions were 

monitored at 24 and 72-hours, and Akt S473 was almost completely dephosphorylated 

for both time points.52  Akt T450 was slightly reduced at 24-hours posttreatment and 
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significantly reduced by 72-hours, suggesting that T450 is more stable compared to Akt 

S473.  In the same experiment, RICTOR and mTOR were immunoprecipitated to 

investigate the complex status of mTORC2.  RICTOR and mSIN were found to still 

maintain interactions with each other over 72-hours, however, mTOR did not co-

immunoprecipitate with RICTOR at 24 or 72-hours.52  mTOR was immunoprecipitated as 

well and both RICTOR and mSIN were not complexed with mTOR at the same time 

periods, suggesting rapamycin influences the mTORC2 complex after longer exposure.52  

Facchinetti et al. investigated the same Akt sites at 24, 48, and 72-hours of rapamycin 

(100 nM) treatment and found that the sites are significantly dephosphorylated starting at 

24-hours and continued through 72-hours.8  Additionally, they immunoprecipitated SIN1 

and only found that RICTOR maintains interaction with SIN1, but mTOR was not 

associated with SIN1, providing more evidence that mTORC2 disruption occurs with 

long-term rapamycin treatment at higher doses.8 

As mentioned previously, mTORC1 S2448 phosphorylation is decreased with 

rapamycin treatment, which further dephosphorylates S6K1 T389.14,27  However, 

rapamycin treatment did not influence Akt S473 short-term, which should in theory 

maintain the activity at Akt kinase and phosphorylate mTORC1 S2448.  Akt is capable of 

directly phosphorylating mTORC1 S2448 in vitro.71  It was hypothesized by Chiang et 

al.72 that the phosphorylation of mTORC1 S2448 was controlled by a different 

mechanism.  A WT S6K1 was compared to a kinase-dead mutant reacting with GST-

mTOR and probed for mTORC1 S2448.  The KD mutant exhibited no phosphorylation at 

S2448 compared to WT S6K1.  Furthermore, WT S6K1 or a rapamycin-resistant S6K1 

were either untreated or treated with rapamycin.72  The mTORC1 S2448 was completely 
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dephosphorylated using the WT S6K1, however, the rapamycin-resistant mutant showed 

no change with either treatment.  This suggests that rapamycin is not affecting mTORC1 

to alter phosphorylation at S2448, rather it is decreasing the downstream effector, S6K1, 

from functioning, thus preventing further phosphorylation at mTORC1 S2448.72 

S6K1 is responsible for negative feedback signaling that is transferred to the IRS-

1 adapter protein at the RTK.31,32  When S6K1 receives the propagated signals from 

complex mTORC1, it desensitizes the next signal that the IGF-1R receives to lessen the 

signaling cascade.  When complex mTORC1 was inhibited by 1 nM rapamycin from time 

zero to 72-hours, S6K1 T389 fully dephosphorylated after 40 minutes.32  However, the 

basal phosphorylation at Akt S473 in DU-145 cells increased dramatically at 20 minutes 

and continued to increase until it plateaued after two hours.  Akt S473 phosphorylation 

remained at the level for at least 24-hours and began to diminish by 48-hours.32  This 

phenomenon was captured in both DU-145 and MCF-7 cell lines.  Moreover, treatment 

with a rapamycin analog, everolimus (RAD001), in human tissue was analyzed.  Biopsies 

were taken before and after four weeks of treatment.  Akt S473 phosphorylation 

increased radically in the treated biopsies compared to before treatment.32  O’Reilly et 

al.32  investigated the low-dose rapamycin treatment and established it affected IRS-1 

phosphorylation and increased its signaling capabilities to Akt kinase. 

Rodrik-Outmezguine et al. used a different approach and treated breast cancer cell 

lines MCF-7, BT-474, and MDA-MB-468 against two different mTOR inhibitors.  

AZD8055 is a selective catalytic mTOR inhibitor that inhibits both complexes.31  

Rapamycin was compared to AZD8055 in the three cell lines, and rapamycin 

dephosphorylated S6K1, albeit that it increased Akt S473 significantly.  AZD8055 also 
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dephosphorylated S6K1, however, it dephosphorylated Akt S473 in all cell lines.  The 

effects seen on 4E-BP1 were dissimilar as analyzed on S6K1.  Rapamycin was inept in 

dephosphorylating 4E-BP1, whereas ADZ8055 dephosphorylated 4E-BP1 completely.31   

mTOR Functions in Cytoskeleton and Cell Cycle Progression. 

The mTOR complexes have controlling factors in major events and regulations of 

cell functions, such as cytokinesis,54,55,69 progression into cell cycles,53,73 nutrient 

sensing,60,63 and stress63.  Recall the complex mTORC2 is located upstream in the 

RTK/PI3K/mTORC2/Akt/mTORC1 pathway relative to mTORC1.  More is known about 

the complex mTORC1 compared to mTORC2.  Between Akt kinase and mTORC1 lies a 

heterodimer comprised of tuberous sclerosis 1 (TSC1) and TSC2.41  Akt kinase, 

extracellular-signal-regulated kinase 1/2 (ERK1/2), and ribosomal S6 kinase (p90RSK1) 

phosphorylate TSC1/TSC2, which promotes the GTP-bound form of Ras homolog 

enriched in brain (Rheb), thus activating mTORC1.60  Stresses, low energy, oxygen 

levels, and DNA damage have been characterized through the TSC1/2 complex.60  Amino 

acids act independently of the TSC1/2 complex but they do influence the behavior of 

mTORC1, specifically leucine and arginine.60,74  Hypoxia or low energy states activate 

adenosine monophosphate-activated protein kinase (AMPK), which directly acts on 

TSC1/2 complex to increase its inhibition on mTORC1.75  Provided that all these 

important cellular signals converge directly on mTORC1, or directly upstream of the 

complex mTORC1, it is simple to understand why this complex is vital to cellular 

functions. 

mTORC1 is responsible for phosphorylation changes seen at the downstream 

effectors, S6K1 and 4E-BP1.73  Fingar et al.73 used rapamycin to delay U2O2 cells in the 
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G1-phase compared to a control, which reduced the overall amount of cells that 

progressed into S-phase.  A rapamycin-resistant mTOR (RR-mTOR) was used with 

rapamycin treatments and it was found that the mutant rescued the cells to progress into 

S-phase.73  There was virtually no difference in treatment, with either control or with 

rapamycin, indicating that the actions of rapamycin on mTORC1 are responsible for the 

downstream effects of cell progression.  Further testing with a RR-S6K1, reduction of 

S6K1, and overexpression of eIF4E, the effector target of 4E-BP1, proved to affect the 

cell cycle progression from G1-phase to S-phase.73   

Two independent imperative reports published in 2004 by Sarbassov et al.69 and 

Jacinto et al.55 highlight the importance of mTORC2 in its function in cytoskeleton 

formation.  Sarbassov et al. found that the AVO3 protein in budding yeast shared 

homology with a p200 protein that immunoprecipitated with mTOR in HeLa cells, which 

they named RICTOR.69  It was discovered in different cell lines that immunoprecipitating 

mTOR revealed RAPTOR and RICTOR, which bound to mTOR at different levels; 

therefore, activity of each complex may be cell specific.  Specifically knocking down 

protein production by lentiviral siRNA RAPTOR, RICTOR, or mTOR, Sarbassov et al.69 

discovered that the mTOR and RICTOR, but not RAPTOR silencing, disturbed the actin 

cytoskeleton.  Furthermore, by investigating the siRNA results via Western blotting and 

probing for protein kinase C (PKCα), it was discovered that RICTOR silencing decreased 

phosphorylation on PKCα and reduced the activity of PKCα.  Interestingly, yeast TOR2 

was established to signal to the actin cytoskeleton via Rho-like GTPases and PKC.76,77 

Jacinto et al.55 also confirmed that an additional protein immunoprecipitated with 

mTOR that shares similarity to a protein that is found on the budding yeast rapamycin-
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insensitive complex, TORC2.  The new protein was named mAVO3 (RICTOR) because 

it was 25% similar in identity to the yeast AVO3.  To test if a mTOR complex was 

involved in actin cytoskeleton arrangement, cells were treated with siRNA for mTOR, 

mLST8, mAVO3, or RAPTOR, and F-actin was monitored under a microscope.55  Only 

the siRNA RAPTOR treatment did not affect the cytoskeleton, while mTOR, mLST8, 

and mAVO3 siRNA treatment inhibited cytoskeleton arrangements and reduced cell 

spreading.  The authors concluded that the RAPTOR-mTOR, complex mTORC1, was not 

involved in actin cytoskeleton control.  Moreover, the siRNA treatment was repeated 

with an activated myc-Rac1-L61, which restored membrane ruffling and lamellipodia 

formation in the cells, suggesting mTORC2 signals through a Rho-type GTPase.55   

After the discovery that complex mTORC2 activity could be monitored by 

phosphorylation at S2481,14,27 it was uncovered that mTOR S2481 colocalizes with 

chromosomal proteins during cytokensis.54  In HeLa cells, DNA, α-tubulin, and mTOR 

S2481 were visualized by microscopy and monitored during several points of mitosis and 

cytokinesis.  Throughout prophase and up to metaphase, mTOR S2481 was diffuse 

throughout the cell.  Then during metaphase, mTOR S2481 appeared to arrange itself into 

the middle and form into a tight, fiber-like bundle.54  Progressing into telophase, the 

mTOR S2481 collected itself into a tight mass at the apex of the microtubules controlling 

how the two new cells would split.  Finally, in cytokinesis, the mTOR S2481 clearly 

formed two distinct points that segregate into their newly formed cell.54  Furthermore, the 

mTOR S2448 site was also monitored under the same conditions as mTOR S2481.  For 

the duration of prophase to early metaphase, the mTOR S2448 appeared to localize in a 

similar fashion as the mTOR S2481, but appeared to be diffuse around the cell after 
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metaphase and up in to cytokinesis.54  The antibody used in Vazquez-Martin et al.54 to 

investigate mTOR S2481 was the same polyclonal antibody used in this dissertation.  

Akt Kinase and Its Functions in Lung Cancer 

Akt kinase is a centrally located protein that receives signals and regulates growth 

factor inputs, cell survival, metabolism, and migration.7  Akt has three major 

phosphorylation sites; T450, T308, and S473.  Akt T30843 and S47310 have been 

discussed thoroughly thus far.  Akt is additionally phosphorylated at T450 via complex 

mTORC2, which was independently reported by two groups in 2008.8,52  Akt T308 is 

known as the activation loop (A-loop), while Akt S473 is known as the hydrophobic 

motif (HM).  Akt T450 is called the turn motif (TM) and helps stabilize Akt kinase for its 

active signaling and maturation.  Both the TM and HM sites are found in protein A, G, C 

families (AGC), which includes Akt, S6K1, PDK1, PKC, and SGK.78   

Ikenoue et al. investigated phosphorylation on Akt, in addition to PKCα, by 

disruption of complex mTORC2 with several different knockout cell lines and in vitro 

kinase assays.52  RICTOR knockout was first investigated compared to control and it was 

found that PKCα and Akt were drastically affected by the inhibition of complex 

mTORC2 activity.52  In vivo, RICTOR-null cells did not phosphorylate the TM or HM 

site on Akt; however, the A-loop site was unaffected since PDK1 activity remained.52  

PKCα reacted in a similar fashion, although when PKCα was immunoprecipitated in 

other cell lines, the TM was abolished, while the A-loop and HM sites were significantly 

dephosphorylated, suggesting complex mTORC2 may target PKCα in addition to Akt 

phosphorylation.52  Interestingly, S6K1 was monitored at its HM site and the 
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phosphorylation at that site was unaffected, although Akt kinase was dephosphorylated at 

T450 and S473.52   

SIN1 was knocked out of murine embryonic fibroblasts (MEF) cells, and the 

results were identical to the RICTOR-null lines.52  Reintroducing HA-SIN1 into the 

MEFs restored phosphorylation at the TM and HM sites for both Akt and PKCα.  

Exogenous amounts of a null protein, SIN1, were able to stabilize the mTORC2 complex, 

thus providing the kinase activity needed at the TM and HM sites on Akt and PKCα.52  

Facchinetti et al. provided similar evidence with SIN1 knockout MEFs, where the HM 

site on Akt completely dephosphorylated with or without insulin treatment.8  However, in 

the same model, the A-loop was phosphorylated under basal conditions and increased 

with insulin treatment, providing additional evidence that PDK1 is responsible for Akt 

T308 phosphorylation.  The exogenous addition of HA-SIN1 into the SIN knockout 

model duplicated Ikenoue et al.,52 and provided phosphorylation at the TM and HM sites 

on Akt kinase, and increased with insulin treatment.8  Facchinetti et al.8 utilized siRNA 

mTOR to investigate both the TM and HM Akt phosphorylation sites and found that both 

sites were reduced in phosphorylation with increased amount of siRNA mTOR, further 

validating that disruption of complex mTORC2 has profound effects on Akt S473.  

Akt is negatively regulated by three known phosphatases that dephosphorylate 

T308, T450, and S473.  Protein phosphatase-1 (PP1), protein phosphatase 2A (PP2A), 

and PH domain leucine-rich repeat protein phosphatase (PHLPP) are the negative 

regulators on Akt kinase.  PP1 preferentially targets Akt T450 for dephosphorylation, 

although it has been reported that PP1 dephosphorylates Akt T308 and S473.79  PP2A is a 

master regulator of cell cycle that favorably dephosphorylates Akt T308 and is capable of 
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targeting Akt S473, although S473 dephosphorylation may be reactive to the effects at 

Akt T308.80–82  PHLPP has been shown to mark Akt S473 as its target and two isoforms 

of this protein have been discovered thus far.83,84   

Calyculin A is a phosphatase inhibitor of PP1 and PP2a, but not PHLPP due to 

differences within the protein structures.83  The small molecule, calyculin A, inhibits the 

two phosphatases at low doses, with an IC50 below 1 nM for each.85  This inhibition 

causes an increase of phosphorylation at mTOR S248129 and Akt S47386.  Interestingly, 

stimulated HeLa cells with both IGF-1 and calyculin A exhibited decreased Akt T308 

phosphorylation compared to IGF-1 alone.86  This phenomenon was due to 

phosphorylation of the IRS-1 adapter protein by calyculin A, which reduced the signaling 

cascade transferred to PI3K to signal downstream to Akt T308.29  PDK1 activity was 

examined and there was no difference with or without calyculin A treatment.  Since 

mTOR S2481 phosphorylation increased as reported by Peterson et al.,29 Akt S473 

increased in tandem with calyculin A.86    

Akt exists in three isoforms, Akt1,87 Akt2,88 and Akt3.89  Each isoform product is 

from a distinct gene and not formed due to mRNA splicing of the same gene.  Akt1 and 

Akt2 are ubiquitous in cells and tissues, however, Akt3 is special because it has been 

discovered only in transformed cells, testis, and neuronal tissue.32,90,91  In the case of 

NSCLC, Akt1 and Akt2 are major players in the oncogenesis and tumor progression of 

this disease.56,92,93 

 Lee et al. studied Akt1 and Akt2 in NSCLC cell lines NCI-H838, NCI-H1703, 

A549, and NCI-H460.56  The tissues expressed diverse amounts of Akt and the 

phosphorylation sites, T308 and S473, were monitored with various degrees of 
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phosphorylation and all were constitutively active.  The two activation sites were 

monitored in A549 and H460 cells using siRNA toward Akt1 or Akt2.  H460 cells 

responded best to the siRNA Akt1 treatment with a reduction in the phosphorylation seen 

at Akt S473, while Akt T308 was unaffected.56  Downregulating Akt1 promoted 

apoptosis through nuclear factor-κB (NF-κB) activation by decreasing ERK activity.  

Akt2 was investigated and siRNA Akt2 treatment induced apoptosis by collapsing the 

mitochondrial membrane potential.  Growth and migration were monitored in H460 cells 

with siRNA toward Akt1 or Akt2, as well as cell cycle progression.56  Akt1 silencing 

decreased the amount of cells by 50% compared to control, and siRNA Akt2 reduced the 

colonies formed by 25%.  Cell cycle arrest was modest, albeit not statistically significant, 

in G2/M-phase with either Akt1 or Akt2 silencing, providing evidence that Akt is not 

critical in cell cycle progression.  Wound-healing migration and transwell migration were 

successfully inhibited by siRNA Akt1 treatment, whereas siRNA Akt2 partially inhibited 

migration.  Lee et al. successfully discovered that Akt kinase and its different isoforms 

may have non-overlapping functions with an array of different cellular mechanisms.56 

 A report by Franks et al. investigated Akt1 and Akt2 in IGF-1R mediated lung 

tumorigenesis in a transgenic mouse model.92   The mice were bred to make Akt1-null or 

Akt2-null animals that were compared to a control, and induced IGF-1R transgene 

expression in the type II alveolar cells to promote tumor growth.  The loss of Akt2 

functionality produced extensive tumorigenesis, while the loss of Akt1 produced a 

markedly reduced tumor compared to control.  Akt2 was able to reduce tumor growth by 

4-fold respective to Akt1.92  The expression of IGF-1R was dramatically increased in the 

Akt2-null mice.  To further test the different Akt isoforms, a pan-Akt inhibitor, MK-
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2206, was compared to a selective Akt1 inhibitor, A-674563, A549 and NCI-H358 cell 

lines.  In A549 cell, the selective Akt1 inhibitor outperformed the pan-Akt inhibitor by 

absolutely reducing the amount of survival of cells by 70%, using only 1 µM.  The 

difference in the NCI-H358 cells was not as stark as in the A549 cell, however, A-

674563 inhibited cell survival significantly better than MK-2206.92  Lee et al.56 and 

Franks et al.92 provide evidence that Akt and its different isoforms play a significant role 

in tumorigenesis. 

Torin1 and Chaetoglobosin K 

Since the revelation that mTORC2 is the effector for Akt S473,10 there was a race 

to produce an ATP-catalytic site inhibitor of mTOR kinase.  Several small molecules 

were developed that dually inhibited PI3K and mTOR, such as PI-103, NVP-BEZ235, 

and WJD008, but none were specific enough to only target mTOR kinase.94  Torin1 was 

first published in 2009 and was characterized to not affect other PI3K-like kinases of 

proteins, such as ATM and DNA-PK, with a selectivity of 1000-fold difference.30  

Increasing doses of Torin1 were used and probed for S6K1 T389 and Akt S473.  Both 

decreased in phosphorylation in a dose-dependent manner without affecting 

complexation between RICTOR and mTOR, unlike rapamycin.30  Adenosine 

triphosphate (ATP) was used with increasing concentrations operating with a constant 

dose of Torin1 to examine if it is a direct catalytic site inhibitor of mTOR.  As ATP 

concentration was increased, the phosphorylation of S6K1 increased as more ATP was 

incorporated, suggesting Torin1 is an ATP-catalytic site inhibitor for mTOR.30  

Furthermore, Torin1 was compared to PI-103 and NVP-BEZ235 at Akt T308 and S473, 

and at S6K1 T389.  Torin1 was unable to dephosphorylate Akt T308 until micromolar 
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doses were used, unlike the dual PI3K/mTOR inhibitors.  All three reduced Akt S473 and 

S6K1 phosphorylation.30 

Torin1 prevented cell growth and proliferation, where proliferation was markedly 

inhibited compared to rapamycin and control in normal and RICTOR-null cells.30  

Furthermore, cell cycle analysis revealed G1-phase was drastically increased with Torin1 

treatment compared to control or rapamycin.  However, S-phase and G2-phase were 

dramatically decreased with Torin1 treatment compared to the other two groups, which 

match the results from the proliferation assay.30  Torin1 and rapamycin were compared to 

each other to investigate if the treatments reveal processes that may be rapamycin 

resistant.  4E-BP1 is a target of mTORC1, however, it has been reported not to be 

affected by rapamycin treatment.31,95  In cells that have intact mTORC2 or are RICTOR-

null, Torin1 was able to dephosphorylate 4E-BP1, unlike rapamycin.30  Moreover, Torin1 

reduced the size of RICTOR and RICTOR-null cells, compared to control or rapamycin 

treatment.  The discovery of Torin1 confirmed that certain functions of mTORC1 are 

rapamycin resistant, and that these anti-proliferative effects of Torin1 are independent of 

mTORC2.30,95    

ChK (Figure 2) is a natural product indolylcytochalasian first isolated by Cutler et 

al. that is produced by the fungus, Diplodia macrospora.96  It inhibits wheat coleoptiles, 

although it is toxic to day-old chicks.96  The LD50 was measured between 25 to 62.5 

mg/kg and caused death within two to four days post dosing with lethargy and anorexia 

as the predominant clinical signs.  The higher 62.5 mg/kg dose produced the clinical 

signs, whereas the lower 25 mg/kg dose caused no mortality.96 
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Figure 2.  Structure of Chaetoglobosin K 

 

 

 

Additional studies on ChK over the last few decades have been established that it 

acts on F-actin,21,97 and inhibits cytokinesis in ras-transformed cells.19  ChK also prevents 

inhibition of gap junction communication in rat astroglial RG-2 cells.23,98  Moreover, it 

dually affects Akt kinase phosphorylation at T308 and S473, and JNK.18,23  Furthermore, 

it prevents angiogenesis by VEGF inhibition through downregulation of hypoxia 

inducible-factor 1α (HIFα).22  The latest report provides evidence that ChK induces G2-

phase cell cycle arrest through a p53-dependent pathway.20  All of these properties of 

ChK attack tumorigenic growth by inhibiting multiple overacting signals in several solid 

cancer cell lines. 



30 
 

 
 

The effects of ChK observed by Tikoo et al. in NIH 3T3 cells revealed that it 

suppresses both anchorage-independent and -dependent growth in Ras-transformed 

cells.21  Additionally, in an activity assay that immunoprecipitated Akt and utilized 

histone H2B as the substrate, ChK treatment was shown to inhibit phosphorylation on 

histone H2B in vitro; therefore, Akt activity was decreased with ChK treatment in vivo.21 

Apoptosis was observed in either normal or Ras-transformed cells, although that was not 

witnessed by incorporating N1445, an ICE protease/caspace-1 inhibitor.  Ras signals 

through PI3K to produce additional signaling to Rac, a Rho-type GTPase, that produces 

ramifications in cytoskeleton organization.99  This is similar to downstream signaling 

from mTORC2.21,55   

Cytokinesis inhibition affected WB-ras1 transformed cells more so than the WB-

neo3 cells as control.19  This characteristic was found in both anchorage-independent and 

dependent cell growth.  Furthermore, ChK treatment altered the cells to develop multiple 

nuclei after 48-hours.  Moreover, Matesic et al.19 immunoblotted for Akt T308 and S473 

in the WB-ras1 cells and discovered that both sites are dephosphorylated compared to 

control after 24-hours using 2 µM and 5 µM ChK.  The extracellular-signal-regulated 

kinase-1/2 (ERK1/2, p44/p42 MAPK) was analyzed and there was no effect seen on its 

activation.  ChK induced Akt dephosphorylation that altered GSK-3ß phosphorylation, 

which is downstream of Akt S473 signaling.19,65  The confirmation that ChK does indeed 

affect Akt kinase phosphorylation further illustrates the desire to investigate the molecule 

more extensively. 

 Ali et al. investigated ChK in WB-ras1, and in H2009 and H1299 human lung 

adenocarcinoma cells.18  The inhibitory growth in the human cells matched the results 
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found in Matesic et al.19 utilizing WB-ras1 transformed cells.  In addition, JNK 

phosphorylation decreased in a dose-dependent manner in WB-ras1 and both human lung 

adenocarcinoma cell lines, although the effects were much greater in the H1299 cells.18  

Akt kinase exhibited dephosphorylation at both T308 and S473, and the H1299 cells 

responded in a dose-dependent manner, whereas the H2009 cells marginally responded 

using the two different doses at 5 µM and 10 µM.18  Since JNK was affected by ChK 

treatment, the downstream effectors c-JUN, ATF-2, and Stat3 were investigated.  ATF-2 

and c-JUN were dephosphorylated with ChK, however, there was no indicated effect at 

Stat3.18  The downstream effectors of Akt kinase, MDM2 and Rac1, were additionally 

analyzed in the WB-ras1 cells.  ChK treatment using two different doses decreased 

phosphorylation at both MDM2 and Rac1 in a dose-dependent manner.  PTEN, the PI3K 

pathway inhibitor, and PDK1, the effector of Akt T308, were both unaffected by ChK 

treatment.18  Furthermore, the upstream effectors of JNK, MKK4 and MKK7, were 

unaltered.  These analyses illustrate that ChK affects two distinct pathways and may 

target a protein that could be found in the cytosol that may target Akt S473 rather than 

Akt T308. 

 ChK was treated in RG-2 cells to investigate its activity on gap junction 

communication and it prevented the inhibition of lindane or dieldrin on the functionality 

of the gap junctions.23  p38 MAPK with ChK treatment was analyzed and showed 

decreased phosphorylation in a dose-dependent manner in WB-ras1 cells.  Moreover, in 

H2009 human cells, Akt S473 was investigated at different time points using ChK at 4-, 

12- and 24-hours, and it was discovered that ChK affects this site in as little as 4-hours 

and was greater than 50% dephosphorylated compared to the 12- or 24-hours 
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treatments.23  All three points were significantly dephosphorylated compared to control, 

but this suggests that ChK affects Akt S473 more rapidly than previously investigated.  

The time points that have been tested before were 24- to 48-hours.  Since PTEN and 

PDK1 were assessed earlier in Ali et al.,18 PI3K was thoroughly evaluated using 

wortmannin as a control and comparing it to different doses of ChK.23  ChK did not 

affect PI3K, unlike wortmannin, at all doses.  The investigations thus far with ChK have 

illustrated that it does not target a protein that directs the signal from the receptor down to 

Akt T308; however, Akt S473 is affected along with various downstream targets of Akt 

kinase. 

 In 2013, Luo et al. studied ChK in ovarian cancer cell lines, OVCAR-3 and 

A2780/CP70, and in human umbilical vein cells (HUVECs).22  VEGF secretion from the 

cancer cells was reduced with ChK treatment with as little as 1 µM for both lines.  

HUVECs were grown to investigate angiogenesis with ChK treatment and resulted in 

curtailed networks of cells and abridged growth.  This quality was observed when ChK 

was employed in growing chicken embryos, which condensed the size of the embryo and 

significantly diminished the amount of blood vessel formation compared to no 

treatment.22  To investigate the method by which VEGF secretion is reduced with ChK 

treatment, hypoxia-inducible factor 1α (HIF-1α) protein levels were analyzed since the 

gene closely regulates VEGF.  Total HIF-1α levels were reduced in a dose-dependent 

manner with ChK treatment.22  Furthermore, ovarian cancer cells were transfected with a 

VEGF promoter along with HIF-1α plasmids.  ChK treatment inhibited the transcription 

of VEGF and re-introduction of HIF-1α by forcible expression reversed the inhibition by 

ChK and increased expression of the VEGF reporter.22  In addition, a chromatin 
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immunoprecipitation assay was conducted to understand if HIF-1α interacts with the 

VEGF promoter using ChK.  The interaction between HIF-1α and VEGF promoter were 

significantly inhibited with ChK, which demoted the VEGF secretion as reported earlier 

in Luo et al.22  Akt and mTORC1 phosphorylation were analyzed with increasing ChK 

doses in both ovarian cancer cell lines.  Akt phosphorylation was inhibited at all three 

doses of 0.5, 1, and 2 µM.  Unfortunately, which phosphorylation site was not specified 

in the article.22  mTORC1 phosphorylation was measured at S2448, and only the 2 µM 

dose of ChK generated a significant dephosphorylation of mTORC1.  Luo et al.22 was the 

first to demonstrate that ChK affects angiogenesis through the Akt/mTOR pathway by 

inhibiting HIF-1α to promote VEGF transcription. 

 Li et al. investigated ChK treatment in ovarian cancer cell lines, OVCAR-3 and 

A2780/CP70 cells, and a normal ovarian cell line, IOSE-364.20  An MTT assay measured 

with several doses of ChK up to 10 µM produced a dose-dependent decrease in cell 

viability.  Additionally, the percentage of apoptotic cells increased as the dose of ChK 

increased.  Both analyses illustrated that the cancerous cell lines were affected more 

intensely with ChK treatment compared to the normal IOSE-364 cells, indicating that 

ChK targets the more aggressive cells compared to normal growing cells.20  Flow 

cytometry of the cell lines for cell cycle analysis concluded that as higher doses of ChK 

were employed, the more the cells shifted into G2-phase, and at 2 µM, the majority of the 

cancerous cells were in trapped in G2-phase.  This confirms the report from Matesic et 

al.19 where it was noticed that ChK treatment induces multiple nuclei, thus preventing the 

shift into the cytokinesis phase of mitosis.  The S-phase was uninhibited, signaling that 

normal interphase mechanics were not affected.  An investigation into G2-phase related 
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proteins discovered that cyclin B1 expression was drastically reduced with all doses of 

ChK.  The MAPK pathway was probed for p38, JNK, and ERK1/2 phosphorylation 

changes.  Phosphorylation of p38 increased with additional ChK treatment without 

affecting JNK or ERK1/2 phosphorylation in the cancerous cell lines,20 unlike the results 

reported in Ali et al.18 on JNK and Matesic et al.23 for p38 MAPK on different 

tumorigenic cell lines.
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CHAPTER 3 

MATERIALS AND METHODOLOGY 

- Images in this document are presented in color. 

The methodology used to investigate ChK treatment in H1299 cells employed 

IGF-1, a ligand that agonizes the IGF-1R receptor, to activate the 

RTK/PI3K/mTORC2/Akt pathway.  Pretreatment with ChK was performed similarly to 

the known mTOR inhibitor, Torin1.  In addition to RTK activation, a phosphatase 

inhibitor that increases phosphorylation at mTORC2 S2481 and Akt S473 was used in 

place of IGF-1 and pretreated with either ChK or Torin1.  It was hypothesized that ChK 

pretreatment would be similar to Torin1 pretreatment in inhibiting IGF-1 or calyculin A 

phosphorylation at mTORC2 S2481 and Akt S473. 

3.1  Materials 

H1299 human lung tumor cells were from the American Type Culture Collection (ATCC, 

Manassas, VA).  Chaetoglobosin K was purified from Diplodia macrospora at a purity of 

>97 % and provided by H. Cutler.96  Gibco RPMI-1640 medium, Gibco fetal bovine 

serum (FBS), L-glutamine, Ponceau S, bovine serum albumin (BSA), methanol, 

phenylmethylsulfonyl fluoride (PMSF), glacial acetic acid and 10X phosphate buffered 

saline (PBS), were from Fisher Scientific (Pittsburgh, PA).  Sterile dimethyl sulfoxide 

(DMSO) and trypsin were purchased from Sigma-Aldrich (St. Louis, MO).  Akt (#4685), 

mTOR (#2972), phospho-Akt (T308, #13038), phospho-Akt (S473, #4060), phospho-Akt 

(T450, #9267), phospho-mTORC2 (S2481, #2974), anti-rabbit IgG alkaline phosphatase 
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(AP)-link (#7054), anti-rabbit IgG horseradish peroxidase (HRP)-link (#7074), Torin1, 

calyculin A, and 10X cell lysis buffer were purchased from Cell Signaling Technology 

(Beverly, MA).  IGF-1 was from Bachem Inc. (Torrance, CA) and the only item used to 

be dissolved in PBS.  DMSO was the vehicle for all others.  Blotting-grade nonfat dry 

milk blocker, 10% Tween-20, tris–HCl pH 7.5, nonfat dry milk, 25x alkaline phosphatase 

color development buffer, 5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium 

(BCIP/NBT), protein molecular mass standards, Clarity¥ western ECL substrates, all 

electrophoresis and Trans-Blot� Turbo equipment and consumables were from Bio-Rad 

(Hercules, CA).  Chemicals, reagents, and solvents not specifically mentioned previously 

were of analytical grade. 

3.2  Methods 

Cells were incubated in an atmosphere of 5% CO2 at 37 °C.  H1299 Human lung 

carcinoma cells were grown in RPMI-1640 media supplemented with 2 mM/L L-

glutamine and 10% FBS and used between passages 7 – 20.  Confluent cells were 

subcultured by trypsinization, and a 200 µL aliquot was suspended into 800 µL of 

PBS/0.5% BSA, counted via an Accuri C6 flow cytometer, then plated at 5 – 20% for 

experimentation or continuation.  A quadrant plot on the Accuri C6 was set to distinguish 

between cells and debris, and only the cells in the upper-right quadrant were counted.  

The cells were plated according to their growth rate and the amount needed to reach the 

target confluency of 85%.  The exponential rate equation was used, 

𝐶 = 𝐶𝑜 ∗ 𝑒𝑟𝑡, 

to calculate the growth rate for the latest passage.  The arranged calculation is: 
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ln ( 𝐶𝐶𝑜)
𝑡 = 𝑟 

The number of cells were known at the time of being plated and at the end when the 

passage was trypsinized and suspended in media for analysis.  Knowing the growth rate, 

combined with the number of cells at time of plating, afforded the opportunity to know 

when the cells would be exactly ready for treatment.  The next passage would be plated at 

a certain concentration to complement the growth rate to successfully treat the cells and 

obtain reliable results consistently.   

Human lung carcinoma cells were grown to 80 – 90% confluence in 25 cm2 

flasks.  Treated cells were washed with 12 mL of PBS and lysed with 300 µL of chilled 

1X cell lysis buffer supplemented with 1 mM PMSF for five minutes on ice.  Lysed cells 

were scraped and collected into microcentrifuge tubes.  The lysates were subjected to 

sonication for ten aspirations in a pipette tip.  Samples were centrifuged for 10 minutes at 

16000 xg at 4 °C, and the supernatant was aliquoted to microcentrifuge tubes and stored 

at -20 °C. 

Protein concentrations were determined using the Bio-Rad DC protein assay using 

triplicates for each sample.  BSA was used as a standard protein and absorbances were 

read at 750 nm using a Tecan plate reader. 

Western blot assays used 4x Laemmli sample buffer that was added to equal 

amounts of protein/lane, followed by proteins separated on 7.5% or 12% polyacrylamide 

SDS gels, then semi-wet transferred to PVDF membranes by Trans-Blot� Turbo in 7-10 

minutes.  Membranes were washed with H2O, stained with lab-made Ponceau for 2–3 

min, washed with water, scanned, then blocked using 4 % nonfat dry milk, 0.1 % Tween-

20, 40 mM Tris pH 7.5 for 1–2 h.  Specified primary antibodies were incubated 



38 
 

 
 

separately with blots in block buffer overnight at 4 °C.  Immunopositive bands were 

detected using alkaline phosphatase or HRP-linked anti-rabbit secondary antibody and 

development with BCIP/NBT or Clarity ECL substrate mix.  Selected blots were 

reprobed by a brief re-hydration in methanol and washed with water, followed by 1-hour 

incubation in block buffer, then primary antibody incubation and development as 

described above.  If membranes were stripped for reprobing, they were stripped while 

rocking for 30 – 40 minutes at 50 ºC (25 mM glycine, 1% SDS, HCl, pH 2.0), and 

verified via reblocking and incubation with HRP-link antibody, then proceeded as normal 

for additional probing.  For densitometric quantification, dried blots were scanned on a 

HP Scanjet 4400C scanner and band intensities measured using UN-SCAN-IT software 

(version 7.1) from Silk Scientific, Inc. (Orem, UT).  Chemiluminescence was captured 

via a Gel Doc XR+ coupled with a CCD camera and the image was analyzed by Image 

Lab software from Bio-Rad (Hercules, CA). 

Intracellular staining of human adenocarcinoma cells was conducted similarly as 

reported previously.48,100  Briefly, paraformaldehyde (PFA) was dissolved in deionized 

water at 4% at 55 ºC.  The pH was raised with 1mL/100mL of water of 1.0 M sodium 

hydroxide to clear the solution.  10X PBS was added at 10% in the PFA solution.  The 

cooled PFA solution was then pH adjusted to 7.4.  Treated cells were washed with 12 

mLs of PBS after decanting the media.  Then, 1 mL PBS was added to the flask and 

scraped with a soft-tipped scraper, then collected into a microcentrifuge tube.  The 

collected cells were added to 12 mLs of 37 ºC PFA solution and incubated in a water bath 

for 10 minutes.  After incubation, the suspension was centrifuged at 500xg for 10 

minutes.  The supernatant was carefully aspirated away to minimize loss of cell pellet.  
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The pellet was briefly vortexed to loosen the cells and reduce clumping during 

permeabilization.  Pre-chilled (-20 ºC) Perm Buffer III was added dropwise to the cells to 

a volume of 1 mL, while briefly vortexing between additions.  The samples were chilled 

on ice for one hour and 500 µL was selected to use for analysis.  The remaining sample 

was stored at -20 ºC.  The samples were washed with 3 mLs of PBS/0.5% BSA twice and 

centrifuged for 10 minutes at 500 xg.  Each cell pellet was resuspended with 100 µL 

PBS/0.5% BSA and incubated with 1 µL Akt S473 for one hour.  Secondary anti-rabbit 

Alexa Fluor 647 (#4414, Cell Signaling, Danvers, MA) was added to each sample in the 

dark for 30 minutes.  The samples were then centrifuged for 5 minutes at 500 xg and the 

supernatant aspirated away.  The pellet was resuspended in 500 µL PBS/0.5% BSA and 

processed on the Accuri C6. 

The Cyclex© AKT/PKB kinase Assay/Inhibitor Screening Kit (CY-1168) was 

used in combination with recombinant human Akt1 (CY-E1168-1) as per the instructions 

to the kit.  DMSO was used as the vehicle for all test compounds at 2.5 µL per well.  

Samples were read on a FLUOstar Omega plate reader at 450nm.  

The data collected from each experiment were processed through Statistix v8.1.  

One-way ANOVA was used to compared three or more different groups, or the Student’s 

t-test was used to compare only two groups.  A p-value of less than 0.05 (*) was 

considered statistically significant and a p-value less than 0.01 was designated with a (#).  

Graphpad 6.1 was used to illustrate the densitometric quantification of the Western blots 

and were plotted as the mean ± S.D. 
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CHAPTER 4 

RESULTS 

4.1.  Chaetoglobosin K decreases phosphorylation of Akt kinase at site S473 in H1299 

cells, which is comparable to the known mTOR inhibitor, Torin1 

ChK has been previously reported to affect Akt at the phosphorylation sites T308 

and S473 in WB-ras and H1299 cells.18,19  However, the T450 site has not been 

investigated.  Torin1 has been extensively characterized for its effects on Akt and has 

been shown to decrease phosphorylation at S473.30,101,102  While most evidence suggests 

that Akt T308 is not affected by Torin1, in HeLa cells it was shown to affect T308 in 

short-term usage with recovery within 48 hours.102  A much higher concentration will 

begin to have an effect at T308 with other cells types.30  Torin1 affects the S473 site 

much more specifically than other PIKK family proteins due to its affinity at mTOR.12,30  

ChK and Torin1 were compared to each other in H1299 human lung adenocarcinoma 

cells.  The cells were treated with ChK (10 µM) or Torin1 (100 nM) for 90 minutes at 37 

°C to see their effect at all three major phosphorylation sites of Akt (Figure 3B).  A  

graphical representation of the densitometry quantification of the Western blots is shown 

(Figure 3A).  Torin1 was statistically significant at Akt T308 and S473 compared to 

control.  ChK was also statistically significant at Akt S473.  The dephosphorylation at 

Akt T308 was evident, although not significant with ChK.  Following Torin1 treatment, 

Akt T450 was not affected as much as the other two phosphorylation sites, but was 

statistically significant.  
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Figure 3. Effects of ChK and Torin1 on Akt phosphorylation in H1299 cells.  
Densitometric quantification of replicate bands for each blot is represented in A and 
illustrate the mean ± S.D. (* = p < 0.05, # = p < 0.01, compared to control). B Cells were 
grown to 80-90% confluence in 25 cm2 flasks, treated with vehicle (DMSO), Torin1 
(100nM), or ChK (10 µM) for 90 minutes, then extracted for Western Blot analysis.  Akt 
T308 (top panel), total Akt (second-from-top panel), Akt T450 (middle panel), Akt S473 
(second-from-bottom panel), total Akt (bottom panel) were probed as describe in 
Material and Methods.  Treatment groups were DMSO (lanes 1-3), Torin1 (lanes 4-5), 
ChK (lanes 6-7).  Molecular weight (MW) marker is set to the left.  For the top two 
panels, the Akt T308 was stripped, verified no residual antibody remained, reprobed for 
total Akt using chemiluminescence.  T308 was normalized to the chemiluminescent total 
Akt.  Akt T450 and S473 were normalized to the calorimetric total Akt.  The graphs and 
statistical results were virtually identical when Akt S473 was normalized to either total 
Akt, chemiluminescent or colorimetric (data not shown).  Data are a representation of at 
least two independent experiments.  Each individual treatment is at least a n=4. 
 

 

 

4.2 Chaetoglobosin K affects phosphorylation of Akt kinase in IGF-1 stimulated cells 

similarly to Torin1 

To investigate the effects of ChK on Akt kinase further, H1299 cells were 

stimulated with IGF-1 (50 ng/mL) for 30 minutes and ChK was used to pretreat the cells 

to inhibit the increased phosphorylation at Akt S473.  Figures 4A-B show that ChK  

significantly inhibited IGF-1 stimulation of Akt S473 phosphorylation while not affecting 

total Akt.  Densitometry quantification (Figure 4A) showed that ChK+IGF-1 was 

significantly lower compared to IGF-1, indicating that ChK modulates phosphorylation  
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Figure 4. ChK affects all three sites of Akt kinase similar to Torin1 in IGF-1 stimulated 
H1299 cells. (A+B) H1299 cells were grown to 80-90% confluence in 25 cm2 flasks, 
treated with vehicle (DMSO/PBS) or ChK (10 µM) for 90 minutes, or pretreated with 
ChK or DMSO and stimulated with IGF-1 (50 ng/mL) for 30 minutes.  B Cells were 
extracted for Western blot analysis at Akt S473 and total Akt.  Treatment groups are: 
vehicle (lanes 1-2), ChK (lanes 3-4), ChK+IGF-1 (lanes 5-6), and IGF-1 (lanes 7-8).  
Densitometric quantification of the bands for each blot is illustrated in A and represents 
the mean ± S.D. (* = p<0.05 compared to ChK+IGF-1).  (C+D) Cells were grown to 80-
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90% confluence in 25 cm2 flasks, treated with vehicle (DMSO/PBS) or ChK (10 µM) for 
90 minutes, pretreated with DMSO, ChK, or Torin1 (100nM) for 60 minutes and 
stimulated with IGF-1 (50ng/mL) for 30 minutes, then extracted for Western Blot 
analysis at Akt T308 (top panel), Akt T450 (top-middle panel), Akt T450 (lower-middle 
panel), total Akt (bottom panel) as describe in Material and Methods.  Treatment groups 
are: vehicle (lanes 1-2), ChK (lanes 3-4), IGF-1 (lanes 5-6), ChK+IGF-1 (lanes 7-8), 
Torin1+IGF-1 (lanes 9-10).  Densitometric quantification for each duplicate bands and 
blot are characterized in C and represent the mean ± S.D. (* = p<0.05, * = p<0.01 
compared to IGF-1).  Data are a representation of at least two independent experiments.  
Each individual treatment is at least a n=4. 
 

 

 

of Akt S473 and inhibits IGF-1 stimulation at that site.  ChK was then compared to 

Torin1 in IGF-1 stimulated H1299 cells (Figures 4C-D).  While Torin1 was more potent 

than ChK at the concentration used, both were able to significantly inhibit IGF-1 

phosphorylation at Akt S473 (p=0.0106 IGF-1 vs ChK+IGF-1 and p=0.0019 IGF-1 vs 

Torin1+IGF-1).  Further evaluation of Akt kinase at the other two major sites, T308 and 

T450, showed that both Torin1 and ChK significantly inhibited phosphorylation at Akt  

T308 (Figure 4C).  Akt T450 was not significantly affected by IGF-1, ChK, ChK+IGF-1, 

or Torin1+IGF. 

4.3.  Chaetoglobosin K decreases phosphorylation of Akt S473 in Calyculin A stimulated 

H1299 cells comparable to Torin1  

Calyculin A (12.5nM) was used to treat H1299 cells in order to inhibit the 

phosphatases PP1 and PP2a, which increased phosphorylation at Akt T308 and S473 

(Figures 5A-B).  Cells were pretreated with either ChK (10µM) or Torin1 (100nM) for 1 

hour then followed by calyculin A for 30 minutes.  ChK was shown to behave in 

calyculin A treated cells (Figure 5A) similarly to the IGF-1 treated cells (Figure 4C).  
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ChK alone decreased phosphorylation at Akt S473 (p=0.0087, Figure 5A).  Calyculin A 

increased phosphorylation at Akt S473 by approximately 2.6-fold compared to control.  

Pretreatment with ChK in the calyculin A treated cells significantly abrogated 

phosphorylation at the S473 site (p=0.0307).  Torin1 pretreatment significantly inhibited 

calyculin A phosphorylation of Akt S473 (p=0.0141), comparably to ChK.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.  Phosphatase inhibition increases Akt phosphorylation and is abrogated by ChK 
in H1299 cells.  Graphical representation of the densitometry quantification in shown in 
A. (* =  p<0.05, # = p<0.01 compared to CalcA)  Cells were treated with either vehicle 
(DMSO, 90 minutes), ChK (10µM, 90 minutes), or calyculin A (12.5nM, 30 minutes) 
with a 60 minute DMSO, ChK, or Torin1 (100nM) pretreatment, then extracted as 
described in the Material and Methods section.  B Proteins were electrophoresed through 
a 12% SDS/PAGE gel and probed for Akt T450 (top panel), total Akt (second-from-top 
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panel), Akt T308 (middle panel), Akt S473 (second-from-bottom panel), total Akt 
(bottom panel).  Akt T450, chemiluminescent total Akt, and Akt T308 were analyzed on 
the same blot.  Akt T450 is normalized to the chemiluminescent total Akt.  T308 and 
S473 were normalized to the calorimetric total Akt.  Treatment groups were: vehicle 
(lanes 1-2), ChK (lanes 3-4), calyculin A (lanes 5-6), ChK+CalcA (lanes 7-8), 
Torin+CalcA (lane 9-10).  Data are a representation of at least two independent 
experiments.  Each individual treatment is at least a n=4, except for Torin+CalcA n=3. 
 

 

 

4.4.  mTORC2 phosphorylation at S2481 is inhibited by Chaetoglobosin K in IGF-1 

stimulated cells 

To further understand the changes seen on Akt kinase in H1299 human lung 

adenocarcinoma cells, upstream mTORC2 was analyzed at the S2481 site for changes in 

phosphorylation.  The experiments analyzed for Akt kinase at the three sites, T308, T450, 

and S473, were also used for the mTORC2 S2481 analysis.  As shown in Figure 6A, 

IGF-1 increased phosphorylation at mTORC2 S2481 and both ChK and Torin1 

significantly inhibited IGF-1 phosphorylation (p=0.0053 IGF-1 vs. ChK+IGF-1 and 

p=0.0115 IGF-1 vs. Torin1+IGF-1).  Additionally analyzed were ChK+IGF-1 versus 

Torin+IGF-1, which resulted in no significant difference (p=0.0709).  The inhibition of 

phosphorylation at mTORC2 S2481 by ChK mirrors the same response seen at Akt S473.  

This is a direct agonism of the IGF-1/PI3K/mTORC2 pathway by IGF-1 and the 

inhibition of mTOR by a potent and selective inhibitor, Torin1, has been matched by 

ChK. 
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Figure 6.  IGF-1 stimulated H1299 cells are inhibited by ChK at mTORC2 S2481 
autophosphorylation site.  These blots were analyzed from the same experiments that 
were analyzed for Akt S473 in IGF-1 stimulated cells. Densitometric quantification for 
each replicate band and blot are characterized in A and represent the mean ± S.D. (* = 
p<0.05, # = p<0.01 compared to IGF-1)  B Cells were treated with vehicle (DMSO/PBS) 
or ChK (10 µM) for 90 minutes, pretreated with DMSO, ChK, or Torin1 (100nM) for 60 
minutes and stimulated with IGF-1 (50ng/mL) for 30 minutes, then extracted for Western 
Blot analysis.  7.5% SDS/PAGE gels were electrophoresed and blotted for mTORC2 
S2481 or total mTOR.  The same blot was used for both phospho- and total antibody 
without removing of antibody.  Treatment groups are: vehicle (lanes 1-2), ChK (lanes 3-
4), IGF-1 (lanes 5-6), ChK+IGF-1 (lanes 7-8), Torin1+IGF-1 (lanes 9-10).  Data are a 
representation of at least two independent experiments.  Each individual treatment is at 
least a n=4. 
 

 

 

4.5.  mTORC2 is affected by treatment with calyculin A and both Chaetoglobosin K and 

Torin1 inhibit mTORC2 S2481 phosphorylation. 

Investigating further into the mechanism of ChK in H1299 cells, calyculin A 

stimulated cell experiments were analyzed for mTORC2 S2481 phosphorylation.  Figure 
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7A indicates that calyculin A increased phosphorylation at mTORC2 S2481 compared to 

control, and both ChK and Torin1 were able to impede calyculin A phosphorylation at 

that site.  ChK pretreatment in the calyculin A treated lanes was statistically different 

compared to calyculin A lanes (p=0.0405).  Additionally, the Torin+CalcA treated cells 

were also different compared to calyculin A treated cells (p=0.0037).  Furthermore, 

ChK+CalcA and Torin+CalcA were also different (p=0.0082).  Calyculin A inhibits 

phosphatases PP2a and PP1 that have direct activity at Akt T308 and S47341,86.  

Calyculin A increases phosphorylation at mTORC2 S248129 and Akt S47386.  These 

results are the first to suggest that ChK and Torin1 act similarly in H1299 cells to alter 

phosphorylation of the mTORC2 complex (Figure 6A, 7A) and Akt (Figure 4C, 5A) 

following PP1/PP2a inhibition or IGF-1R stimulation. 
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Figure 7.  mTORC2 S2481 autophosphorylation is hindered by ChK and Torin1 in 
calyculin A treated H1299 cells.  Densitometric quantification for each replicate band and 
blot are characterized in A and represent the mean ± S.D. (* = p<0.05, # = p<0.01 
compared to CalcA)  B 80-90% confluent cells were treated with either vehicle (DMSO, 
90 minutes), ChK (10µM, 90 minutes), calyculin A (12.5nM, 30 minutes) with a 60 
minute DMSO, ChK, or Torin1 (100nM) pretreatment, then extracted as described in the 
Material and Methods section.  PVDF membranes were probed for mTORC2 S2481 or 
total mTOR.  The same blot was used for each phospho- and total antibody without the 
use of a stripper.  Treatment groups were: vehicle (lanes 1-2), ChK (lanes 3-4), calyculin 
A (lanes 5-6), ChK+CalcA (lanes 7-8), Torin1+CalcA (lanes 9-10).  Data are a 
representation of at least two independent experiments.  Each individual treatment is at 
least a n=4, except for Torin+CalcA n=3. 
 

 

 

4.6. Chaetoglobosin K is not an active site Akt inhibitor 

To ensure that the cellular effects seen by ChK were not due to inhibition of Akt 

kinase, we monitored ChK for its ability to inhibit isolated Akt kinase in vitro.  Results in 

Figure 8 show that ChK had no effect on Akt activity, compared to the positive control, 

staurosporine. 
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Figure 8.  ChK does not directly affect Akt kinase activity.  Instructions for the assay 
were followed according to manufacturer.  DMSO was used as control.  The Akt kinase 
kit used a microtiter plate coated with a synthetic peptide substrate that was 
phosphorylated by Akt kinase.  An antibody that specifically binds to the phosphorylated 
substrate was used, along with a HRP-linked secondary, to report a colorimetric value.  
Staurosporine is a known inhibitor of Akt kinase.  Values are the mean ± S.D. (n=4)
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CHAPTER 5 

DISCUSSION 

Cancer treatments are improving and changing as more research is finding new 

proteins that are involved in the signaling cascades from the RTKs to alter expression of 

oncogenic factors.  Akt kinase is centrally located between the extracellular receptor 

signaling and gene transcription in addition to protein translation.  Akt has gained a great 

amount of interest to study since it has been markedly activated in several types of 

NSCLC103 and SCLC.104  Akt kinase constitutive activation has detrimental effects on 

survival of humans, regardless of the stage of cancer.104  Tobacco carcinogens may 

trigger Akt activation to promote tumorigenesis.105  Three isoforms of Akt have differing 

cellular effects, such as Akt1 is largely involved with motility and growth,106 Akt2 

knockout induces severe diabetes,107,108 and Akt3 is prominently involved in development 

of neurons.109  There are developments into specific Akt isoform inhibitors with a focus 

on Akt1 since its deletion significantly reduced tumor volume in mutant K-ras mice110 

and in SPC-IGF-1R-Akt1-/- mice.92 

Akt kinase activity is dependent on its two activation sites, T308 and S473.  

Sarbassov et al. found that the activity of Akt kinase increased dramatically with both 

sites phosphorylated compared to only the T308 being able to phosphorylate due to the 

S473 site being mutated to an alanine (S473A).10  Treatment of HeLa cells with calyculin 

A provided a basal level of Akt T308, even while shunting the signaling from RTKs.86  

However, Akt S473 dramatically increased in phosphorylation providing signaling 
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downstream to effectors S6K1 and GSK3ß, which increased in phosphorylation as 

evident in the retarded migration in the Western blots.  The p38 MAPK was also induced 

by the treatment of calyculin A in addition to ERK1/2,86 bestowing the non-specific 

effects of this treatment in the cells, albeit in a tumorigenic fashion.  p38 MAPK, along 

with JNK MAPK pathways, are implicated in controlling apoptosis and autophagy 

balance in response using chemotherapeutic agents.111  The phosphorylation at Akt S473 

provides activity for Akt kinase, which is a target of interest to control as seen by 

treatment with ChK in H1299 human lung adenocarcinoma cells (Figure 3A).   

A way to control the phosphorylation at Akt S473 is to augment the activity of 

complex mTORC2.  Since the discovery of the elusive PDK2 to be renamed mTORC2 in 

2005,10 hundreds of clinical trials have investigated the use of rapamycin and rapalogs, 

which are allosteric inhibitors of mTOR by inhibiting binding of FKBP12 to mTOR.112  

mTOR inhibitors have evolved since the introduction of rapamycin, which is a first-

generation mTOR inhibitor.  The use of rapamycin and the rapalogs, such as everolimus, 

acutely inhibit mTORC1 rather than mTORC2, which causes a feedback loop to 

propagate the signaling from the RTK down through mTORC2, which increases 

phosphorylation at Akt S473, thus promoting cell growth and survival rather than growth 

inhibition.31,32,70  Rapamycin and rapalogs are combined in drug-eluting stents (DES) to 

help patients with occluded arteries and provide relief without re-vascularization.113  A 

study conducted on mouse carotid arteries with photochemical injury to induce 

occlusions found that treatment with rapamycin shortened the time to thrombosis by 40% 

compared controls.114  The rapamycin levels in the mice matched those that would be 

expected at the site of a DES in humans.  It is reported that DES extend the time to 
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occlusion compared to bare metal stents,115 however, the inhibition of the feedback loop 

with rapamycin treatment may induce uncontrollable growth at the site over time.  

Perhaps second-generation mTOR inhibitors or ChK could be investigated in DES rather 

than a rapalog. 

Some second generation mTOR inhibitors are specific to mTOR (AZD8055) and 

others dually inhibited PI3K and mTOR, such as PI-103.94  Direct catalytic site inhibitors, 

such as Torin1 and Torin2, were designed to investigate the inhibition of both mTOR 

complexes.12,30,116  Other dual kinase PI3K/mTOR or direct mTOR inhibitors have been 

developed that have endured Phase I/II clinical trials.117  Torin1 inhibits both mTOR 

complexes and it was reported that mTORC2 complexation and inhibition reduced β-cell 

viability in cell lines and isolated human and rat islets, moreover than rapamycin.118  

Torin1 inhibits mTOR kinase activity between 2 – 10 nM,30 and its potent effects may 

influence insulin sensitivity in cells.  mTOR was found to immunoprecipitate with IGF-

1R, which was inhibited by Torin2 treatment, and this interaction may influence insulin 

resistance over time.119   

A new third generation of mTOR inhibitors called RapaLinks have been designed 

to inhibit mTOR complexation and directly inhibit the ATP-catalytic site.120  The design 

of this new generation was sparked due to development of resistance to everolimus in a 

patient.  The FRB site of mTOR mutated at F2108L in the patient.121  Rapamycin 

treatment for three months with MCF-7 cells induced point mutations at A2034V and 

F2108L.  Moreover, incubating MCF-7 breast cancer cells with AZD8055, a mTOR 

ATP-catalytic site inhibitor, induced a point mutation at M2327I, which is located in the 

kinase domain.121  Rodrik-Outmezguine et al. modified rapamycin to link to a 39-carbon 
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chain and utilized MLN0128 as the kinase inhibitor.121  This new design, named 

Rapalink-1, effectively inhibits the FRB site and mTOR kinase activity, with an emphasis 

on preventing point mutations within the mTOR complexes.  MLN0128 is a structural 

analog of PP242, an investigational mTOR kinase selective inhibitor, that has an indolyl-

like moiety combined with an adenine to mimic ATP.121  Interestingly, ChK has an 

indolyl-like moiety combined with a large, interconnected ring structure.96  The results 

from these third-generation mTOR inhibitors remain to be elucidated. 

ChK is a natural product that has been studied over the last few decades that may 

be a viable option to study in animals to assess its ability to suppress tumor growth, as 

well as adverse effects.  The dose used in the current and previous studies18,19,22 are in the 

low micromolar range, which presents ChK as a drug that may have a large therapeutic 

window.  However, the indolylcytochalasian has several positions along the structure that 

could be altered to enhance efficacy and potency at Akt S473 and mTORC2 S2481.  ChK 

has also been shown to inhibit cytokinesis19,21, which is in agreement with its recent 

report to halt cells in the G2 phase20.  It was able to morphologically alter the cells while 

under treatment for 90 minutes, as expected due to its activity at capping the plus-end of 

actin filament formation.21  Torin1 was not seen to morphologically alter the cell 

structure as ChK treatment did (data not shown).   

Tikoo et al. studied glucose uptake with ChK treatment in cells and found that the 

basal levels were only weakly inhibited.21  Torin1 inhibition of adipocytes reduced 

glucose uptake, similar to ß-adrenergic receptor agonist, isoproterenol.122  Although both 

ChK and Torin1 affect Akt kinase phosphorylation, Torin1 may cause more profound 

insulin insensitivity compared to ChK.  Inducing insulin resistance in patients causes 
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more harm, even if the treatment is reducing tumor growth.  Reducing untoward side 

effects is a goal in medicine development and this property of ChK appears promising.  

No study has concluded that ChK is a direct mTOR catalytic site inhibitor, like Torin1 

has been described.30   

 This study characterizes and illustrates that ChK modulates activity at mTORC2 

S2481 and Akt S473 similar to the mTOR catalytic site inhibitor, Torin1.  Evidence is 

presented that ChK does not act on Akt kinase (Figure 8).  ChK was able to reduce the 

basal phosphorylation of Akt activation sites, T308 and S473 (Figure 3A, 4C, 5A).  

Torin1 was unable to decrease Akt T308 phosphorylation in mLST8-null MEF cells, but 

the feedback loop was inhibited due to both mTOR complexes unable to form without 

mLST8 present, which promoted biased signaling through PDK1.30  Figure 3A illustrates 

that Torin1 affects Akt S473 phosphorylation more so than T308, which is expected due 

to specific mTORC2 inhibition.  ChK prevented an increase in phosphorylation at Akt 

kinase due to IGF-1 stimulation (Figure 4A, 4C) at both sites, T308 and S473.  The 

dephosphorylation of Akt T308 and S473 using ChK pretreatment was not as dramatic as 

Torin1 pretreatment, but nonetheless, it was significant.  The fact that ChK abrogated 

RTK signaling from the IGF-1R emphasizes that it may be a viable option to use with an 

overactive RTK signaling cascade promoting tumorigenesis.   

Calyculin A treatment induced phosphorylation at Akt S473 (Figure 5A) and 

mTORC2 S2481 (Figure 7A) in 30 minutes, complementing IGF-1 stimulation (Figure 

4C, 6A).  The effect of calyculin A treatment was toxic to H1299 cells after at two hours 

post treatment when used at 25 nM (data not shown), although in HeLA cells, calyculin 

A was used for three hours at 200 nM without inducing apoptosis.86  The treatment was 
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reduced to 30 minutes at 12.5 nM for subsequent experiments to match IGF-1 treatment.  

Calyculin A treatment induces multiple pathways, including ERK1/2 and p38, to be 

activated instead of only RTK signaling.86  ChK pretreatment matched the effects of 

Torin1 pretreatment by inhibiting mTORC2 S2481 (Figure 7A) affecting Akt S473 

(Figure 5A).  This is further evidence that ChK is able to inhibit Akt kinase activity and 

that it targets inhibition of mTORC2 S2481 autophosphorylation to affect Akt S473. 

Treatment with calyculin A inhibits both PP1 and PP2a phosphatases and both 

phosphatases have activity at Akt S473.79,86,123  Another natural product that has been 

researched previously is curcumin.  Curcumin was discovered to affect the mTOR 

complexes by disruption of the adapter proteins, RICTOR and RAPTOR, to form a 

complex with mTOR.124  The phosphorylation at mTOR S2481 and S2448 was also 

reduced as curcumin increased in concentration, which affected Akt T308 and S473 

phosphorylation at higher concentrations.125  Curcumin was tested at a steady 

concentration (40 µM) with increasing concentrations of phosphatase inhibitors.  The 

authors found that curcumin was overcome by calyculin A treatment, suggesting 

curcumin targets PP1 or PP2a, or another calyculin A sensitive phosphatase.126  Chk was 

tested with calyculin A (Figure 5A, 7A) at one concentration and should be investigated 

further to rule out activity at a phosphatase. 

Previous studies treated WB-ras1, H2009, H1299, OVCAR-3, and A2780/CP70 

cells with ChK for 24 hours.18–20,22  A time course study at 4, 12, and 24 hours in H2009 

cells revealed that a four-hour treatment reduced phosphorylation at Akt S473 by more 

than 50% compared to 12 or 24 hours.23  This study is the first to demonstrate that the 

kinetics of this potential anti-cancer molecule are rapid enough to see both a 
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morphological change and phosphorylation changes at a target protein complex, 

mTORC2, and its effector protein, Akt kinase.   
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CHAPTER 6 

SUPPLEMENTAL RESULTS 

6.1  JNK pathway in H1299 cells. 

 An experiment was performed to verify whether JNK was activated by various 

treatments in H1299 cells.  Results below show that IGF-1 stimulation (Figure 9A) does 

not upregulate the JNK pathway.  However, in Figure 9B, calyculin A treatment does 

upregulate the pathway.  The basal phosphorylation of JNK in H1299 cells is 

unphosphorylated. 

 

 

 

Figure 9.  JNK pathway is not upregulated by ChK, IGF-1, or Torin1, but is upregulated 
by calyculin A in H1299 cells.  A is a Western blot probed for JNK, which did not 
develop in IGF-1 stimulated cells (not visible).  The visible bands are a probe for 
mTORC2 S2481.  The JNK pathway is not upregulated in H1299 cells, nor stimulated by 
IGF-1. Treatment groups are: vehicle (lanes 1-2), ChK (lanes 3-4), IGF-1 (lanes 5-6), 
ChK+IGF-1 (lanes 7-8), Torin1+IGF-1 (lanes 9-10).  B is a Western blot that was probed 
for JNK (bottom bands) after being probed for mTORC2 S2481 (top bands).  The JNK 
pathway is not basally upregulated in H1299 cells.  Calyculin A treatment activates the 
JNK pathway, which was not inhibited by either ChK or Torin1. Treatment groups are: 
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vehicle (lanes 1-2), ChK (lanes 3-4), calyculin A (lanes 5-6), ChK+CalcA (lanes 7-8), 
Torin1+CalcA (lanes 9-10).
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6.2  p38 pathway in H1299 cells. 

An experiment was performed to verify whether p38 MAPK was activated by 

various treatments in H1299 cells.  Results below show that IGF-1 stimulation (Figure 

10A) does not upregulate the p38 MAPK pathway.  However, in Figure 10B, calyculin A 

treatment does upregulate the pathway.  The basal phosphorylation of p38 MAPK in 

H1299 cells is unphosphorylated. 

 

 

 

Figure 10.  The p38 pathway is not upregulated by ChK, IGF-1, or Torin1, but is 
upregulated by calyculin A in H1299 cells.  A is a Western blot of p-p38 probe (not 
visible) in IGF-1 stimulated cells.  The visible bands are a probe for Akt T308. Treatment 
groups are: vehicle (lanes 1-2), ChK (lanes 3-4), IGF-1 (lanes 5-6), ChK+IGF-1 (lanes 7-
8), Torin1+IGF-1 (lanes 9-10).  (B+C).  B is a representation of a probe for p-p38 in 
calyculin A stimulated cells.  This pathway is not upregulated, as evident in the control 
and ChK lanes; however, the calyculin A lanes exhibit phosphorylation.  Both ChK and 
Torin1 were able to inhibit phosphorylation.  The other probe visible on the blot is for 
Akt T308.  C is a reprobe of B for total p38 and visualized via HRP-link secondary.  The 
blot was not stripped prior to total p38 reprobe.  Notice that Akt T308 was not visualized 
in the HRP-link probe in C. Treatment groups are: vehicle (lanes 1-2), ChK (lanes 3-4), 
calyculin A (lanes 5-6), ChK+CalcA (lanes 7-8), Torin1+CalcA (lane 9).  
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6.3  Consistent protein loading and different detection methods have reproducible results. 

 A comparison was made between a calorimetric probe for total Akt versus a 

chemiluminescent probe for total Akt (Figure 11).  The results in Figure 11B show that 

the two methods yield identical results for quantification of Akt S473 phosphorylation. 

 

 

 

Figure 11.  Akt S473 analysis is identical when using different methods to detect total 
Akt.  A is a probe for Akt S473 in H1299 cells.  B is a graphical representation 
comparing the two normalized results between AP-link and HRP-link secondary.  C is a 
probe for total Akt to normalize the results from A.  D is a stripped reprobe for total Akt 
that was originally probed for Akt T308.  The blot was stripped and verified via HRP-link 
secondary incubation prior to total Akt probe.  C and D were gel electrophoresed two 
weeks apart from each other. Treatment groups were DMSO (lanes 1-3), Torin1 (lanes 4-
5), ChK (lanes 6-7). 
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6.4  Intracellular flow cytometry and counting cells for passaging. 

 An independent method for quantifying Akt S473 phosphorylation was tested on 

H2009 cells using flow cytometry.  The results indicate that this is a valid quantification 

method for Akt S473 (Figure 12A, B, C).  Cells were counted after each passage prior to 

plating.  Figure 12F is a representation of an aliquot for counting cells.  

 

 

 

Figure 12.  Flow cytometry analysis of Akt S473 in H2009 cells.  Cells were processed 
as described in Methods in chapter 3.  A is a graph of the independent treatments using 1 
µL Akt S473/100µL sample and secondary AF647 at 1:333.  Treatment groups are: 
Control (black), ChK (burgundy), IGF-1(red), IGF-1+ChK (blue), IGF-1+Torin1 (light 
blue).  The data are represented in B as the solid black bars.  B is a graphical 
representation of two independent experiments using different ratios of secondary 
AF647.  It is unknown why IGF-1+ChK and IGF-1 have similar MFI in FL4. Treatment 
groups were identical in the independent experiments.  C is a graph of a titration curve 
for the secondary at different concentrations using 1 µL Akt S473/100µL sample.  IGF-1 
was used to stimulate phosphorylation at Akt S473.  (D, E): Representation of quadrants 
D and gate E selected for analysis.  F is a plot for a typical analysis of a passage of cells 
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for counting purposes.  The upper right (UR) quadrant counts were selected as live cells 
based of FSC v SSC.  This was p9 for H1299 cells and 82% of the cells were within the 
UR quadrant.  
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6.5  The mTOR antibody weakly binds to its epitope. 

 The mTORC2 S2481 antibody was investigated to see how it may affect 

chemiluminescence quantification.  The Akt S473 antibody has a strong affinity for its 

epitope and skewed results without stripping.  Figure 13D shows that the mTORC2 

S2481 antibody does not prevent the total mTOR from binding and it does not add to the 

total mTOR signal. 

 

 

 

Figure 13.  mTORC2 S2481 antibody is weakly bound to the membrane and doesn’t 
inhibit total mTOR antibody.  A is a 3D representation of B.  B was probed first for 
mTORC2 S2481 and visualized via AP-link secondary to record data (not displayed).  
The membrane was rewet and blocked, then reprobed with a HRP-link secondary 
overnight to visualize how much phospho-antibody remained (A+B).  C is a probe for 
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total mTOR without stripping B.  D is a graphical representation of the analysis 
mTORC2 2481/total mTOR.  A bubble in lane 5 skewed the IGF-1 results and enlarged 
the standard deviation.  Treatment groups are: vehicle (lanes 1-2), ChK (lanes 3-4), IGF-1 
(lanes 5-6), ChK+IGF-1 (lanes 7-8), Torin1+IGF-1 (lanes 9-10). 
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6.6  Comparing two different time points of ChK treatment. 

 Previous treatments with ChK for 24-hours did not result in a change in 

phosphorylation in H1299 cells.  A different time point at 90 minutes was chosen to test 

along with 24-hours.  Calyculin A was used to increase phosphorylation at Akt S473 and 

pretreatment with ChK at 90 minutes inhibited phosphorylation at that site (Figure 14A). 

 

 

 

Figure 14.  ChK inhibits phosphorylation at Akt S473 in 90 minutes.  A is a graphical 
representation of the Western blots in B.  Cells were treated for different times with ChK 
(10 µM) in B and with calyculin A (12.5 nM).  Akt S473 and total Akt were probed on 
two different blots each.  Treatment groups are: Control (lanes 1-4), ChK 24hours (lanes 
5-6), ChK 24+1.5hours (lanes 7-8), ChK(24hours)+CalcA (lanes 9-10), CalcA (lanes 11-
12). 
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6.7  Testing DMSO batches and verifying ChK at 90 minutes. 

 Different stocks of DMSO were used to investigate if one performed differently 

than the other.  DMSO stocks were from Cell Signaling Technologies (CST) or Sigma 

(σ) and ChK was dissolved in the solvent at 10 µM.  In addition, ChK at 90 minutes was 

tested again to reproduce earlier results (Figure 15).  ChK was used at 24- and 1.5-hours 

and with calyculin A treatment below in Figure 15.   

 

 

 

Figure 15.  DMSO batches are not affecting treatment and ChK inhibits phosphorylation 
at Akt S473 with calyculin A treatment.  A is a graphical representation of the Western 
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blot analysis of B.  Treatment groups are: CST DMSO (lanes 1), CST DMSO+ChK 24-
hours (lane 2), σ DMSO (lane 3), σ DMSO+ChK 24-hours (lane 4), σ DMSO+ChK 1.5-
hours (lane 5), CalcA (lane 6), CalcA+ChK (24+1.5hours, lane 7). 
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6.8  Rapamycin dose-time dependent study. 

 Rapamycin treatment increases phosphorylation at Akt S473 in 4-hours (Figure 

16).  To test which dose and time to study rapamycin in H1299 cells, three different doses 

were chosen along with two different time points.  A control for each time was used to 

investigate if DMSO affects treatment results.   

 

 

 

Figure 16.  Rapamycin increases Akt S473 phosphorylation at 4-hours.  H1299 cells 
were treated with rapamycin (1, 10, 100 nM) for either one or four hours.  A is a 
graphical representation of Western analysis of the blots in B.   
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6.9  ChK prevents rapamycin-induced phosphorylation of Akt S473 

 Rapamycin causes inhibition of a feedback loop, which ultimately increases 

phosphorylation at Akt S473.  ChK treatment was used to test if it would inhibit the 

phosphorylation at Akt S473 with rapamycin at four hours.  Figure 17A illustrates that 

rapamycin increases phosphorylation at Akt S473, and that ChK prevents rapamycin 

from phosphorylating Akt S473. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17.  ChK prevents rapamycin from phosphorylating Akt S473.  Cells were treated 
with rapamycin (1 nM) or ChK (10 µM) for 4-hours.  A is a graphical representation of 
the Western blots in B. 
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