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ABSTRACT 

Non-small-cell lung cancer (NSCLC) accounts for 80–85% of all lung cancers 

and is associated with significant mortality. As epidermal-growth-factor receptor 

(EGFR) is over-expressed in 80-90% of NSCLC, its inhibition via EGFR-Tyrosine 

Kinase inhibitors (EGFR-TKIs) is a main therapeutic strategy. However, patients with 

mutations in KRAS are resistant to EGFR-TKIs. A study in mutant KRAS-driven lung 

cancer in transgenic mice showed that tumor growth was dependent on the activity of 

focal adhesion kinase (FAK). Therefore, we hypothesized that KRAS-mutant NSCLC 

will be sensitive to FAK-TKIs and, given known FAK-EGFR cross-talk, FAK 

inhibition will sensitize KRAS-mutant NSCLC to EGFR-TKIs. We performed cell-

viability assays of WT versus mutant KRAS NSCLC cell lines following treatment with 

FAK-TKI alone or in combination with a clinically relevant EGFR-TKI. We found that 

KRAS-mutant cells were more sensitive to FAK-TKI than KRAS-WT NSCLC. In 

addition, we found that the combination treatment including FAK and EGFR TKIs 

resulted in reduced tumor cell viability as compared to treatment with either drug alone. 

This enhanced anti-tumor response could be due to FAK-TKI’s ability to down-regulate 

EGFR downstream targets. Our preliminary data suggests that in KRAS-mutant cells 

the drug combination appears to more effectively inhibit Akt activity than single drug 

treatment alone. This suggests an enhanced ability to impair cell survival following 

treatment with the drug combination. We also found that treatment with FAK TKI in 

KRAS mutant NSCLC cells resulted in increased activation of EGFR which was due in 

part to modulation of EGFR recycling and production of endogenous EGFR ligands. 

Thus, the combination of FAK- and EGFR-TKIs may be more effective in KRAS 
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mutant NSCLC as treatment with EGFR-TKI overcomes the unexpected ‘side effect’ of 

treatment with FAK-TKI, namely activation of the EGFR pathway by this drug. The 

findings of our study are novel and have uncovered previously unrecognized outcomes 

of FAK inhibition on EGFR activity. Moreover, our data support the notion that the 

combination of FAK- and EGFR-TKIs could be an effective treatment for KRAS 

mutant NSCLC patients.     
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CHAPTER 1: INTRODUCTION 

1.1 Lung cancer and statistics: 

Lung cancer is one of the most common cancers. It is classified into two major 

types, small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC). The 

latter includes squamous-cell (epidermoid) carcinoma, adenocarcinoma, and large-cell 

carcinoma (1). Approximately 80-85% of all lung cancers are categorized as NSCLC 

and its detection often occurs at advanced stages (1). A significant number of lung 

cancer diagnoses are in patients aged 65 and over with a median age at diagnosis of 

approximately 70 years (2, 3). However, a subset of patients with NSCLC get diagnosed 

at a younger age (<40 years) (4). Lung cancer is a leading cause of cancer mortality in 

both men and women (5). In Canada an estimated 26,600 Canadians will be diagnosed 

with lung cancer and 20,900 will die of it (6). Thus, lung cancer is considered as a 

major public threat. 

The risk of lung cancer development is 20-40 times higher in lifelong smokers 

compared to non-smokers. Smoking is known to cause 85% of all lung cancers, 

including NSCLC, and 90% of lung cancer related deaths. Yet, 15% of patients who are 

diagnosed with lung cancer have never smoked and 35% are former smokers (6, 7). 

In Canada, while the incidence rate for lung cancer is higher in men than in 

women, the death rate of men with lung cancer has begun to drop since the 1980s and it 

has continued to decline ever since. On the other hand, the death rate for females 

showed no statistically significant decline between the years of 2006 and 2012 (8). One 

explanation for this difference could be due to the fact that men’s smoking rates 
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declined earlier than women’s smoking rates. Even so, men continue to have a higher 

rate of lung cancer death than women, so the cause of the effect remains unclear. 

Regardless, it is estimated that about 1 in 14 Canadian men and 1 in 17 Canadian 

women will die from lung cancer in their lifetime (8). 

Each year, approximately 45,000 Canadians die from smoking related-deaths; 

which is considered as 1 in 5 deaths in Canada. More specifically, smokers are at 1 in 2 

chance of dying from a smoking-related cause, including a 50% chance of death before 

the age of 70 (6). However, smoking cessation decreases the cumulative death risk from 

lung cancer. Stopping smoking could contribute to prolonging survival in cancer 

patients and lowering the risk of recurrent lung cancer. On the other hand, those patients 

who continue smoking during treatment experience greater difficulties (7). Smoking 

increases lung cancer risk by: causing genetic changes in the cells of the lung, damaging 

the lungs’ ability to dispose of foreign and harmful particles, and depositing cancer-

causing particles in the mucus. All of these events can result in driving normal lung 

epithelium to develop into cancer tumors (6). 

Lung cancer can start in any region of the lungs, invade and destroy nearby 

tissue then metastasize to other body organs. The most frequent lung cancer metastatic 

sites are the nervous system, bone, liver, respiratory system, and adrenal gland (9). A 

study reviewed the records of NSCLC patients with metastasis at the time of diagnosis 

between 1999 and 2012 and showed that out of 1,542 NSCLC patients diagnosed during 

the study period, 729 (47.3%) patients presented with distant metastasis. Among those 

729 metastatic NSCLC patients, 250 (34.3%), 234 (32.1%), 207 (28.4%), 122 (16.7%), 

98 (13.4%) and 69 (9.5%) had bone, contralateral lung, brain, adrenal gland, liver and 
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extrathoracic lymph node metastasis, respectively (10). Metastasis to these organs 

causes tissue damage and loss of function precluding the organ from functioning, 

resulting in the death of cancer patients. Therefore, early detection of lung cancer and 

undergoing appropriate therapy are both important to increase the chance of survival or 

the prolongation of life.  

The treatment of NSCLC depends on the stage of tumor progression. Patients 

with early stages are more likely to be advised to undergo surgery, whereas more 

advanced tumors are more likely to be treated with radiation therapy or chemotherapy 

(11).  Fortunately, our understanding of cancer biology has allowed the development of 

treatments against specific molecular targets known to promote progression of lung 

cancers. Certain NSCLCs harbor a mutated oncogene which may be associated with 

tumor progression and response to therapy. Two of the most common mutated 

oncogenes in lung cancer encode for the epidermal growth factor receptor (EGFR) and 

KRAS. EGFR kinase domain mutations are considered a predictor of increased 

sensitivity to EGFR kinase inhibitors. However, patients with mutant KRAS tumors fail 

to benefit as they don’t respond to EGFR inhibitors (12). 

1.2 Lung cancer and the epidermal growth factor receptor (EGFR) 

EGFR (aka: ErbB-1 or HER1) is a trans-membrane receptor tyrosine kinase that 

belongs to the EGFR superfamily along with another three members: HER2 (ErbB-2), 

HER3 (ErbB-3), and HER4 (ErbB4) (13). EGFR is highly regulated in normal cells as it 

plays a main role in proliferation, differentiation, survival, angiogenesis, and migration 

(14). The receptor is composed of an extracellular domain, a transmembrane domain, a 
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tyrosine kinase domain and a tyrosine-rich intracellular tail (13). Different ligands can 

bind to the ectodomain of EGFR such as: epidermal growth factor (EGF), transforming 

growth factor-α (TGFA), heparin-binding EGF-like growth factor (HBEGF), 

amphiregulin (AREG), betacellulin (BTC), epiregulin (EREG), and epigen (EPGN) 

(14). As shown in Figure 1A, upon the binding of a soluble ligand, such as EGF, to the 

ectodomain of the receptor, the EGFR will dimerize with another EGFR molecule or 

with another member of the EGFR family. Once the two receptors are dimerized, each 

receptor will use an ATP to phosphorylate the receptor at tyrosine residue sites 

including Y1068, Y1148, and Y992, which are located on the C-terminal domain (15). 

These residues, either directly or via adaptor proteins, then activate downstream 

components of signaling pathways such as the Ras/MAPK, PLCγ1/PKC, PI3kinase/Akt, 

and STAT pathways (16). 

Over-expression of EGFR or mutations in intracellular EGFR have been 

observed in 80-90% of all NSCLC and as such it is recognized as an important 

modulator of lung tumorigenesis (17). Studies have shown that EGFR expression in 

NSCLC is associated with poor outcomes and reduced survival (17). Therefore, EGFR 

inhibition via EGFR-Tyrosine Kinase Inhibitors (EGFR-TKIs) has become one of the 

main effective therapeutic strategies. 
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Figure 1. Schematic representation of EGFR activation and the mechanism of 

blockade by EGFR-TKIs. A) The activation of the epidermal growth factor receptor 

(EGFR). EGFR is activated by binding to its ligands; in this case it is epidermal growth 

factor (EGF) molecule. Upon activation, the EGFR receptors either homodimerize with 

another EGFR receptor or heterodimerize with another member of the EGFR family. 

Once the two receptors are dimerized, an intrinsic intracellular protein-tyrosine kinase 

activity gets stimulated. Each receptor will then use an ATP to phosphorylate each other 

at a tyrosine residue site, such as Y1068, which are located within the C-terminal 

domain of EGFR. B) EGFR Tyrosine Kinase inhibitors, including small-molecule 

tyrosine kinase inhibitors, ERL, GEF or AFA. Both of ERL and GEF are first 

generation TKIs that act as reversible competitive inhibitors of ATP. They block EGFR 

activity by competing with ATP for the binding pocket of the kinase domain. This 

hinders receptor autophosphorylation, thus blocking activation of downstream signals. 

Conversely, AFA binds to the ATP pocket and competes with ATP binding in an 

irreversible manner.  
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1.3 First and second generation EGFR-TKIs 

Cancer studies have provided major breakthroughs in the understanding, 

diagnosis and management of lung cancer, especially for the more common NSCLC.  

Several drugs have been created to interfere with the activation of EGFR, including 

small-molecule tyrosine kinase inhibitors, Erlotinib (Tarceva) and Gefitinib (Iressa) (18, 

19). Both Erlotinib (ERL) and Gefitinib (GEF) are first generation TKIs that act as 

reversible competitive inhibitors of ATP. They inhibit EGFR activity by competing 

with ATP for the binding pocket of the kinase domain. This hinders receptor 

autophosphorylation, thus blocking activation of downstream signals (20) (Figure 1B). 

In fact, a double-blinded phase III trial performed by Dr. Shepherd et. al in 2005, 

randomly assigned 731 patients to ERL daily or placebo and showed that ERL can 

prolong survival (Average survival with ERL: 6.7 months, placebo: 4.7 months) (21). 

Also, a phase II study demonstrated that GEF showed clinically meaningful antitumor 

activity and provided symptom relief in NSCLC patients (19). 

Treatment with EGFR-TKIs is especially effective in patients with EGFR 

mutations. They are highly sensitive to the treatment and have shown large progression-

free survival benefit with negligible toxicity when treated with these drugs (12, 22). 

However, EGFR-TKIs are not as efficacious in patients with wild type (WT) EGFR as 

these patients rarely show any benefits from clinical treatment with EGFR inhibitors 

(23). It is important to note that inhibiting a specific kinase that plays a main role in the 

survival of cancer cells via kinase inhibitors can lead to the emergence of resistance 

mechanisms to allow tumor cells continued survival. Clinically, it has been shown that 

patients who respond to ERL or GEF gain resistance to these drugs, in part due to 
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mutations such as T790M mutation in EGFR (24). This mutation prevents the drug from 

binding to the ATP pocket of the receptor by causing an increase in ATP affinity (24). 

This however, could be avoided to some extent via treatment with irreversible drugs 

like Afatinib. Afatinib (AFA) is a second generation EGFR-TKI. It is an irreversible 

EGFR-TKI unlike ERL and GEF, which both are reversible EGFR-TKIs. Studies have 

shown that AFA treatment was associated with significant improvements in 

progression-free survival and overall survival compared to treatment with ERL (25). 

However, some NSCLC patients still show some resistance to AFA; specifically those 

patients with WT EGFR NSCLC (26, 27). The reasons for the innate resistance to 

EGFR-TKIs in WT EGFR NSCLC tumors have not yet been investigated in depth. 

However, it has been suggested that the ability to trigger autophagy may be a key 

determinant of resistance to EGFR-TKIs in WT EGFR NSCLC (28). 

1.4 Lung cancer and KRAS mutations 

In spite of this, recent studies indicate that NSCLC patients with KRAS mutant 

tumors gain less benefit from chemotherapy and are also resistant to EGFR-TKIs (12). 

EGFR is among the many diverse cell receptors that have been shown to play a role in 

regulating KRAS (29); a G-protein that regulates cell growth, differentiation and 

apoptosis (30). Mutations in KRAS in NSCLC cause loss of GTPase function which 

causes the protein to be locked in the active form (29). 

 KRAS mutations are associated with smoking and are present in 20-30% of all 

NSCLCs (31). However, KRAS mutations only occur in EGFR-WT patients (31). 

Those mutations most commonly found in NSCLC are caused by an amino acid 
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replacement in codon 12, 13 or 61. This results in forms of RAS with impaired GTPase 

activity, causing a constitutive activation of RAS signalling pathway (32). KRAS 

mutation frequency varies among different ethnic groups. They are very common in 

Western countries with lower frequency observed among Asians and higher frequency 

among African Americans as compared to Caucasians (33). Furthermore, KRAS 

mutation is predictive of poor prognosis and strong resistance to treatment with EGFR-

TKIs, ERL or GEF (34). Despite knowing KRAS is an important therapeutic target in 

lung cancer, current agents targeting KRAS activity have been ineffective due to 

difficulties in drug design. These difficulties are caused by the high binding affinity 

between KRAS and GDP/GTP as well as the relatively flat surface without deep 

hydrophobic pockets in the KRAS protein. As such, one should investigate downstream 

targets in order to block KRAS activity (35, 36). 

In NSCLC cells, focal adhesion kinase (FAK) plays a critical role in 

downstream activities modulated by mutant KRAS (37). Specifically, a recent study in 

mutant KRAS-driven lung cancer (KRAS-G12D) in transgenic mice showed abnormal 

up-regulation of RhoA activity (37), a GTPase that controls cytoskeleton, cell 

migration, proliferation and survival (38). Data has also shown that the silencing of 

FAK alone, which is activated downstream of RhoA, was able to inhibit tumor cell 

growth and viability in KRAS G12D NSCLC (37). The fact that FAK is one of the 

downstream RhoA targets supported the idea that KRAS G12D promotes the 

progression of lung cancer through a mechanism that involves sustained activation of 

RhoA-FAK signaling (37).  
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1.5 Additional therapeutic targets in NSCLC 

Numerous cellular functions can be regulated by interactions between the cell 

and its extracellular microenvironment, including components of the extracellular 

matrix (ECM). Unregulated synthesis of certain ECM components contributes to 

creating the perfect microenvironment for cancer development and spread (39). This 

means that the resistance or sensitization to the various therapies can depend on the 

specific microenvironmental context of the ECM and their interactions (40). The ECM 

binds integrins to generate intracellular signals by activating cellular kinases such as the 

cytoplasmic FAK protein and this activation is important to regulate cell survival, 

proliferation and migration (41).  

Activated FAK in turn cross-talks with growth factor receptors, including EGFR, which 

can be activated by FAK-Src complexes in a ligand independent manner (42) (43) 

(Figure 2). PAK-1 phosphorylates Src which then enables Src localization to the plasma 

membrane allowing it to interact with both EGFR and FAK (44). Phosphorylated Src 

interacts with EGFR through its N-terminus, which is mediated by T56 

phosphorylation, and FAK binds to the SH2 domain of Src. Thus, Src mediates the 

interaction between EGFR and FAK (44, 45). 

It is important to note that high expression of FAK is associated with more 

aggressive NSCLC and worse prognosis (46). Therefore, in addition to its inherent 

ability to regulate tumor phenotypes, its ability to regulate EGFR activity makes FAK 

an interesting therapeutic target in NSCLC.  
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Figure 2. Schematic representation of EGFR activation through the FAK-Src 

complex in a ligand independent manner. PAK1 phosphorylates Src promoting Src 

localization to the plasma membrane where it interacts and mediates the interaction 

between EGFR and FAK.  
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FAK is also known to promote cell survival through enhancing the activity of Akt (49). 

PI3K/Akt pathway is a signal transduction pathway that regulates multiple cellular 

functions including cell proliferation, survival, differentiation, adhesion, motility and 

invasion and is deregulated in many cancers, including NSCLC (50).  Upon 

Phosphoinositide 3-kinase (PI3K) activation after growth factor activation of EGFR, a 

second messenger phosphatidylinositol (3,4,5)-trisphosphate (PIP3) is generated. PIP3 

localizes both Akt and PDK1 to the membrane, where PDK1 activates Akt by 

phosphorylating it at the T308 and S473 sites (51, 52). The activated Akt then regulates 

the phosphorylation of additional downstream targets leading to changes in gene 

expression and cell behaviour. Multiple NSCLC cell lines show persistent Akt 

activation in serum starved conditions, thus supporting the notion of Akt as a central 

regulator of cell proliferation and survival (53). In vivo, mice with genetically modified 

Akt status have shown that irregular Akt signaling can contribute to malignancy (54). 

Further, persistent Akt activation is associated with a lack of response to EGFR-TKIs in 

NSCLC patients (55, 56). 

The fact that the Akt signaling cascade is frequently deregulated in many types 

of cancer potentially makes targeting the Akt pathway an important key in cancer 

therapy studies. Moreover, the association of Akt activation with poorer prognosis is 

possibly due its association with disease progression and metastasis (57). While it has 

been shown that Akt activation promotes metastasis, under certain conditions, it also 

inhibits metastasis (58). The reason behind these contradictory results is as yet 

undetermined (59). Furthermore, a study showed that Akt1 is an important regulator of 

metastasis and down-regulation of its activity is associated with increased metastatic 
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potential of A549 cells (59). They showed that the inhibition of Akt1 using MK-2206 

enhanced migration and invasion in KRAS- or EGFR-mutant NSCLC cells. 

Specifically, it promoted metastasis of KRAS-mutated A549 cells in vivo (59). The 

uncertainty about inhibiting Akt directly for NSCLC treatment gives another reason for 

the need of finding alternative effective therapy. Moreover, in a phase II study they 

investigated the combination of an Akt inhibitor, MK-2206, and ERL in NSCLC 

patients who had previously progressed on ERL alone. The combination trial met the 

pre-specified cut-off of a 40% clinical benefit rate in the WT EGFR patients but did not 

meet the pre-specified cut-off of a 20% objective response rate for EGFR mutant 

patients (the observed response rate was only 9%) (60). The moderate benefits seen in 

this trial allows us to predict that there are additional targets that still need to be 

investigated for more effective patient responses. 

Data recently published from our lab suggests that in KRAS mutant cells, the 

combination of FAK-TKI and ERL appears to be more effective in inhibiting Akt 

activity, as evidenced by significantly reduced levels of Akt phosphorylation at S473 

site, than does treatment with either drug alone (61). This suggests an enhanced ability 

to impair cell survival following treatment with the drug combination (61). These 

results were not observed in WT KRAS NSCLC where levels of p-Akt (S473) were not 

significantly reduced by the combination treatment compared to treatment with either 

drug alone (61). Taken together these data suggest that KRAS mutant NSCLC may be 

more sensitive to FAK-TKIs, and, given known cross-talk of FAK with the EGFR 

signaling pathway, that FAK inhibition will sensitize KRAS mutant NSCLC cells to 

EGFR-TKIs. 
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1.6 Additional Preliminary Data Supporting Rationale of Drug Combination Study 

Published data from Dr. Addison’s lab shows that NSCLC growth was more 

significantly inhibited by FAK-TKIs PF-573,228 and PF-562,271 (a precursor of 

defactinib) alone or in combination with ERL (61). Experiments were initially 

performed in EGFR-WT cells that are inherently EGFR-TKI resistant (A549, H1734) or 

with H1975 cells (61). H1975 cells have both the L858R mutation, which results in 

increased sensitivity to EGFR-TKIs, in addition to the T790M mutation, which is 

responsible for acquired resistance to EGFR-TKIs in most patients (Table 1) (62, 63). 

Treatment with FAK-TKI alone showed moderate growth inhibition. However, the 

treatment combination with ERL resulted in enhanced inhibition in KRAS mutant A549 

and H1734 cells as compared to either drug treatment alone in both 3D and 2D culture 

(61). Given recent clinical trial results suggesting AFA is a more potent EGFR inhibitor 

than ERL, we decided to continue our studies with this more clinically relevant agent 

(AFA) and further test whether increased sensitivity was due to the presence of KRAS 

mutations, and by what mechanism sensitivity to the combination treatment might be 

conferred.  
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Table 1. Known KRAS and EGFR status of NSCLC cell lines used in this study. 

Mutant KRAS NSCLC Cell Line Wild Type KRAS NSCLC Cell Line 

A549 

WT EGFR 

NCI-H1299  

WT EGFR 

NCI-H460 

WT EGFR 

H1975 * resistant to 1st generation 

EGFR-TKIs 

Mutant EGFR 

A427  

WT EGFR 

H4006 

Mutant EGFR 

 H827 

Mutant EGFR 

 H1666 

WT EGFR 

 H1563 

WT EGFR 

 Calu-3 

WT EGFR 
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1.7 Hypothesis and Objectives:  

1.7.1 Hypothesis 

KRAS mutant NSCLC is dependent on FAK activity, thus dual blockade of FAK and 

EGFR will be a more effective combination therapy in KRAS mutant versus wild type 

NSCLC compared to inhibition of either target alone.  

1.7.1 Objectives 

1) Assess sensitivity of mutant or WT KRAS NSCLC cells to EGFR-TKIs with or 

without FAK-TKIs. 

 

2) Investigate the mechanism by which FAK inhibition may sensitize NSCLC cells to 

EGFR-TKIs. 

a- Determine if FAK inhibition is blocking FAK-EGFR cross talk and 

downstream signaling 

b- Examine whether FAK inhibition alters cell survival or induces cell apoptosis 

c- Test if FAK is causing a defect in EGFR recycling  
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CHAPTER 2: MATERIALS AND METHODS  

2.1 Antibodies, Growth Factors and Inhibitors 

Primary antibodies used were: EGFR, Phospho-EGFR (Y1068) (P-EGFR), 

Phospho-Akt (S473) #9271 (P-Akt) and Akt #9272 all from Cell Signalling Technology 

(Danvers, MA). Monoclonal anti-β-Actin antibody (clone AC-74) was purchased from 

Sigma-Aldrich (St. Louis, MO). Secondary antibodies used were: goat anti-mouse IgG 

horse radish peroxidase (HRP) conjugate and goat anti-rabbit IgG HRP conjugate, both 

from Calbiochem EMD Biosciences (San Diego, CA). 

Afatinib (AFA) was purchased from Cayman Chemical (Burlington, NC, USA). 

Erlotinib (ERL) was purchased from Shanghai Biochempartner Co. Ltd. (Shanghai, 

China). FAK-TKI PF-562,271 (PF-271) was purchased from two different companies 

Shanghai Biochempartner Co. Ltd. (Shanghai, China) and from Cayman Chemical 

(Burlington, NC, USA). Stock solutions for AFA, ERL, and PF-271 were prepared in 

dimethyl sulfoxide (DMSO) at 10µM and stored at -20oC. 

2.2 Cell Culture 

Lung adenocarcinoma cell lines, A549, H522, H460, H1563, Calu3, A427 and 

H1299, were purchased from ATCC (Manassas, VA). The lung adenocarcinoma cell 

lines H1975 (EGFR L858R and T790M mutations), HCC827 (EGFR ΔE746-E750) and 

HCC4006 (EGFR ΔL747-E749) cell lines were a generous gift of Dr. Ming Tsao 

(Princess Margaret Hospital, Toronto, ON). A549 cells were maintained in DMEM 

(Mediatech, Manassas, VA) supplemented with 10% Fetal Bovine Serum (FBS) 

(Medicorp, Montreal, QC), or with Bovine Growth Serum (BGS) (HyClone 

Laboratories, Waltham, MA). H1299, H1975, HCC827, H460, H1563 and HCC4006 
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cells were all maintained in RPMI-1640 (Mediatech, Manassas, VA) with 10% FBS or 

BGS. The cell lines Calu3 and A427, were grown in EMEM medium (ATCC, 

Manassas, VA) with 10% FBS or BGS. 

Cells were routinely passaged at 80-90% confluence through cell dissociation 

with 0.05% Trypsin-EDTA from (Mediatech, Manassas VA), after washing with 

Dulbecco’s Phosphate Buffered Saline (DPBA 1X) (Mediatech, Manassas, VA) to 

detach cells before re-plating in fresh medium. Cells were maintained at 37 °C in 5% 

CO2 humidified atmosphere. 

2.3 MTT Cell Viability Assay 

The assay was initiated by seeding NSCLC cells onto 96-well plates at a density 

of 5000 cells per well and incubating overnight. Cells were then treated with several 

concentrations of AFA, PF-271 or with a combination of both drugs for 48 hours in 

growth media with 10% FBS or BGS. Cell viability was measured with MTT reagent 

(3-(4,5-dimethyl-thiazol-2-yl) 2,5-diphenyltetrazolium bromide) (Sigma, Oakville, ON). 

At 24 hours intervals, 42 µL of MTT reagent was added to wells for 3–4 hours, and 

subsequently 0.01 N HCl in 10% Sodium Dodecyl Sulfate (SDS) lysis solution was 

added. The plate was then incubated overnight, and absorbance was read at 570 nm in a 

Multiskan Ascent plate reader (Thermo Scientific, Rockford, IL). For each drug 

treatment, every biological replicate was performed in eight technical replicate wells 

with the mean values calculated as the percent viability relative to the DMSO treated 

control. 
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2.4 Protein Extraction and Western blotting 

For protein extraction, cells were seeded in 60 mm dishes and were left to attach 

overnight. The next day, cells were serum starved overnight then drug treated for 

various times based on the requirement of the performed experiment. At the time of 

collection, the cells were washed once with phosphate-buffered saline (PBS), then were 

lysed by adding 100 µL of Frack’s lysis buffer (10 mM Tris-HCl pH7.4, 150 mM 

Sodium chloride (NaCl), ethylenediaminetetraacetic acid (EDTA), 1% Triton X-100) 

supplemented with 500 µM sodium orthovanadate (NaVO4), 2 mM Sodium fluoride 

(NaF), 2 mM sodium pyrophosphate (Na4P2O7) and SigmaFAST™ Protease Inhibitor 

Cocktail (Sigma-Aldrich, St. Louis, MO).  

The lysate from each sample was collected in 1.5 mL microcentrifuge tubes 

after scraping each dish with a rubber cell scraper and then centrifuged at 18000 xg for 

25 minutes.  Cleared lysates were then stored at -80 °C. Protein concentration was 

measured using Bio-Rad Protein Assay Dye Reagent Concentrate from (Bio-Rad, 

Hercules, CA) and the absorbance was recorded at 595 nm using a Thermo Scientific 

Evolution™ 60S UV-visible spectrophotometer (Thermo Fisher Scientific, Burlington, 

ON). The concentrations were determined by comparing to a standard curve generated 

by known quantities of protein. Equal amounts of total protein per sample were diluted 

with 5X sample buffer (15 g tris base, 72 g glycine, 5 g SDS, and 1 L ddH2O) prior to 

being subjected to polyacrylamide gel electrophoresis (PAGE).  

Extracted protein was then used to perform western blot analysis. Samples were 

denatured at 100°C for 5 minutes and centrifuged briefly, and then were separated on a 
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10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE gel) at 

120V in 1x running buffer (30.0 g tris base, 144.0 g glycine, 10.0 g SDS, 1000 mL 

H2O) for approximately 90 minutes. Following that, the protein was transferred onto a 

methanol activated 0.45 µM Polyvinylidene fluoride (PVDF) transfer membrane 

Immobilon-P (MilliporeSigma, St. Louis, MS) in tris-glycine transfer buffer 1x Transfer 

Buffer (6.04 g tris base, 28.2 g glycine, and 1.6 L ddH2O) with 20% methanol at 100V 

for approximately 90 minutes on ice.  

Membranes were then blocked for 1 hour at room temperature in 5% powdered 

skim milk in TBS-T (tris-buffered saline, 0.1% Tween 20). All primary antibodies were 

incubated overnight at 4°C at a concentration of 1:1000 - with the exception of the β-

actin antibody which was used at the concentration of 1:2000 - in 5% powdered skim 

milk in TBS-T or 5% bovine serum albumin (BSA) in TBS-T for western blot detection 

using antibodies against phosphorylated proteins.  

Following incubation with primary antibody overnight, membranes were 

washed three times for 5 minutes each with TBS-T then incubated in HRP conjugated 

goat anti-mouse or goat anti-rabbit secondary antibody (1:2000) in 5% powdered skim 

milk in TBS-T for 1 hour at room temperature. Following that, membranes were 

washed five times for 5 minutes each in TBS-T. Clarity Western ECL substrate (Bio-

Rad, Hercules, CA) was then applied before image development using the GeneGnome 

Syngene Bio Imaging Chemiluminescence System and GeneSnap software Syngene 

(Frederick, MD). Before re-probing blots, the membranes were stripped at room 

temperature using stripping buffer (1% SDS, 1.7% NaCl, 1.5% Glycine, pH 2) by 
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washing three times for 5 minutes per wash, followed by five 5 minutes washes with 

TBS-T.  

2.5 3D Colony growth assay 

The reduced growth factor basement membrane extract (BME) (Trevigen, 

Gaithersburg, MD) was thawed overnight at 4°C before use. Lab-Tek II 4-well chamber 

slides (Nalge Nunc International, Naperville, IL) were coated with 100 μL BME which 

was spread evenly with a pipette tip, avoiding bubbles and meniscus formation. The 

chamber slides were kept on ice during coating then the gel coats were allowed to 

solidify for 120 minutes at 37°C in a 5% CO2 containing humidified environment. 

Cells were seeded onto the solidified BME layer at a density of 5,000 cells/well 

in 500 µL medium containing 10% FBS or BGS and 2.5% BME (25 µL BME). The 

cells were allowed to seed overnight and were treated the next day with solvent control 

(DMSO), AFA, PF-271, or both AFA and PF-271 in medium containing 10% FBS or 

BGS. Medium supplemented with the respective drug treatments was changed every 

three days. Colonies were allowed to form over a period of 14 days. Colonies were 

documented by taking six images at 40x magnification using a Nikon Eclipse TE2000-

U microscope and camera (Melville, NY). Cell colony number and area sizes were 

determined with ImageJ software from the images of each well from each experiment 

(https://imagej.net/Welcome); Only colonies >0.000015 µm2 were considered in the 

measurements.  

 

 

https://imagej.net/Welcome
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2.6 Flow cytometry 

For the EGFR surface staining experiment, cells were seeded at 5x105 cells per 

10 cm dish and were left to settle overnight. Next day the cells were serum starved and 

pre-treated with solvent control (DMSO) or with different concentrations of PF-271 

overnight. The following day, internalization of EGFR receptors was initiated by adding 

100 ng/ml of Recombinant Human EGF Invitrogen (Burlington, ON) 15 minutes or 2 

hours before the collection of cells using 1 X citric saline (1.35 M potassium chloride 

(KCl), 0.15 M sodium citrate (C6H5O7Na3)). 

Cell suspensions were blocked with 1% BSA in PBS for 30 minutes then were 

stained for 30 minutes at 4oC with Alexa Fluor 488 conjugated anti-EGFR antibodies 

(clone 528, designed to specifically recognize extracellular EGFR) or with mouse IgG, 

both from Santa Cruz Biotechnology (Dallas, Texas). Cell suspensions were washed 

once and 5x105 cells were re-suspended in 500 µL of 1% BSA in PBS prior to being 

evaluated using the Beckman Coulter Epics XL flow cytometer (Beckman-Coulter, 

Brea, CA). The median peak value was calculated using FCS CXP Software flow 

cytometry analysis software version 2.0 (Beckman-Coulter, Brea, CA). Optical filter 

was set up such that green fluorescence was measured at 520 nm (FL1). The 

fluorescence of samples stained for extracellular EGFR were acquired using a forward 

scatter (FSC) and side scatter (SSC) gate around the appropriate cell population 

excluding most cell debris or aggregated cells. 

For the detection of apoptosis, we used propidium iodide (PI) staining and 

FACS analysis of cells. For this experiment, cells were seeded at a confluency of 5x105 
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cells per 10 cm dish and were left to settle overnight. Next day the cells were serum 

starved and treated with solvent control (DMSO), various concentrations of AFA, 

various concentrations of PF-271, or both AFA and PF-271, in medium containing 10% 

FBS or BGS for 24 hours before collection. Media containing non-adherent cells was 

collected in 15 mL conical tubes. The remaining adherent cells from the dishes were 

trypsinized and were added to the collected media to pool adherent and non-adherent 

cells. The cells were then centrifuged at 1000 xg for 5 minutes. The media was 

aspirated, and the cells pellets were washed two times with PBS containing 0.02% BSA. 

After the second wash, the wash was carefully removed so as to not disturb cell pellets. 

The cells were then permeabilized by adding 500 µL of ice cold 70% ethanol to each 

cell pellet sample. The samples were kept at -20oC for minimum of 24 hours prior to 

staining with PI.  

On the day of analysis by FACS, 1 mL of PBS with 0.02% BSA was added to 

each sample and cells were centrifuged at 1000 xg twice. The cell pellet was stained by 

adding 1 mL of propidium iodide (PI) solution (48 mg/mL PI, 40 mg/mL RNase A in 

PBS) which was then allowed to incubate in the dark at room temperature for 30 

minutes prior to reading on the flow cytometer. Finally, stained cells were evaluated by 

measuring PI fluorescence at 585 nm (FL2) using the Beckman Coulter Epics XL flow 

cytometer (Beckman-Coulter, Brea, CA). The PI stained samples were acquired using a 

FSC/SSC gate to exclude debris, and a second gate indicating the subG1 (i.e. <2N) cells 

was used to determine apoptotic cell number. The percentage of apoptotic cells was 

calculated using FCS CXP Software flow cytometry analysis software version 2.0 

(Beckman-Coulter, Brea, CA). 
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2.7 RNA extraction, cDNA synthesis and q-RT-PCR Array plates 

Cells were seeded at a confluency of 8x105 cells per 60 mm dish and left to settle 

overnight. Next day cells were serum starved and were treated with DMSO or with 

various concentrations of PF-271 for 24 hours. Following treatment, cells were lysed 

and RNA was harvested using the RNeasy Mini Kit from Qiagen (Redwood City, CA) 

as per manufacturer’s instructions. Total RNA concentration was determined with a 

NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA) with 

260/280 absorbance ratio between 1.9 and 2.1. 

cDNA synthesis was carried out using the Moloney Murine Leukemia Virus 

Reverse Transcriptase (M-MLV RT) reagent. Either 0.5 µg or 1 µg total RNA was 

combined with 1 µL dNTP's and 1µL 10 mM random hexamers (Invitrogen, Burlington, 

ON) and made to a final volume of 12 µL with RNAse free H2O which was then 

incubated in the thermocycler for 5 minutes at 65°C. Following the 5 minutes 

incubation, a mixture of 4 µL 5x First Strand Buffer, 2 µL DTT and 1 µL RNAse Out, 

all from Invitrogen (Burlington, ON), was added and samples were incubated for 2 

minutes at 37°C and then placed at 4°C for at least 1 minute. In the final step 1 µL of 

M-MLV RT (Invitrogen, Burlington, ON) was added to the tube and the tube was 

placed in the thermocycler with the following sequence, 27°C for 10 minutes, 37°C for 

50 minutes and 70°C for 15 minutes followed by an indefinite 4°C incubation until the 

tubes were retrieved. 

The generated cDNA was then diluted 1:10 or 1:5 in sterile ddH2O and 1 µL of 

this mixture was added to each well of a 96-well PCR plate which contained a total of 
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10 µL of final reaction mixture (5 µL SYBR-Green 2x Master Mix, 1 µL 1:10 cDNA,     

1 µL 10 µM primer pair (forward and reverse) and 3 µL ddH2O). The primers used 

recognized MMP9, TGFα, and β-actin (Invitrogen, Burlington, ON) with sequences as 

shown in Table 2. Prepared reaction mixtures for each sample were loaded in triplicate 

onto the 96-well array plate (10 µL in each well). Plates were run in the 7500 Fast Real-

Time PCR System (Applied Biosciences, Carlsbad, CA) according to manufacturer’s 

protocol using the ΔΔCt analysis with melt curve setting. The reaction was completed 

with the following steps: hold at 50°C for 20 seconds, then another hold at 95°C for 10 

minutes, followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute for each 

cycle. Analysis was performed with the Applied Biosciences Software version 2.3 

designed specifically for the 7500 FAST machines. Relative expression was determined 

via ΔΔCt method whereby the amount of RNA in each sample was normalized to β-

actin levels within that sample and was then compared to the levels of the control 

DMSO treated sample. 

Table 2: Forward and Reverse Primer sequences used in this study. 

Primer Forward sequence Reverse sequence  

MMP9 GAACCAATCTCACCGACAGG GCCACCCGAGTGTAACCATA 

TGFα  GCTGCCACTCAGAAACAGTG ATCTGCCACAGTCCACCTG 

βactin CCAACCGCGAGAAGATGA CCAGAGGCGTACAGGGATAG 
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2.8 Statistical Analysis 

Statistical analyses were calculated using the statistic analysis program Prism 5 

(La Jolla, CA, USA). Multiple comparisons were performed by ANOVA and single 

comparisons were performed by unpaired Student’s t tests with a 95% confidence 

interval. Statistically significant differences were determined as P < 0.05 from a 

minimum of two independent experiments. 
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CHAPTER 3: RESULTS 

3.1 The assessment of KRAS mutant or WT NSCLC cell sensitivity to EGFR-TKIs 

with or without FAK-TKIs 

3.1.1 Assessment of Cell Viability in 2D Assays 

A previous study in the Addison lab evaluated whether EGFR WT NSCLC have 

differential sensitivity to treatment with an FAK-TKI alone, ERL alone or with both 

drugs in combination (61). As the original study was simply to evaluate the efficacy of 

this drug treatment in EGFR WT NSCLC cells, the data was obtained from only two 

cell lines, one with KRAS mutant status and one with KRAS WT status. From this 

initial study, it appeared that the KRAS mutant EGFR WT cell line was more sensitive 

to the FAK-TKI and ERL combination treatment than the KRAS WT EGFR WT 

NSCLC cell line. So, this project took the study a step further and expanded the study to 

confirm the possibly increased sensitivity of KRAS mutant EGFR WT NSCLC to this 

drug combination. We achieved this by using additional mutant and WT KRAS cell 

lines and a more clinically relevant EGFR-TKI, AFA. Initially, I performed cell 

viability assays to confirm that the cell lines treated with AFA behave similarly to when 

they are treated with ERL, which was used in the previous Addison study.  Two cell 

lines with known EGFR mutations that make them sensitive to EGFR-TKIs, H4006 and 

H827, were initially tested. Both cell lines showed significant sensitivity to AFA (IC50 

(µM) of H4006:  0.004229, H827:  0.01756) compared to ERL (IC50 (µM) of H4006: 

0.01910, H827: 0.004528) (Figure 3A & B respectively). 
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A)                                                                          B) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  Cell viability assays to confirm the similar effect of AFA compared to 

ERL treatments. Cells were plated in 96-well microtiter plates, and subsequently 

treated with increasing concentrations of A) ERL or B) AFA. Cell viability was 

measured using MTT 48 hours post-drug treatment. NSCLC cells H4006 and H827, 

both of which have the deletion amplification mutation of EGF known to confer EGFR-

TKI sensitivity, show significant inhibition of viability and sensitivity to A) ERL, and 

B) AFA drug. The data was obtained from three independent biological replicates with 

8 technical replicates each.  
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The next step was to perform cell viability assays using KRAS mutant (A549, 

H460, A427) compared to KRAS wild type (H1299, H1563, Calu3) NSCLC cell lines 

following treatment with FAK-TKI or AFA alone (Figures 4 & 5, Table 1). The data 

from viability assays 48 hours post treatment with AFA alone were visualized and the 

IC50 was calculated from log (inhibitor) vs normalized response graph with variable 

slope. The obtained IC50 values (µM) suggest that KRAS mutant cells (A549: 21.96, 

H460: 13.48, A427: 13.07, Overall IC50 average: 16.17) are generally slightly more 

resistant to AFA drug treatment compared to KRAS WT cells (H1299: 11.44, H1563: 

12.43, Calu3: 0.0695, Overall IC50 average: 7.98) (Figure 4). Additionally, the data 

from viability assays 48 hours post treatment with FAK-TKI alone were visualized and 

the IC50 were again calculated from log (inhibitor) vs normalized response graph with 

fixed slope. The obtained IC50 values (µM) show that, as predicted, KRAS mutant cells 

(A549: 2.55, H460: 1.93, A427: 1.66, Overall IC50 average: 2.04) were generally more 

sensitive to FAK-TKI than KRAS wild-type NSCLC (H1299: 3.67, H1563: 5.59, 

Calu3: 5.71, Overall IC50 average: 4.98) (Figure 5). Following confirmation of 

sensitivity to each drug alone, we wanted to determine whether the addition of PF-271 

could further sensitize cells to AFA or, at the very least, result in an additive reduction 

in cell viability beyond that of treatment with either AFA or PF-271 alone. Cells were 

then treated with various concentrations of AFA (1–20 μM) or PF-271 (1–20 μM), 

alone or in combination, and cell viability was assessed by MTT assay (Figure 6). As 

shown in Figure 6, we found that the use of FAK-TKI and AFA in combination resulted 

in a statistically significant enhanced reduction in tumor cell viability in the KRAS 

mutant NSCLC tumor cell lines (A549, H460, A427) compared to the single drug 
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treatment with most effective inhibition in each cell line. In KRAS WT NSCLC tumor 

cell lines (H1299, H1563, Calu3) (Figure 6), although a trend for enhanced inhibition of 

cell viability was generally observed with the drug combination, this did not reach 

statistical significance as compared to the most effective single drug treatment with 

AFA (Figure 6C & D).  

 A generalized statement that could be concluded from this data is that KRAS 

mutant NSCLC cells seem to show enhanced inhibition of tumor viability when treated 

with the drug combination. Conversely, the WT KRAS cells seem to respond similarly 

to both the single drug treatment with AFA and to the treatment with the combination 

with AFA and FAK-TKI. Studies have shown that higher concentrations of FAK-TKI 

PF-271 can be associated with off target effects (64). Therefore, the statistical analysis 

was done based on those samples treated with 5 µM PF-271 or less. In Figure 6B, data 

are shown for both mutant and WT KRAS cell lines treated with each of 5 µM AFA and 

5 µM PF-271 alone or in combination. The fold difference between mutant KRAS cells 

treated with the most effective single drug and those treated with drug combination 

(A549: 28, H460: 23, A427: 49) is higher than the difference observed in similarly 

treated WT KRAS cells (H1299: 9; Calu3: 4; H1563: 8). A similar trend was observed 

when both mutant and WT KRAS cell lines were each treated with 10 µM AFA and 

5µM PF-271 alone or in combination (Figure 6D). The fold difference between mutant 

KRAS cells treated alone or in combination at these doses (A549: 25, H460: 27, A427: 

52) was again higher than the difference observed in similarly treated WT KRAS cells 

(H1299: 7, Calu3: 6, H1563: 4). 
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Figure 4.  Cell viability assays of WT and mutant KRAS NSCLC cells treated with 

increased concentrations of AFA. Cells were plated in 96-well microtitre plates, and 

were treated the next day with concentrations of AFA ranging from 0.001 - 25 µM. Cell 

viability was assessed using MTT assays 48 hours post-drug treatment. KRAS mutant 

cells (Avg IC50: 16.17 µM) show increased resistance to AFA following 48 hours drug 

treatment as compared to KRAS WT cells (Avg IC50: 7.98 µM) treated for the same 

length of time. The data presented is an average of 3 separate biological replicates with 

8 technical replicates each. 
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Figure 5.Cell viability assays of WT and mutant KRAS NSCLC cells treated with 

increased concentrations of PF-271. Cells were plated in 96-well microtitre plates, 

and next day were treated with concentrations of PF-271 ranging from 0.001 - 25 µM. 

Cell viability was assessed using MTT assays 48 hours post-drug treatment. KRAS 

mutant cells (Avg IC50: 2.04 µM) show increased sensitivity to PF-271 following 48 

hours of treatment as compared to KRAS WT cells (Avg IC50: 4.98 µM) treated for the 

same length of time.  The data presented is an average of 3 separate biological 

replicates, each with 8 technical replicates.  
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Figure 6. KRAS mutant NSCLC cells show significantly enhanced reduction in cell 

viabilty post treatment with combination of AFA and PF-271 compared to WT 

KRAS cells. Cells were plated in 96-well microtitre plates, and were treated the next 

day with various concentrations of AFA or PF-271 alone or in combination ranging 

from 0.001 – 20 µM for each drug. Cell viability was assessed using MTT assays 48 

hours post-drug treatment.  A) Cell viability at all concentrations. Graphical 

representation of cell viability for  mutant and WT KRAS NSCLC cells treated with B) 

5 µM AFA and 5 µM PF-271 alone or in combination or with C) 10 µM AFA and 5µM 

PF-271alone or in combination. All data was collected from 3 independent biological 

replicates and 8 wells of technical replicates within each experiment. The statistically 

significant differences were determined by ANOVA.  Asterisks denote statistically 

significant differences compared to single drug treated cells with most effect (* = 

p<0.05,** = p<0.01, *** = p<0.001). (ns) denotes statistically insignificant difference 

compared to single drug treated cells with most effect. 
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3.1.2 Assessment of Cell Colonies in 3D Assays. 

Given that the integrin-FAK signaling axis is differentially activated when cells 

are grown in 3-dimensions (3D) compared to 2-dimensions (2D), we repeated similar 

drug combination experiments to those described in Section 3.1.1 in 3D, a setting that 

better mimics the potential growth of these cells in vivo (65). NSCLC cells were 

embedded in growth factor-reduced BME in complete growth medium and treated with 

AFA, PF-271, or the combination of both drugs. Colony formation by A549, H460, 

H1299 and Calu3 cells was assessed from three independently performed experiments. 

An evident difference in colony size between treatment groups was seen after 14 days in 

all cell lines tested. Images of H460, A549, and Calu3 cells were taken after 14 days. 

Due to the branching style of growth of the cell line, H1299 images shown are taken 8 

days post seeding (Figures 7 & 8). 

 In the KRAS mutant cell lines A549 and H460, the number of colonies 

appeared to not have significantly changed as compared to the single drug treatment 

with the most effect. However, a shift in the distribution of colony size towards smaller 

colonies was observed for both AFA and PF-271 treated cells (Figure 7 A& B). On the 

other hand, in the KRAS WT cell lines H1299 and Calu3, AFA was effective on its own 

at decreasing colony growth of the treated cells (as measured by colony size) in a 

similar manner to those treated with the combination of both drugs with no statically 

significant difference (Figure 8A). Like mutant KRAS, KRAS WT NSCLC cells did not 

show significant differences in colony number for cells treated with the drug 

combination as compared to those cells treated with the single drug with most effect 

(Figure 8B). It is important to recognize the increase of colony number post-single or 
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combination drug treatment when compared to DMSO control in both mutant and WT 

NSCLC. This observation could be explained by the fact that control colonies were 

fusing together as they got larger in size. 

Together, the 3D data matches the results obtained in 2D assays and supports the 

notion that the combination treatment is more effective at blocking 3D growth and 

proliferation of KRAS mutant NSCLC cells compared to KRAS WT NSCLC cells 

which, in turn, suggests that this combination treatment could also be effective in vivo. 
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Figure 7. Combination treatment with AFA and PF-271 is more effective in 

reducing 3-dimensional colony formation in KRAS mutant NSCLC (A549 & 

H460). A) 3D colony formation was assessed from NSCLC cells embedded in growth 

factor reduced BME in 4-well chamber slides in the presence of either vehicle control 

(DMSO), AFA (5 μM), PF-271 (2 μM or 5 μM), or with combinations of AFA and PF-

271 in complete media. Media with fresh drug was replenished every 3 days and colony 

size was assessed after 14 days. Images representative of three independently performed 

experiments are shown. B) Graphical representation of 3D cell colony viability for mean 

colony area. All drug treatments were normalized based on the value obtained from the 

control sample (DMSO). C) Graphical representation of 3D cell colony viability for 

mean colony number for treated NSCLC cell lines. Measurements for B) and C) were 

performed using ImageJ, using a colony threshold size of >0.000015 µm2. The data 

were collected from three independently performed experiments with one biological 

replicate each. The statistically significant differences were determined by ANOVA. 

Asterisks denote statistically significant differences compared to single drug treated 

cells with most effect (* = p < 0.05). (ns) denotes statistically insignificant difference 

compared to single drug treated cells with most effect.  
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Figure 8. Combination treatment with AFA and PF-271 reduces 3-dimensional 

colony formation similar to treatment with either drug alone in KRAS WT 

NSCLC cells. A) 3D colony formation was assessed in KRAS WT H1299 & Calu3 

NSCLC cells embedded in growth factor reduced BME in 4-well chamber slides in the 

presence of either vehicle control (DMSO), AFA (2.5 μM), PF-271 (2 μM or 5 μM), or 

with combinations of both AFA and PF-271 in complete media. Media with fresh drug 

was replenished every 3 days and colony size was assessed after 14 days for Calu3 and 

after 8 days for H1299. Images shown are representative of three independently 

performed experiments. B) Graphical representation of 3D cell colony viability for 

mean colony area. All drug treatments were normalized based on the value obtained 

from the control sample (DMSO). C) Graphical representation of 3D cell colony 

viability for mean colony number for treated NSCLC cell lines.  Measurements were 

performed using ImageJ, using a colony threshold size of >0.000015 µm2. The data 

were collected from three independently performed experiments with one biological 

replicate. The statistically significant differences were determined by ANOVA. 

Asterisks denote statistically significant differences compared to single drug treated 

cells with most effect (* = p < 0.05). (ns) denotes statistically insignificant difference 

compared to single drug treated cells with most effect.  
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3.2 The mechanism by which FAK inhibition may sensitize NSCLC cells to EGFR-

TKIs 

To better understand how FAK and EGFR-TKIs in combination may be more 

effective at inhibiting NSCLC tumor growth that either drug in isolation, we speculated 

that FAK inhibition might sensitize cells to EGFR-TKIs via putative inhibition of 

receptor cross-talk ability. This could further inhibit cell proliferation, induce apoptosis 

or possibly even alter EGFR signaling through effects on receptor recycling. We 

therefore performed experiments designed to evaluate the possibility of FAK blockade 

working through each of these possible mechanisms. 

3.2.1 Effect of FAK inhibition on FAK- EGFR cross talk 

To understand underlying mechanisms of sensitivity, the activity of important 

downstream signaling proteins such as Akt were examined. Akt is a downstream target 

of activated EGFR and persistent Akt activity was reported to be associated with a lack 

of response to EGFR-TKIs (66). In NSCLC cells it is possible that Akt is getting 

phosphorylated through two different pathways. The first pathway of Akt activation 

downstream of EGFR binding to receptor ligands occurs following autophosphorylation 

of EGFR Y1068 site which then results in EGFR-mediated Y1101 phosphorylation. 

This creates a binding site for Phosphoinositide 3-kinase (PI3K) which becomes 

activated as a result and which in turn activates Akt (Figure 9A).  
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Figure 9: Schematic representation of Akt activation. A) Akt is activated 

downstream of PI3K activation post growth factor activation of EGFR. B) Akt is 

activated downstream of EGFR in an EGFR ligand independent manner via the FAK-

Src complex which phosphorylates EGFR at Y1101 and recruits and activates PI3K, 

which in turn activates Akt.  
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The second pathway by which Akt may be activated is following 

phosphorylation of EGFR on Y1101 by the activated FAK-Src complex. This site again 

serves to recruit and activate PI3K which then activates Akt (Figure 9B). This means 

that blocking EGFR signaling using EGFR-TKIs alone may not be sufficient to block 

the activation of Akt signaling completely, as it still could be getting activated though 

the FAK–Src complex. Therefore, we speculated that using the combination of two 

inhibitors may be important in KRAS mutant cells to completely block Akt 

phosphorylation and thereby inhibit NSCLC tumor cell survival.  

Our previous preliminary data suggested that in KRAS mutant A549 cells, the 

combination of FAK-TKI and ERL appeared to be more effective in inhibiting Akt 

activity. This was evidenced by the ability of the combination treatment to more 

significantly reduce levels of Akt phosphorylation at S473, than did treatment with 

either drug alone. This suggests an enhanced ability to impair cell survival following 

treatment with the drug combination as we predicted (61). These results were not 

observed in WT KRAS H1299 NSCLC cells where the levels of p-Akt S473 were not 

significantly more reduced in the combination treatment as compared to treatment with 

either drug alone (61). As such, we investigated whether the effect of AFA alone or in 

combination with FAK-TKIs had similar effects on active Akt in the context of our 

expanded analysis of KRAS mutant vs WT NSCLC cell lines (Figure 10 A & B). In all 

cases, protein levels are normalized to levels of total specific protein, and β-actin.  
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Figure 10. Akt phosphorylation at (S473) is significantly more reduced following 

treatment with both AFA and PF-271 in combination in KRAS mutant but not in 

KRAS WT NSCLC cell lines as compared to treatment with each drug alone. 

Western blot and densitometry analysis of A) KRAS mutant NSCLC B) KRAS WT 

NSCLC. All cell lines were serum starved and were treated with either vehicle control 

(DMSO), AFA (10 μM), PF-271 (1 μM or 5 μM), or with a combination of both AFA 

and PF-271 for 30 minutes prior to stimulation of cells with 100 ng/mL EGF. After 30 

minutes of EGF stimulation, total cellular protein was isolated. Phosphorylated and total 

Akt were detected by western blotting. β-actin was used as loading control. Blots 

presented are representative of results obtained from three independent experiments. 

Densitometry analysis of p-Akt normalized to total Akt is expressed as the average from 

three independent experiments. The statistically significant differences of the p-Akt: T-

Akt ratio were determined by ANOVA. Asterisks denote statistically significant 

differences compared to single drug treated cells with most effect (* = p<0.05, ** = 

p<0.01, *** = p<0.001). (ns) denotes statistically insignificant difference compared to 

single drug treated cells with the most effect.  

 

 



 

53 
 

The combination of FAK-TKI and AFA appears to be more effective in inhibiting Akt 

activity, as evidenced by significantly reduced levels of phospho-Akt S473, as 

compared to treatment with either drug alone in the KRAS mutant NSCLC cell lines. 

This suggests an enhanced ability to impair cell survival following treatment with the 

drug combination (Figure 10A). However, similar results were not observed in WT 

KRAS NSCLC (Figure 10B), where we observed that the combination did not reduce 

phospho-Akt S473 levels further than the levels achieved with AFA alone, as was 

previously observed in the context of treatment with ERL. These results suggest that the 

use of FAK- and EGFR-TKIs in combination has an enhanced ability to inhibit KRAS 

mutant NSCLC cell survival in part due to an increased capacity to block downstream 

signaling proteins such as Akt.  

3.2.2 Effect of FAK inhibition on altering cell survival or inducing cell apoptosis. 

We demonstrated that combination treatment with FAK-TKIs and EGFR-TKIs 

in combination showed a higher reduction in cell viability as compared to treatment 

with each of the drugs alone in KRAS mutant NSCLC cells (Figure 6).  However, as 

these assays assessed cell viability using MTT assays, it is possible that results could be 

due to either inhibition of cell growth, induction of cell death, or a combination of both. 

There is precedence for FAK inhibition enhancing apoptotic responses induced by the 

DNA damaging agent doxorubicin (67) and as such we were interested in assessing 

NSCLC cell apoptosis following treatment with FAK- and EGFR-TKIs. 

In addition to effects on Akt activity, which can also contribute to survival/ 

apoptosis in cells, we assessed the ability of the drug combination to induce increased 
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apoptosis in treated cells as compared to treatment with either drug alone using 

propidium iodide staining and detection of the percentage of cells in subG1 by flow 

cytometry (Figure 11 A & B).  For this, the KRAS mutant cell line A549 and the KRAS 

WT H1299 cell lines were analyzed as representative NSCLC lines 24 hours post-

treatment with either AFA (10 uM) or PF-271 (1 µM or 5 uM) alone. These conditions 

resulted in relatively low apoptotic rates in the treated cells. The drug AFA showed less 

apoptotic effect on KRAS mutant A549 cells (avg 6% apoptotic cells) compared to WT 

KRAS H1299 cells (avg 15.8% apoptotic cells) (Figure 12 A & B). The number of 

apoptotic cells was found to increase dose-dependently following treatment with PF-

271. Mutant and WT KRAS cells treated with 1 µM PF-271 had 5% and 7% of 

apoptotic cells respectively; those treated with 5 µM PF-271 had 40% and 32.4% of 

apoptotic cells, respectively. Even so, the number of total apoptotic cells was increased 

further upon treatment with the combination of AFA and PF-271 in both NSCLC lines 

tested.  

Interestingly, the apoptotic difference between the two cell lines following 

treatment with the combination versus single drugs is more prominent at lower 

concentrations of FAK-TKI (i.e. 1 µM) in mutant KRAS cells. A549 mutant KRAS cell 

treated with 1 µM AFA and 1 µM PF-271 showed statistically significant differences in 

apoptotic cells when compared to A549 cells treated with 1 µM AFA alone (p<0.05) or 

1 µM PF-271 (p<0.01) alone (Figure 12A). However, H1299 WT KRAS cells treated 

with the same concentrations of AFA and PF-271 showed no significant difference 

compared to those cells treated with AFA or PF-271 alone (Figure 12B).   
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Figure 11. Flow cytometric analysis of cell cycle parameters following treatment of 

NSCLC cells with EGFR and/or FAK-TKIs. Representative histograms of drug 

treated NSCLC cells harvested 24 hours post-drug treatment.  A) KRAS mutant A549 

or B) KRAS WT H1299. Cells were incubated for 24 hours in the presence of DMSO as 

a control, AFA, PF-271 (1 µM or 5 µM), or with the combination of both drugs. Cells 

were harvested, fixed, and stained with propidium iodide for analysis by flow 

cytometry. Apoptotic cells were gated as sub-G1 cells to the left of the G1 peak in each 

of the histograms. Average percentages of apoptotic cells were calculated from three 

independent biological replicates are shown. 
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Figure 12. Average percentage of apoptotic NSCLC cells of post treatment with 

AFA or PF-271 alone or in combination. The graphs represent the average percentage 

of apoptotic cells as determined by subG1 analysis of PI stained cells obtained from 

three replicates for A) KRAS mutant A549 and B) KRAS WT H1299. Cells were 

incubated for 24 hours in the presence of DMSO as a control, AFA, PF-271, or with the 

combination of both drugs. Cells were then harvested, fixed, permeabilized then stained 

with PI for analysis by flow cytometry. Apoptotic cells were gated in each of the 

histograms. The statistically significant differences were determined by ANOVA. 

Asterisks denote statistically significant differences (* = p<0.05, ** = p<0.01, *** = 

p<0.001). (ns) denotes statistically insignificant difference compared to single drug 

treated cells with most effect. 
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 Furthermore, in KRAS mutant cells, it is noteworthy that, while the drug 

combination (PF-271 5 µM + AFA 10 µM) effect is significantly more effective than 

the single drug treatment AFA (p<0.001) at increasing apoptosis, the combination was 

not significantly more effective than the single drug treatment with 5 µM PF-271 in 

KRAS WT cells (Figure 12). Also, KRAS WT showed no significant difference in 

increased apoptosis when cells were treated with the combination of 10 µM AFA and   

5 µM PF-271 compared to cells treated with the most effective single drug alone, in this 

case 5µM PF-271.  Additionally, it was observed that in both of mutant and WT 

NSCLC cells the combination of two drugs resulted in a G2/M arrest as seen by 

increase in the number of cells in that peak. 

3.2.3 Effect of FAK inhibition on EGFR recycling 

As part of our study investigating the effects of drug treatment on various 

signaling pathways and on activity of the drug protein targets of interest, we also 

confirmed altered phosphorylation of FAK (via p-Y397) and EGFR (via p-Y1068) 

following drug treatment as a marker of drug efficacy. Preliminary data from the lab in 

A549 KRAS mutant cells showed a lack of response to EGF stimulation, as measured 

by autophosphorylation of EGFR (Y1068) (Figure 13). This suggests a possible lack of 

surface EGFR as has been previously shown in KRAS mutant colon cancer cells (68). 

However, in the presence of FAK-TKI, EGF-induced EGFR phosphorylation was also 

significantly enhanced, and this phosphorylation was effectively diminished by the 

addition of EGFR-TKI in combination. This suggests that in KRAS mutant cells, EGFR 

signaling is suppressed by active FAK, and that by blocking FAK the reactivation of 

EGFR signaling will occur, potentially promoting tumor cell growth and survival.  
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Figure 13. FAK-TKI treatment restores EGF-induced EGFR signaling in KRAS 

mutant but not KRAS WT NSCLC, which is subsequently blocked by EGFR-TKI. 

Mutant and WT KRAS NSCLC were serum starved overnight. The next day cells were 

treated with DMSO as a control, PF-271 (5 µM), EGFR TKI (ERL) (10 µM), or with 

both of PF-271 and ERL followed by 30 minutes EGF stimulation with 100 ng/mL 

EGF, as stated in the figure image. Total cellular protein was isolated, and 

phosphorylated and total EGFR were detected by western blotting. β-actin was used as 

loading control. Data presented is representative of results obtained from three 

independent experiments which were done by Dr. Grant Howe.  
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Thus, EGFR blockade is required to see more effective tumor inhibition. Moreover, 

when we serum starved and treated KRAS mutant NSCLC cells with PF-271 overnight 

we unexpectedly observed increased phosphorylation of EGFR at a high dosage of 

FAK-TKI (5 µM) in the absence of exogenous EGFR ligands (Figure 14). This increase 

in p-EGFR was not observed in KRAS WT cells (Figure 14). These findings also 

highlight unexpected signaling cross-regulation that is dependent on KRAS mutations. 

We speculated two possible reasons for the high expression of p-EGFR in the absence 

of ligand in KRAS mutant cells post PF-271 treatment.   

First, we speculated that inhibiting FAK increases the expression of EGFR on 

the cell surface. It has been shown in KRAS mutant colorectal tumors that surface 

EGFR expression is down regulated and is a main factor impairing response to EGFR-

TKIs drugs (68). It is also known that FAK signaling plays a role in vesicle trafficking, 

including endocytosis of integrin complexes (69). These two findings led us to 

hypothesize that FAK activation downstream of mutant KRAS induces EGFR 

endocytosis and blocks recycling, hence the impairing EGFR signaling (Figure 15 A & 

B). 

 

 

 

 

 



 

63 
 

 

 

]] 

 

 

 

 

 

 

 

 

Figure 14. Levels of p-EGFR are increased in KRAS mutant A549  but not KRAS 

WT H1299 following overnight treatment with different conctrations of PF-271. 

KRAS mutant A549 or WT H1299 cells were serum starved and were treated with 

different concentrations of PF-271 (0.5, 1, 5 µM) in the absence of serum overnight. 

The next day, total protein lysates were generated and levels of p-EGFR, total EGFR 

and β-actin were assessed by western blot analysis. Figure shown is a representation of 

three experimental replicates which were done by Zenab Moazin.   
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Figure 15. Schematic representation showing the putative mechanisms of FAK 

inhibition of EGFR signaling or trafficking. In KRAS mutant cells, FAK blockade 

may (A) alter KRAS induced inhibition of EGFR recycling or (B) prevent FAK-EGFR 

crosstalk and downstream signaling. 
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To address these possibilities, we investigated alterations in ligand induced 

EGFR internalization and recycling by measuring EGFR surface expression using 

FACS analysis of non-permeabilized cells. It has been previously shown in a study 

looking at EGFR through pulse-chase experiments that EGFR undergoes endocytosis 

within 15 minutes following stimulation with EGF and close to 100% of the receptor is 

recycled back to the surface within 2 hours (70). We therefore chose to analyze our 

samples by FACS at these two time points post stimulation with EGF. KRAS mutant 

A549 and KRAS WT H1299 cells were pre-treated with FAK-TKI or DMSO as a 

vehicle control. Cells were then stimulated with EGF ligand for 15 minutes or 2 hours 

prior to collection of cells (Figure 16 &17). Cells were then stained with an Alexa488-

conjugated anti-EGFR antibody or with mouse IgG post-harvesting while keeping cells 

ice cold to prevent receptor internalization following antibody binding.  

In Figures 16A and 17A, the control conditions are shown. The fluorescent 

histogram shows a shift to the right when incubated with anti-EGFR antibodies as 

compared to control antibodies. Cells treated with EGF and then stained with the anti-

EGFR antibodies show a histogram shift to the left indicative of EGFR receptor being 

internalized following ligand binding. A shift back towards the right was expected when 

EGFR is back on the surface and subsequently stained with antibodies. In Figure 16B & 

17B, when cells were treated with the FAK-TKI PF-271 in the absence of EGF ligand 

stimulation, EGFR stayed on surface of cells as evidenced by the lack of a histogram 

shift to the left.  
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Sample Average median 

histogram peak 

intensity 

Average percent of 

cells with 

externalized EGFR - 

Bounded to 

antibody 

Average percent of 

cells (including cells 

with internalized 

EGFR) -Unbounded 

to antibody 

Mean SE Mean SE Mean SE 

No DMSO No EGF  

No AB 

0.359 0.003 N/A N/A N/A N/A 

No DMSO No EGF  

+ AB 

21.45 0.855 99.27 0.3360 0.730 0.335 

No DMSO No EGF  

+ IgG 

1.044 0.083 5.770 2.110 94.02 1.931 

No DMSO 15 min EGF 

+ AB 

3.088 0.218 71.04 8.002 28.34 7.943 

No DMSO 15 min EGF 

+ IgG 

1.210 0.182 9.608 4.387 90.12 21.58 

No DMSO 2h EGF  

+ AB 

7.5 0.204 98.16 0.507 1.775 0.495 

No DMSO 2h EGF  

+ IgG 

1.071 0.191 7.753 4.047 92.02 4.155 
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Sample Average median 

histogram peak 

intensity 

Average percent 

of cells with 

externalized 

EGFR - Bounded 

to antibody 

Average percent of 

cells (including cells 

with internalized 

EGFR) -Unbounded 

to antibody 

Mean SE Mean SE Mean SE 

DMSO No EGF + AB 20.45 0.819 90.97 0.479 9.123 0.536 

PF-271 (1µM)  

No EGF + AB 

17.1 0.314 85.11 3.276 15.05 3.155 

PF-271 (2.5µM)  

No EGF + AB 

17.85 0.698 85.00 3.507 15.08 3.365 

PF-271 (5µM)  

No EGF + AB 

21.60 2.517 87.71 6.945 12.24 6.748 
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Sample 

Average median 

histogram peak 

intensity 

Average percent of 

cells with 

externalized EGFR 

- Bounded to 

antibody 

Average percent of 

cells (including cells 

with internalized 

EGFR) -Unbounded 

to antibody 

Mean SE Mean SE Mean SE 

DMSO No EGF + AB 20.45 0.819 90.97 0.479 9.123 0.536 

DMSO 15min + AB 6.465 0.391 4.593 0.194 95.45 0.162 

PF-271 (1µM) 15min  

+ AB 

6.100 0.188 3.543 1.194 96.44 1.295 

PF-271 (2.5µM) 15min 

+ AB 

5.755 0.308 2.050 0.246 97.96 0.285 

PF-271 (5µM) 15min  

+ AB 

8.005 1.476 10.78 3.034 89.42 2.876 

DMSO 2h + AB 2.75 0.127 6.360 0.39 93.48 0.333 

PF-271 (1µM) 2h + AB 2.898 0.315 8.373 2.922 91.33 3.098 

PF-271 (2.5µM) 2h  

+ AB 

2.463 0.267 2.293 0.441 97.69 0.390 

PF-271 (5µM) 2h + AB 4.615 0.925 32.92 10.39 66.72 10.66 
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Figure 16. EGFR surface expression analyses by fluorescence activated cell sorting 

(FACS) in mutant KRAS cell line A549. A549 mutant KRAS NSCLC cells were 

treated with DMSO as a vehicle control or with PF-271 (1, 2.5, 5 µM) overnight in a 

serum starved medium and were then EGF stimulated for 15 minutes or 2 hours before 

harvesting and staining with Alexa488-conjugated anti-EGFR antibody or IgG at a 

dilution of 1:50 while kept cold. A non-treated cell sample was used to gate the 

appropriate population of cells based on FSC/SSC. Gate A represents EGFR bounded to 

antibody on the cell surface and gate F represents EGFR not present on surface 

(unbounded to antibody). Histograms shown are a representation of two biological 

replicates with two experimental replicates each. The average median shift, average 

number of cells with EGFR on surface, and average number of cells with no surface 

EGFR bounded to antibody are all shown in tables under the respective histogram. A) 

Representative histograms for appropriate experimental controls. B) Representative 

histograms for A549 cells treated with FAK-TKI (PF-271) in the absence of EGF 

ligand. C) Representative histograms for A549 cells treated with FAK-TKI (PF-271) 

while being stimulated with EGF at two different time points: 15 minutes and 2 hours. 
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Sample Average median 

histogram peak 

intensity 

Average percent 

of cells with 

externalized 

EGFR - Bounded 

to antibody 

Average percent of 

cells (including cells 

with internalized 

EGFR) -Unbounded 

to antibody 

Mean SE Mean SE Mean SE 

No DMSO No EGF  

No AB 

0.212 0.047 N/A N/A N/A N/A 

No DMSO No EGF  

+ AB 

3.492 0.455 99.55 0.303 0.525 0.373 

No DMSO No EGF  

+ IgG 

0.472 0.109 12.29 4.045 88.41 4.042 

No DMSO 15 min EGF  

+ AB 

0.977 0.107 76.72 6.861 25.01 6.640 

No DMSO 15 min EGF  

+ IgG 

0.603 0.179 26.79 13.52 74.27 13.54 

No DMSO 2h EGF + AB 0.892 0.078 64.40 9.965 37.52 9.540 

No DMSO 2h EGF + 

IgG 

0.462 0.101 10.04 2.441 90.63 2.513 
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Sample Average median 

histogram peak 

intensity 

Average percent 

of cells with 

externalized 

EGFR - Bounded 

to antibody 

Average percent of 

cells (including cells 

with internalized 

EGFR) -Unbounded 

to antibody  

Mean SE Mean SE Mean SE 

DMSO No EGF + AB 3.537 0.138 93.47 0.447 6.573 0.579 

PF-271 (1µM)  

No EGF + AB 

3.375 0.310 90.31 2.852 9.585 2.684 

PF-271 (2.5µM)  

No EGF + AB 

2.496 0.340 67.09 7.981 32.88 7.714 

PF-271 (5µM)  

No EGF + AB 

1.689 0.267 37.26 8.565 62.83 8.253 
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Sample 

Average median 

histogram peak 

intensity 

Average percent of 

cells with 

externalized EGFR 

- Bounded to 

antibody 

Average percent of 

cells (including cells 

with internalized 

EGFR) -Unbounded 

to antibody 

Mean SE Mean SE Mean SE 

DMSO No EGF + AB 3.537 0.138 93.47 0.447 6.573 0.579 

DMSO 15min + AB 0.979 0.994 6.728 0.474 93.48 0.444 

PF-271 (1µM) 15min  

+ AB 

1.011 0.859 6.953 1.260 93.23 1.395 

PF-271 (2.5µM) 15min 

+ AB 

1.164 0.599 13.64 4.948 86.57 5.150 

PF-271 (5µM) 15min  

+ AB 

0.956 0.695 12.5375 5.482 87.71 5.354 

DMSO 2h + AB 0.871 0.355 5.985 0.423 93.48 0.523 

PF-271 (1µM) 2h + AB 0.998 0.463 11.32 2.769 87.81 2.996 

PF-271 (2.5µM) 2h  

+ AB 

1.172 0.649 21.73 11.60 77.16 11.98 

PF-271 (5µM) 2h + AB 0.801 0.337 11.86 2.074 87.84 2.043 
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Figure 17. EGFR surface expression analyses by fluorescence activated cell sorting 

(FACS) in WT KRAS cell line H1299. H1299 WT KRAS NSCLC cells were treated 

with DMSO as a vehicle control or with PF-271 (1, 2.5, 5 µM) overnight in a serum 

starved medium. The cells were then EGF stimulated for 15 minutes or 2 hours before 

harvesting and staining with an Alexa488-conjugated anti-EGFR antibody or IgG at a 

dilution of 1:50 while kept cold. A non-treated cell sample was used to gate the 

appropriate population of cells based on FSC/SSC. Gate A represents EGFR bounded to 

antibody on the cell surface and gate F represents EGFR not present on surface 

(unbounded to antibody). Histograms shown are a representation of two biological 

replicates with two experimental replicates each. The average median shift, average 

number of cells with EGFR on surface, and average number of cells with no surface 

EGFR bounded to antibody are all shown in tables under the respective histogram. A) 

Representative histograms for appropriate experimental controls. B) Representative 

histograms for H1299 cells treated with FAK-TKI (PF-271) in the absence of EGF 

ligand. C) Representative histograms for H1299 cells treated with FAK-TKI (PF-271) 

while being stimulated with EGF at two different time points: 15 minutes and 2 hours. 
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In Figure 16C, as we hypothesized, treatment with increasing concentrations of 

FAK-TKI (1-5 µM) showed no significant effect on EGF-induced internalization of 

EGFR at 15 minutes post-stimulation.  However, a noticeable 2-fold increase in surface 

EGFR at 2 hours post-stimulation with EGF was observed at the highest dose of PF-271 

(5 µM) compared to control treated A549 cells (Figure 16C).  Conversely, as shown in 

Figure 17C, KRAS WT cell line H1299 did not show any effect of PF-271 treatment on 

surface EGFR levels at either the 15 minutes or 2 hours time points at similar 

concentrations of PF-271.  

To determine statistical significance, the median peak differences of samples 

treated with PF-271 (5 µM) was calculated and plotted (Figure 18). As expected, 

significant differences were confirmed between the median shift from the replicates of 

mutant KRAS A549 treated with higher concentration of PF-271 (5µM) post 

stimulation with EGF at 2 hours. There was no significant difference observed with PF-

271 (5µM) stimulated with EGF ligands for 15 minutes (Figure 18A).  No significant 

difference was confirmed between the median shift from the replicates of WT KRAS 

H1299 treated with higher concertation of PF-271 (5µM) post stimulation with EGF at 

15 minutes or 2 hours (Figure 18B). This confirms that inhibiting FAK in KRAS mutant 

cells allows EGFR recycling to the surface which may allow its subsequent activation to 

facilitate tumor cell growth and survival. As such, this could be contributing to the 

increased sensitivity of those cells to EGFR-TKIs. 



 

81 
 

A) 

 

 

 

 

 

 

 

B) 

 

 

 

 

 

 

 

 

 

ns 

ns ns 

** 



 

82 
 

Figure 18. FAK-TKI treatment of KRAS mutant NSCLC increases cell surface 

EGFR post ligand stimulation. A) KRAS mutant A549 and B) KRAS WT H1299 

NSCLC cells were assessed for EGFR surface expression by fluorescence activated cell 

sorting (FACS) using fluorescently-conjugated anti-EGFR extracellular domain 

recognizing antibodies.  Cells were treated with DMSO as a vehicle control or PF-271 

FAK-TKI overnight in a serum starved medium. This was followed by stimulation with 

EGF ligand for 15 minutes or 2 hours. Cells were then harvested with citric saline to 

maintain surface protein expression, and stained with an Alexa488-conjugated anti-

EGFR antibody or IgG at a dilution of 1:50 and kept cold. The average median shift 

was derived from two biological replicates with two experimental replicates each. The 

statistically significant differences were determined by two tailed T-test. Asterisks 

denote statistically significant differences (** = p<0.01). (ns) denotes statistically 

insignificant difference compared to single drug treated cells with most effect.  



 

83 
 

 While our data suggested that FAK-TKI treatment could alter EGFR receptor 

recycling in KRAS mutant cells, we also observed increased EGFR phosphorylation in 

serum free conditions following FAK-TKI treatment, suggesting the possibility that 

inhibiting FAK may increase the autocrine production of EGFR ligands by the cells. 

In a review study, it was mentioned that EGFR signaling is activated following 

the matrix metalloproteinase-mediated (MMP) release of soluble EGFR ligands such as 

TGFα. TGFα binds EGFR and causes EGFR phosphorylation (71). Given previous 

studies (72) suggesting FAK regulates MMP9 expression, we speculated that the 

increased phosphorylation of EGFR following FAK drug treatment could be due to 

increased production or release of autocrine endogenous TGFα.  

As such, using qRT-PCR we evaluated the message level of TGFα in KRAS 

mutant NSCLC (A549, A427, H460) and KRAS WT NSCLC (H1299, H1563, Calu3) 

cells 24 hours post serum starvation and treatment with increasing concentrations of PF-

271 as compared to DMSO control (Figure 19A & B). In KRAS mutant A549, H460 

and A427 NSCLC cells it was evident that FAK inhibition via PF-271 caused a 

significant increase in TGFα mRNA post treatment with 5 µM PF-271. On the other 

hand, as we expected, similar increases in TGFα mRNA levels were not observed in 

KRAS WT H1299 NSCLC cells. We looked at additional KRAS WT cell lines (H1563, 

Calu3) and we saw a trend of dose-dependent increase in TGFα mRNA level that did 

not reach a significant difference in H1563 but was significant in the Calu3 cell line 

post treatment with 5 µM PF-271 similar to what we observed in KRAS mutant cells. 

Moreover, we looked at other targets such as MMP9 which also showed increased 
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levels of expression post-treatment with PF-271 in both of KRAS mutant and WT 

NSCLC (Figure 19C).  

To confirm the findings of elevated levels of mRNA, we also ran ELISA 

analysis of cell supernatant treated with FAK-TKI to assess levels of TGFα protein 

(Figure 20). We confirmed dosage dependent elevated TGFα protein following FAK-

TKI treatment in A549 KRAS mutant cells.  Unfortunately, attempts to detect TGFα 

protein in other cell lines failed as levels were below the threshold of detection of the 

ELISA assay. Despite this, together these findings suggest that the increased p-EGFR 

detected as a result of FAK-TKI treatment could be as a result of increased EGFR 

recycling to the cell surface in combination with increased production of autocrine 

EGFR ligands such as TGFα.  
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Figure 19. Assessment of TGFα and MMP-9 mRNA levels following treatment of 

KRAS mutant vs WT NSCLC cells with FAK-TKIs. Mutant and WT KRAS NSCLC 

were treated for 24 hours with DMSO as a vehicle control or with different 

concentrations of FAK-TKI in a serum staved medium. RNA was collected using 

RNeasy Mini Kit and cDNA synthesis was carried out using M-MLV RT reagent. The 

qRT-PCR was run in a 7500 FAST thermocycler and the reaction used was in the 

following steps: hold at 50°C for 20 seconds, then another hold at 95°C for 10 minutes, 

followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute for each cycle. 

TGFα mRNA levels assessed A) KRAS mutant A549, H460, A427 NSCLC cells and 

B) WT KRAS H1299, H1563 and Calu3 NSCLC cells. C) KRAS mutant (A549) and 

KRAS WT (H1299) MMP9 mRNA levels. Analysis was performed with the Applied 

Biosciences Software version 2.3 designed specifically for the 7500 FAST machines. 

Relative expression was determined via ΔΔCt method whereby the amount of RNA in 

each sample was normalized to β-actin levels within that sample and was then 

compared to the levels of the control DMSO treated sample. All data is collected from 

three independent biological experiments. All statistically significant differences were 

determined by ANOVA. Asterisks denote statistically significant differences (* = 

p<0.05, ** = p<0.01, *** = p<0.001). (ns) denotes statistically insignificant difference 

compared to DMSO control. 
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Figure 20. TGFα protein levels are elevated in A549 cells following treatment with 

FAK-TKIs. TGF-α levels (pg/mL) measured from A549 cell supernatant using 

Quantikine Elisa kit. Supernatant was collected from the KRAS mutant cell line A549 

following serum starvation and treatment with DMSO as control, 1 µM, 2.5 µM, or 5 

µM PF-271 for 24 hours. The presented data is an average of three biological replicates. 
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CHAPTER 4: DISCUSSION 

Blocking the activity of EGFR has been a primary therapeutic target for 

NSCLC. Even though EGFR-TKIs have transformed treatment of NSCLC, most 

responses have not proved to be durable in many patients. Specifically, WT EGFR 

patients with KRAS mutant NSCLC show a reduced rate of survival post treatment with 

EGFR-TKIs as compared to KRAS WT patients (73,74). The acquired resistance to 

EGFR-TKIs puts a large number of patients in urgent need for additional therapeutic 

approaches for patients with WT EGFR. Thus, there is a demanding need for 

identifying other signalling pathways that can be additionally targeted.  

Previous studies have shown that FAK is up-regulated in NSCLCs. Specifically, 

the data indicated a statistically significant correlation between FAK up-regulation and 

higher disease stages as well as aggression levels (75). This suggests that in addition to 

EGFR up-regulation, FAK up-regulation also contributes to lung cancer progression. 

Thus, dual blockade of FAK and EGFR may result in a more efficient cancer treatment. 

In support of this notion, it has been shown that dual inhibition of FAK and EGFR 

pathways cooperatively induces death receptor-mediated apoptosis in human breast 

cancer cells (76). More significantly, other studies have been investigating the enhanced 

tumor inhibition efficiency with the combination of FAK-TKIs and other existing 

therapeutic compounds such as the BCL-2/BCL-XL antagonist ABT-737, the multi-

targeted receptor tyrosine kinase inhibitor Sunitinib and, most importantly, the EGFR-

TKI Erlotinib (77, 78, 61).  
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A recent study performed by Dr. Addison’s lab has provided evidence to 

demonstrate the effectiveness of combining the EGFR-TKI ERL and FAK-TKIs for use 

in known EGFR wild-type EGFR-TKI resistant cells (61). In NSCLC cells resistant to 

ERL, the addition of FAK-TKIs (PF-573,228 or PF-562,271) to ERL treatment 

inhibited tumor cell growth to a greater extent than either treatment alone, therefore 

indicating the contribution of FAK to EGFR-TKI resistance in NSCLC (61). In the 

study presented here however, a more clinically relevant irreversible EGFR-TKI, AFA, 

was used in combination with the FAK-TKI PF-271. Initial data from cell viability 

assays showed that the two cell lines, H4006 and H827, with a known EGFR mutation 

(a deletion in exon 19) that make them sensitive to EGFR-TKIs, are similarly sensitive 

to AFA as they are to ERL (Figure 3) (79). However, AFA seemed to be more potent 

than ERL in the two EGFR mutant cell lines. This could be an indicator that AFA in 

combination with FAK-TKIs could be a better potential combination therapy than ERL 

when combined with FAK-TKIs due to its potential increased potency as a single agent.  

Furthermore, the IC50 values obtained from cell viability assays in mutant KRAS  

(A549, H460 and A427) compared to wild type KRAS (H1299, H1563 and Calu3) 

NSCLC cells following 48 hours treatment with AFA alone were all compared to each 

other’s and to that of an NSCLC cell line that expressed a double mutated active EGFR 

as a control (H1975). (Figure 4, Table 1) For a patient with such a tumor profile, AFA 

would be the standard of care treatment (80). Our data confirmed, as previously seen, 

that KRAS mutant cells are slightly more resistant to AFA drug compared to KRAS 

WT cells (81). It has also been shown that mutant KRAS A549 is less sensitive than 

WT KRAS Calu3 and H1299 (81). On the other hand, the IC50 values we obtained from 
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cell viability assays 48 hours post-treatment with PF-271 show that KRAS mutant cells 

were more sensitive to FAK-TKI than KRAS wild-type NSCLC (Figure 5). This could 

mean that mutant KRAS cells are more dependent on FAK activity for tumor survival. 

If so, then this observation would be deemed novel as it has not been previously seen in 

the literature. However, a recent study showed that in mutant KRAS A549 there was an 

increased phosphorylation of FAK and FAK was implied to be a main player in A549 

invasion (82). Their findings support our observation that mutant KRAS is dependent 

on FAK, which explains its sensitivity to FAK inhibition.  

Our data also seems to confirm the results obtained from a study conducted on 

KRAS mutant and LKB1 mutant NSCLC; where LKB1 is a negative regulator of FAK 

(83). They were able to show that treatment of early, stage-matched tumors in KRAS 

and LKB1 mutant genetically engineered mouse models with a FAK-TKI monotherapy 

resulted in a striking inhibition of tumor progression, invasion, and tumor-associated 

collagen (83). They also showed that chronic treatment extended survival and hindered 

local lymph node spread.  They also provided evidence to show that upregulated FAK 

and high levels of collagen caused collective invasion in KRAS and LKB1 co-mutated 

human lung adenocarcinoma patients; suggesting that patients with LKB1 mutant 

tumors should be treated with FAK-TKIs (83). The three mutant KRAS cell lines tested 

in our study (A549, H460, A427) also harbor a mutation in LKB1 (84). Altogether, this 

could mean that KRAS mutant cell lines are more dependent on FAK activity than 

KRAS WT. They would therefore be more likely to show effective tumor inhibition 

when exposed to EGFR and FAK-TKI combination treatment as compared to the 

KRAS WT due to this dependency on upregulated FAK. 
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Interestingly, in the recently published study from the Dr. Addison lab, LKB1 

function was restored to WT A549 cells and were tested to see if restoring LKB1 would 

increase the sensitivity to the combination treatment of FAK and EGFR TKI (61). The 

data collected in the study, however, showed no increased sensitivity to the combination 

treatment. Thus, despite the data showed in the above study (83), while LKB1 may 

contribute to general FAK-TKI sensitivity, it is not responsible in KRAS mutant cell 

line for the increased sensitivity to the combination treatment of PF-271 and AFA.  

The EGFR WT mutant KRAS cell lines A549, H460 and A427 cells, as 

predicted, seemed to be sensitive to the EGFR-TKI AFA when they were treated in 

combination with FAK-TKI PF-271 (Figure 6). WT KRAS cell lines H1299, H1563 

and Calu3 seem to be affected by AFA alone, similar to the combination of both AFA 

and FAK-TKI. Moreover, our data suggests that treatment of NSCLC cells with AFA 

and FAK-TKI in combination also enhanced the growth reduction of mutant KRAS 

NSCLC cells in 3-dimensional assays (Figure 7). In WT KRAS, the combination 

treatment was as potent as AFA treatment on its own (Figure 8). Taken together, our 

data supports the notion whereby the addition of a FAK-TKI to existing treatment with 

AFA resulted in enhanced sensitivity in known AFA insensitive cells. Specifically, our 

results suggest that mutant – not WT – KRAS NSCLC, are more likely to show 

significantly enhanced effective tumor inhibition using this combination treatment. 

Moreover, the previous study conducted in Dr. Addison’s lab (61) also shows that dual 

inhibition using ERL and FAK-TKIs seems to be more potent in KRAS mutant A549 vs 

KRAS WT H1299. Thus, the results obtained from this project, with AFA being the 

EGFR-TKI used instead of ERL, replicate the findings of the previous study. This 
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project however, presents the same behaviour observed from additional mutant and WT 

KRAS cell lines. This supports the notion that the observed sensitivity is indeed 

associated with the presence of KRAS mutations.  

 The reasons for this observed combination effect have not been previously 

studied. In addition to confirming that KRAS mutant NSCLC is more sensitive to drug 

combinations including an EGFR-TKI with a FAK-TKI, this project also investigated 

potential mechanisms of action. Our data suggests that the use of FAK-TKIs in 

combination with AFA inhibited mutant KRAS NSCLC tumor cell growth in both 2D 

and 3D. This was observed concomitant with an increased induction of apoptosis in 

combination treated cells (Figure 11). While more modest induction of apoptosis was 

observed in WT KRAS H1299 cells, apoptosis increased significantly in A549 cells 

treated with FAK-TKI and AFA combinations (Figure 12). This implies that the 

observed reductions in cell viability observed in 2D and 3D in KRAS mutant cells are 

due in part to increased cell death. It was noteworthy that both combination treated 

mutant and WT KRAS cell lines showed no significant difference when compared to 

cells treated with 5µM PF-271 alone. This could be explained by the fact that higher 

concentrations of PF-271 are associated with off target effect or that higher PF-271 

concentrations has robust induction of apoptosis on its own, therefore making it difficult 

to get substantially more effect in combination (85). 

 Our data confirmed a previous study, where mutant KRAS cell line A549 does 

not show increased apoptosis post treatment with AFA on its own (86) (Figure 11). 

They also showed that similar results in H460, another mutant KRAS NSCLC. On the 

other hand, in the same study, they showed that AFA induces apoptosis in NSCLC 
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without EGFR mutations through the Elk-1/CIP2A/PP2A/Akt pathway. The apoptotic 

effect of AFA in sensitive cells was associated with down-regulation of CIP2A, 

promotion of PP2A activity and decrease in Akt phosphorylation. This finding also 

supports our observations regarding Akt phosphorylation; as both A549 and H460 cells 

lines do not see reduction in p-Akt with AFA drug treatment alone (Figure 10). 

However, the drug combination of FAK-TKI and AFA increased apoptosis and resulted 

in significant inhibition of p-Akt in A549 cells (Figure 10). This means that the co-

treatment with both of FAK and EGFR-TKIs sensitized resistant A549 cells to AFA-

induced apoptosis and p-Akt down-regulation. Similar effects on Akt phosphorylation 

have been observed following combination treatments of EGFR-TKI-resistant cell lines 

with AFA and forskolin, a cyclic AMP analog which has shown inhibitory effect of Akt 

phosphorylation (86, 87). Moreover, it has been shown before that integrin expression is 

linked to EGFR-TKI resistance in NSCLC cell lines that have reduced phosphorylation 

of ERK and Akt; therefore contributing to increased sensitivity to Gefitinib in cell lines 

depleted of β1-integrin (88). Previous evidence shows that integrin β1-FAK signaling 

directs the proliferation of metastatic lung cancer cells (89). FAK is also known to 

promote cell survival through enhancing the activity of Akt (49), and persistent Akt 

activation is associated with a lack of response to EGFR-TKIs (66) thus making 

regulation of Akt an important likely contributor to the decreased cell viability observed 

upon treatment with AFA and FAK-TKIs. Our data supports this concept, whereby the 

drug combination resulted in the most inhibition of cell viability and increased 

apoptosis concomitant with the highest reductions in Akt activity. This is an indicator 

that reduction of Akt activity may be a key in effective drug combinations for EGFR-
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TKI-resistant cells (Figure 6, 10 & 11). To support the data presented in this project, 

another student in the Addison lab generated cell lines with differential KRAS status 

and tested the efficacy of drug combinations in this scenario. In this case, KRAS mutant 

A549 cells were transfected with a plasmid to allow overexpression of WT KRAS, and 

a plasmid encoding mutant KRAS (G12D, or G12C) was used to transfect H1299 WT 

KRAS cells. In addition to showing similar cell viability phenotypes with the drug 

combination, the phosphorylation of Akt post treatment with each of AFA and PF-271 

alone or in combination was tested using western blots and is presented in 

Supplementary Figure 1. As predicted, the drug combination only significantly reduced 

p-Akt levels in cells in which mutant KRAS is expressed. Hence the ‘reversal’ of the 

cell phenotypes compared to the parental A549 and H1299 cell lines was observed 

(Supplementary Figure 1).  

Activated FAK is also known to cross-talk with EGFR, and activates EGFR by 

FAK-Src complexes in a ligand independent manner (42, 43) (Figure 2).  This 

activation plays a critical role in EGFR-induced cell growth and survival signaling (90). 

Therefore, we proposed that co-treatment with FAK and EGFR-TKIs is more effective 

than a single drug treatment because blocking the FAK-Src activation of EGFR 

somewhat sensitizes EGFR-TKI resistant cells to EGFR-TKI. Interestingly, a study 

showed that Src is activated in EGFR-TKI-resistant NSCLC with acquired T790M 

mutation, and dasatinib, a small molecule-inhibitor of Src-family protein-tyrosine 

kinases, together with EGFR-TKIs overcame drug resistance (91). Our data and 

proposed model would predict that a dasatinib and EGFR-TKIs combination would also 

reverse EGFR-TKI resistance in mutant KRAS NSCLC. This is predicted because 
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mutant KRAS cell lines show more FAK activation and dependence on FAK, so they 

are therefore more likely to be increasingly dependent on FAK-Src cross talk.  

Another study demonstrated that AFA-resistant cells were more susceptible to 

the cytotoxic effects of dasatinib or Src knockdown; suggesting that SRC is a potent 

gene involved in the survival of AFA-resistant cells (92). In the same study, they 

showed that knockdown of Src inhibited the survival of AFA resistant sublines. It also 

showed that dasatinib inhibited cell growth and Akt phosphorylation more strongly in 

AFA resistant sublines than AFA sensitive cells; again suggesting that the survival of 

AFA resistant sublines is dependent on Src signaling (92). They also showed that 

blocking Src using dasatinib did not completely inhibit Akt phosphorylation in AFA 

resistant sublines. This suggests other unknown mechanisms of action, in addition to 

FAK-Src cross talk with EGFR, might be also involved in the cell survival of AFA 

resistant cell lines. Those studies and our study share a similar notion: that blocking Src 

sensitizes AFA resistant cells to AFA. Our study shows that inhibiting FAK would have 

the same effect. Thus, together those studies and our study promote the idea that FAK-

Src complex interacts with EGFR and confers cell survival. Therefore, blocking either 

FAK or Src has a similar effect: sensitizing resistant cells to AFA. 

 Another different proposed mechanism of action that is possibly causing the 

resistance to EGFR-TKI compounds in KRAS mutant tumors is due to decreased EGFR 

activity. This is derived from the fact that, in colorectal tumors, KRAS mutations 

desensitize tumor cells not only to EGFR TKIs but also to the EGF ligand itself (68). 

The authors suggested this is in part due to reduced cell surface expression of EGFR. 

Interestingly, when we treated serum starved KRAS mutant cells with 5 µM FAK-TKI 
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we saw increased phosphorylation of EGFR, which was not observed in KRAS WT 

(Figure 14). To our knowledge, we are the first group to identify the upregulation of 

EGFR phosphorylation by FAK-TKIs. Given that our data suggested that FAK may 

block EGFR signaling in KRAS mutant but not in KRAS WT cells (Figure 13), and the 

work in colon cancer that suggested KRAS mutation blocks EGFR surface expression 

(68), we speculated that perhaps EGFR trafficking is affected by FAK in this context. 

This was also supported by the fact that FAK is known to regulate vesicle trafficking 

and receptor endocytosis (69). We therefore hypothesized that FAK activation, 

downstream of mutant KRAS, induces EGFR endocytosis and blocks recycling; thereby 

impairing EGFR signaling in mutant KRAS cells.  

 This idea was tested post-treatment with FAK-TKI in mutant and WT KRAS 

cell lines using flow cytometry. We were able to show that, after 2 hours in EGF-treated 

KRAS mutant cells (A549), EGFR levels increase on the cell surface following 

treatment with higher doses of FAK-TKI (Figure 16 & 18A).  This behaviour was not 

significantly observed in WT KRAS cell line H1299 (Figure 17 & 18B). Interestingly, 

in Figure 17C the sample treated with 5µM of PF-271 and EGF stimulated for 2h show 

a second small population shifted to the right. This could be due to the fact that a higher 

drug concentration caused cells to burst allowing the EGFR antibody to break in and 

bind to internalized and surface EGFR.     

Importantly, the obtained EGFR surface staining data following FAK inhibition 

is consistent with the notion of FAK as an important mediator of tumorigenesis in 

KRAS mutant NSCLC, suggests it may modulate EGFR endocytosis and disrupt 

receptor recycling in KRAS mutant settings. This data also supports the notion that 
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FAK-TKIs need to be used in combination with EGFR-TKIs in KRAS mutant NSCLC 

in order to overcome the ‘reactivation’ of EGFR signaling that is induced by FAK 

blockade. 

 The restored EGFR on the surface of mutant KRAS cells as a proposed 

explanation for the increased EGFR phosphorylation post-treatment with FAK-TKI in 

serum starved conditions was accompanied by a second proposed cause of action. A 

study conducted on A549 mutant KRAS NSCLC showed that gene expression of TGFA 

was significantly higher in tumor tissues as compared to adjacent normal tissue and 

high TGFA gene expression strongly correlated with poor survival in patients with lung 

adenocarcinoma (93). Additionally, they showed that treating A549 cells with TGF-α 

neutralizing antibody resulted in the suppression of cell proliferation and invasion (93). 

Therefore, we hypothesised that the results from our lab, shown in Figure 14, could be 

also due to the fact that inhibiting FAK allows an autocrine production of EGFR ligands 

in mutant KRAS which would, in turn, phosphorylate EGFR on the surface. Our data 

suggesting that EGFR phosphorylation is increased following treatment with FAK-TKI, 

in the absence of serum or exogenous ligands, supports the notion that the activation of 

EGFR is due to endogenous production or release of EGFR ligands. We focused our 

analysis on TGF-α as opposed to other EGFR ligands due to the previously reported 

effects on cell growth, as discussed above. However, it is also highly possible that other 

EGFR ligands could be modulated following treatment with FAK-TKI, and these 

additional ligands should also be investigated in future studies.   

We tested this hypothesized mechanism of action using real time PCR and we 

were able to confirm in a mutant KRAS cell line (A549) that FAK inhibition caused a 
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dose-dependent increase in TGFα mRNA (Figure 19). Similar increases in TGFα 

mRNA levels were not observed in the control KRAS WT cell line (H1299) (Figure 

19). This is consistent with our preliminary data where inhibiting FAK caused 

phosphorylation of EGFR in the absence of exogenous EGFR ligands in A549 but not 

in H1299 (Figure 14). Additionally, we looked at the mRNA levels of additional cell 

lines to see if they held the trend of KRAS mutant vs WT. This is despite the fact we did 

not test if FAK inhibition would cause increase in EGFR phosphorylation in these cells 

lines. Similarly to A549, other mutant KRAS cell lines (A427 and H460) seem to show 

significant increases in TGFα mRNA levels. The levels at least doubled post-treatment 

with FAK-TKI as compared to the control samples. Additional WT KRAS cell lines 

(H1563 and Calu3) show a similar trend to that observed in the mutant KRAS cell lines, 

particularly at high doses of PF-271 (5 µM). This data does not match the observed data 

we saw in H1299. However, we cannot make any conclusions based on these 

observations alone as not all mRNA get translated into protein. We speculate that these 

factors are possibly regulated by FAK at the transcriptional level. FAK has now been 

shown to traffic to the nucleus where it may influence transcription via mechanisms 

involving regulation of p53 activity (94). It has also been shown that FAK-TKIs such as 

PF-271 can induce FAK accumulation in the nucleus promoting its nuclear role (95). It 

has also been shown that, in primary human cells, FAK knockdown raised p53-p21 

levels and slowed cell proliferation (96). Thus, nuclear FAK can regulate cell 

proliferation and survival by facilitating p53 turnover as nuclear-localized FAK 

contributes to chromatin remodeling and gene expression (97). It was also shown that 

p53 increases transcriptional activity of the TGF-α promoter by approximately 2.5-fold 
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(98). Furthermore, H1563 is a carrier for an INK4 mutation (99); a gene that 

coordinates a signalling network that depends on the activities of the retinoblastoma 

protein (RB) and the p53 transcription factor. Therefore, it is possible that inhibiting 

FAK restores the activity of p53 which increases TGFα production and thus promotes 

survival. Finally, in order to prove that up-regulation of TGF-α following treatment 

with FAK-TKI is responsible for the increased phosphorylation in EGFR we observed, 

we attempted to look at the protein level using an ELISA kit (Figure 20). However, we 

were only able to validate TGF-α increases at the protein level following treatment with 

FAK-TKI in one cell line, A549. This does not mean that the effect of FAK-TKI on 

TGF-α does not happen in other cell lines. It could simply mean that, the protein levels 

of other cell lines TGF-α were undetectable as they were below the threshold of 

sensitivity of the available assays systems. Future work could evaluate this by using a 

neutralizing anti-TGF-α antibody in mutant KRAS cells preceding treatment with FAK-

TKI and then look at the phosphorylation of EGFR in serum starved conditions similar 

to the method used in (Figure 13) to confirm a role for TGF-α in this context. In such an 

experiment, we expect mutant KRAS NSCLC not to show FAK-TKI induced EGFR 

phosphorylation.  

EGFR could also be phosphorylated post-binding to different ligands other than 

TGF-α such as: epidermal growth factor (EGF), heparin-binding EGF-like growth 

factor (HBEGF), amphiregulin (AREG), betacellulin (BTC), epiregulin (EREG), and 

epigen (EPGN). Therefore, using different primers and real time PCR to measure the 

expression levels of these other EGFR ligands post treatment with FAK-TKI will allow 

us to gain more perspective on the hypothesised theory of increased autocrine 
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production of EGFR ligands after treatment with FAK-TKI in mutant KRAS NSCLC as 

well as narrow down the scope of those to be confirmed at the protein level.  

These two proposed mechanisms could be both contributing to the high 

expression of p-EGFR in the absence of ligand in KRAS mutant cells following 

inhibition of FAK with PF-271. More specifically, flow cytometry data in mutant 

KRAS A549 cells showed increased surface levels of EGFR post treatment with FAK-

TKI. However, similarly treated WT KRAS H1299 cells did not show similar results. 

Also, the FAK-TKI dose dependent increase in mRNA expression of TGF-α was 

evident in mutant KRAS but not in WT KRAS. All together, we could conclude that the 

two proposed mechanisms possibly go hand in hand when contributing to the high 

expression of p-EGFR in the absence of ligand in KRAS mutant cells following 

inhibition of FAK with PF-271. As a whole, our results suggest that the co-treatment 

with both a FAK-TKI (PF-271) and a EGFR-TKI (AFA) is a very promising effective 

combination treatment specifically in mutant KRAS mutant NSCLC cells. Our findings 

that suggest that the use of FAK-TKIs as single agents in KRAS mutant NSCLC 

patients may result in re-activation of EGFR signaling, and that the blockade of EGFR 

is required in combination with FAK-TKIs for optimal therapeutic activity, is novel. In 

fact, a phase II study using the FAK-TKI defactinib (VS-6063) in KRAS mutant 

patients was conducted. The study results are still not published to date, and a 

subsequent Phase III has not been initiated. This suggests that defactinib may not have 

shown sufficient efficacy as single agent in this study, the reasons for which could be 

explained with the findings from our study (100). 
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Our study has also identified and tested unique and previously unrecognized 

potential mechanisms of action for this unexpected effect of FAK-TKI treatment’s 

enhanced efficacy when used in combination with EGFR-TKIs. It would be of great 

interest to test tumor tissue from NSCLC patients treated with a FAK-TKI for levels of 

p-EGFR or TGF-α expression. This would confirm if our putative mechanisms are 

relevant in NSCLC patients. Finally, it would be important to test the efficacy of the 

combination treatment using in vivo xenograft models of NSCLC; which would then 

form the foundation for future clinical trials testing this combination in patients if found 

to be effective in preclinical models. 
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Supplementary Figure 1: Akt phosphorylation (S473) is reduced following 

treatment with both AFA and PF-271 in combination in WT KRAS expressing 

KRAS mutant but not in mutant KRAS expressing WT. A) A549 mutant KRAS 

NSCLC expressing WT KRAS B) H1299 WT KRAS NSCLC expressing a mutant 

KRAS. All cell lines were serum starved and were treated with: vehicle control 

(DMSO), AFA (10 μM), PF-271 (1 μM or 5 μM), or a combination of both AFA and 

PF-271 for 30 minutes prior to stimulation of cells with 100 ng/mL EGF. After 30 

minutes of EGF stimulation, total cellular protein was isolated. Phosphorylated and total 

Akt were detected by western blotting. β-actin was used as loading control. Data 

presented is representative of results obtained from three independent experiments. This 

figure was done by Zeinab Moazin. 

 


