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Περίληψη 
Η κινάση εστιακής προσκόλλησης (FAK) αποτελεί βασική συνιστώσα του συμπλόκου 

εστιακής προσκόλλησης, στο οποίο συμμετέχουν και οι ιντεγκρίνες και εμπλέκεται σε 

μία πληθώρα φυσιολογικών κυτταρικών λειτουργιών, όπως η μετανάστευση των 

κυττάρων και ο κυτταρικός θάνατος σε περιπτώσεις απουσίας πρόσδεσης στην 

εξωκυττάρια ουσία. Παρ’ όλο που η υπερέκφραση της FAK αποτελεί χαρακτηριστικό 

πολλών τύπων καρκίνου και συμβάλλει στη διαδικασία της καρκινογένεσης, πολλές 

γενετικές μελέτες σε ποντίκια έχουν δείξει ότι επιθηλιακά κύτταρα τα οποία έχουν 

χάσει την ικανότητα να εκφράζουν τη FAK συνεχίζουν να παρουσιάζουν κακοήθη 

χαρακτηριστικά, μέσω μηχανισμών που δεν έχουν διευκρινιστεί. Σε αυτή την εργασία 

αποδεικνύουμε ότι η αποσιώπηση της έκφρασης ή η απενεργοποίηση της FAK στα 

καρκινικά κύτταρα καταστέλλει σηματοδοτικά μονοπάτια που επάγονται από τον 

προφλεγμονώδη παράγοντα TNFα, οδηγώντας σε μειωμένη έκκριση της 

ιντερλευκίνης 6 (IL6) και σε αδυναμία φωσφορυλίωσης της κινάσης ERK1/2. Η 

καταστολή της έκφρασης της FAK με τη χρήση μικρών παρεμβαλλόμενων RNA 

(siRNAs), σε κυτταρικές σειρές καρκίνου του τραχήλου της μήτρας (HeLa) και 

καρκίνου του πνεύμονα (Α549) οδηγεί σε παραγωγή IL6 που κυμαίνεται στα βασικά 

επίπεδα, καθώς και σε φυσιολογικά επίπεδα φωσφορυλιωμένης STAT3. Αναστολή 

της ενεργότητας της FAK, χρησιμοποιώντας τον φαρμακευτικό αναστολέα PF-573,228 

προκαλεί μικρή μείωση των επιπέδων τόσο της εκκρινόμενης IL6, όσο και της 

φωσφορυλιωμένης STAT3. Είναι γνωστό πως ο TNFα επάγει την έκφραση και την 

έκκριση της IL6, καθώς και τη φωσφορυλίωση της κινάσης ERK1/2 μέσω 

σηματοδοτικών μονοπατιών που εξαρτώνται από τον μεταγραφικό παράγοντα NFκB. 

Χορήγηση TNFα σε κύτταρα στα οποία έχει κατασταλεί η έκφραση της FAK οδηγεί σε 

μειωμένα επίπεδα mRNA και πρωτεΐνης για την IL6, καθώς και σε ελαττωμένη 

φωσφορυλίωση της ERK1/2. Αναστολή της ενεργότητας της FAK έχει επίσης ως 

αποτέλεσμα μειωμένα επίπεδα της φωσφορυλιωμένης ERK1/2, ακόμη και μετά τη 

χορήγηση του TNFα. Ωστόσο, αυτό φαίνεται να μην εξαρτάται από το μεταγραφικό 

παράγοντα NFκΒ, καθώς η αποικοδόμηση του αναστολέα του, IκBα, δεν επηρεάζεται 

από τον αναστολέα της FAK. Τα αποτελέσματά μας υποστηρίζουν τις ήδη γνωστές 

λειτουργίες της FAK και υποδεικνύουν νέες θεραπευτικές προσεγγίσεις μέσω 

στόχευσης συγκεκριμένων μορίων που συμμετέχουν στη μεταγωγή σήματος. 
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Abstract 

Focal adhesion kinase (FAK) is a major component of the integrin-linked focal contacts 

and is implicated in a variety of physiological cellular functions including motility, 

invasion and anoikis. Whilst FAK overexpression is a feature of various tumor types 

and contributes to carcinogenic processes, genetic studies in mice demonstrate that 

FAK-depleted epithelial cells remain susceptible to malignant transformation through 

mechanisms which remain ill-defined. In our project, we demonstrate that silencing 

or inactivation of FAK in tumor cells downregulates TNFα-induced signaling pathways, 

resulting in decreased secretion of IL6 and impaired phosphorylation of ERK1/2. The 

knock down of FAK, using small interfering RNAs (siRNAs), in cervical (HeLa) and lung 

cancer (A549) cell lines leads to basal level production of IL6 and STAT3 

phosphorylation to normal levels. Inhibition of FAK activity, using the pharmacological 

FAK inhibitor PF-573,228, results in a slight decrease in both secreted IL6 and pSTAT3 

levels. TNFα is known to induce IL6 expression and secretion, as well as ERK1/2 

phosphorylation via NFκB-dependent signaling pathways. Treatment of FAK depleted 

cells with TNFα results in reduced IL6 mRNA and protein levels, as well as to decreased 

ERK1/2 phosphorylation. FAK activity inhibition also leads to reduced pERK1/2 levels, 

even upon TNFα treatment. However, the loss of TNFα-induced ERK signaling might 

be NFκB-independent because IκBα degradation is unaltered in case of treatment with 

the FAK inhibitor. Our results further support the already known functions of FAK and 

indicate therapeutic opportunities by targeting specific aspects of FAK signal 

transduction. 
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1. Introduction 
Cancer, as defined by the World Health Organization (WHO), is “a generic term 

for a large group of diseases that can affect any part of the body” and is characterized 

by “the rapid creation of abnormal cells that grow beyond their usual boundaries and 

which can then invade adjoining parts of the body and spread to other organs”. 

Tumors, like all normal cells, are composed of masses of cells and often derive directly 

from the normal tissues in which they are first discovered. Some tumors have the 

capacity of moving within the confines of the human body and form metastases1. 

Detailed examination of the cells within tumor masses gave evidence of a 

tissue microarchitecture that was less organized and structured than the architecture 

of nearby normal tissues. This is supported by the observation that tumors are created 

by cells that have lost the ability to assemble and create tissues of normal form and 

function. However, tumors are not just masses of proliferating cancer cells that act 

independently of the environment where they are formed; instead, they are 

considered as “complex tissues” composed of multiple cell types that interact with 

each other and these interactions are crucial for the integrity of the tumor. Even 

normal, non-transformed cells are considered as parts of the tumor1. These cells 

usually form the tumor stroma and they contribute to the development of certain 

hallmarks of cancer cells. All the cells that form and surround the tumor consist the 

tumor microenvironment2. 

Tumors can be classified into two broad categories according to the degree of 

aggressive growth. The first category includes tumors that grow locally without 

invading adjacent tissues and they are called benign. The other category includes 

those tumors that can invade nearby tissues and metastase, which are known as 

malignant. 

The majority of human tumors, known as carcinomas, arise from epithelial 

tissues and they are responsible for more than 80% of the cancer-related deaths in 

the Western world. Most of the carcinomas can be further classified into two groups 

that reflect the two major functions of epithelial tissues. Tumors that arise from 

epithelial cells forming layers that seal and protect underlying cell populations in 

cavities or channels are called squamous cell carcinomas. On the other hand, tumors 

generated by epithelia that are specialized in secreting specific substances into ducts 

or cavities are called adenocarcinomas. The rest of the malignant tumors arise from 

non-epithelial tissues throughout the body. For instance, cancers deriving from 

connective tissue (e.g. fibroblasts, adipocytes, osteoblasts and myocytes) are known 

as sarcomas, while those deriving from various components of the central and the 

peripheral nervous system are termed neuroectodermal tumors. Leukemias and 

lymphomas are tumors that arise from the hematopoietic tissues, including the 

immune cells1. 
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1.1  The hallmarks of cancer 
 In 2011, Douglas Hanahan and Robert Weinberg proposed the ten hallmarks 

of cancer, which summarize the biological capabilities that are acquired during the 

multistep development of human tumors. As they claim, “the hallmarks constitute an 

organizing principle for rationalizing the complexities of neoplastic disease”2. 

 

1.1.1 Sustained proliferative signaling 

In normal tissues, there is strict control of the production and release of 

signaling molecules that promote cell growth and proliferation, more specifically of 

molecules that conduct the entry into and the progression through the cell cycle. In 

this way, the tissue architecture and function are maintained. The most common 

signals are growth factors that bind cell surface receptors, usually carrying an 

intracellular tyrosine kinase domain. The kinase domain can also activate downstream 

signaling pathways that control various cell properties. 

Cancer cells usually acquire the ability of constitutive proliferative signaling. 

They can produce their own growth factor ligands, which bind to receptors on the 

same cells, leading to an autocrine proliferative stimulation. Another way of action is 

that cancer cells can stimulate normal cells of the surrounding tumor 

microenvironment to produce various growth factors that support cell proliferation. 

In addition, elevated levels of growth factor receptors are observed on the surface of 

cancer cells. In this way, cancer cells become hyper-responsive even to extremely low 

amounts of a growth factor ligand. Finally, structural alterations in the receptor 

molecules (e.g. due to somatic mutations) or deregulation of various downstream 

signaling components (e.g. disruption of negative-feedback mechanisms) can 

stimulate ligand-independent activation of cell proliferation2. 

 

1.1.2 Evasion of growth suppressors 

Cell growth and proliferation are limited by dozens of tumor suppressors, with 

RB (retinoblastoma-associated) and p53 proteins being the most well-studied. The RB 

protein incorporates signals from both extracellular and intracellular sources and 

decides whether or not the cells will proceed through the cell cycle. In a similar way, 

p53 receives signals from stress and abnormality sensors that are located in the cell’s 

intracellular operating system. If the damage to the cell’s genome is excessive or if the 

levels of nucleotides, growth-promoting signals, glucose or oxygenation are 

suboptimal, p53 can prevent cell cycle progression until these condition are 

normalized. Otherwise, if the damage is irreparable, p53 triggers apoptosis. In order 

to obtain the ability of constitutive cell proliferation, cancer cells have established 

various mechanisms to bypass these negative regulatory checkpoints, with the 

mutations on the related genes being the most common. 

Another cell limiting effect that could be considered as suppression of cell 

growth is the so-called “contact inhibition”. The cell-to-cell contacts that are formed 
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in a dense population of normal cells can suppress further cell proliferation, leading 

to the formation of confluent cell monolayers. The two major proteins that 

orchestrate contact inhibition are Merlin (the cytoplasmic product of NF2 gene) and 

LKB1. Merlin couples cell-surface adhesion molecules to transmembrane receptor 

tyrosine kinases, which leads to increased adhesivity of cell-to-cell attachment and 

reduced production of mitogenic signals. LKB1 is responsible for the organization of 

epithelial structure and the maintenance of tissue integrity, while on the same time, 

it can turn down the mitogenic effects of Myc. It is shown that cell contact inhibition 

is abolished in various types of cancer cells grown in culture2. 

 

1.1.3 Resistance to cell death 

Programmed cell death by apoptosis serves as a natural barrier to cancer 

progression. Apoptosis is triggered in response to various stress stimuli that cancer 

cells experience during tumorigenesis progression or as a result of anticancer therapy.  

Signaling imbalances resulting from elevated levels of oncogenic signaling and DNA 

damage associated with hyperproliferation are considered as common apoptosis-

inducing stresses. The apoptotic trigger that transmits signals between the regulators 

and the effector molecules is regulated by pro- and anti-apoptotic members of the 

Bcl-2 family of regulatory proteins. 

As mentioned above, p53 induces apoptosis in response to considerable levels 

of DNA breaks and other chromosomal abnormalities. Another trigger that leads to 

cell death involves hyperactive signaling by certain oncoproteins, such as Myc. Loss of 

p53 tumor suppressor function eradicates this crucial damage sensor from the 

apoptosis-inducing circuitry. Moreover, tumors may avoid cell death by increasing the 

expression of anti-apoptotic regulators or survival signals, by downregulating pro-

apoptotic factors or by overcoming the extrinsic ligand-induced death pathway2. 

 

1.1.4 Replicative immortality 

When cells are propagated in culture, repeated cycles of cell division usually 

lead to two major events: the first is the induction of senescence and the second is 

the activation of the “crisis phase”, which emerges for those cells that have succeeded 

to overcome the first limitation. On rare occasions, there are certain cells that can also 

get over the barrier of crisis and establish populations that exhibit unlimited 

replication potential. 

The telomeres, which are composed of multiple tandem hexanucleotide 

repeats and protect the ends of the chromosomes, are involved in the ability of certain 

cells to exhibit constitutive proliferation. Telomeres shorten progressively in non-

immortalized cells and they gradually lose their ability to protect the ends of the 

chromosomal DNA from end-to-end fusions, triggering the entrance of the cells into 

crisis. Telomerase is almost absent in non-immortalized cells, but expressed in 

significant levels in immortalized cells. 
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Cancer cells require the ability of unlimited replication in order to generate 

macroscopic tumors. The spontaneous immortalization of rare variant cells that 

eventually form tumors has been connected with the ability to maintain telomeric 

DNA at lengths sufficient to avoid senescence or apoptosis. This is usually achieved by 

upregulating the expression of telomerase2. 

 

1.1.5 Induction of angiogenesis 

Tumors, like normal tissues, require a systematic nutrient and oxygen intake, 

as well as a mechanism to remove metabolic wastes and carbon dioxide. These needs 

are met by the tumor-associated-neovasculature, generated by the process of 

angiogenesis. During tumor progression, an “angiogenic switch” is spontaneously 

activated and remains on, causing normally quiescent vasculature to continually 

sprout new vessels. 

Various pieces of evidence reveal that the angiogenic switch is ruled by 

opposing factors that either induce or repress angiogenesis. Some of these angiogenic 

regulators are signaling molecules that bind to stimulatory or inhibitory cell surface 

receptors, present on the vascular endothelial cells. Vascular endothelial growth 

factor A (VEGF-A) is a common inducer of angiogenesis, while Thrombospondin-1 

(TSP-1) is a common repressor. 

Angiogenesis is induced extremely early during the development of invasive 

cancers, both in animal models and in humans and it contributes to the microscopic 

premalignant phase of neoplastic progression2. 

 

1.1.6 Invasion and metastasis 

It is well-known that as carcinomas arising from epithelial tissues progress to 

higher pathological grades of malignancy, the associated cancer cells develop 

alterations in their shape, as well as in the attachment to other cells and to the 

extracellular matrix (ECM), which reflect local invasion and distant metastasis. One of 

the best characterized alterations involves E-cadherin, which assists the assembling of 

epithelial cell sheets and the maintenance of the quiescence of the cells within these 

sheets. In addition, alterations are observed in the expression of adhesion molecules 

that regulate other cell-to-cell or cell-to-ECM contacts. Molecules favoring cytostasis 

are downregulated, while molecules associated with cell migration that occurs during 

embryogenesis and inflammation are upregulated. 

The ability of transformed epithelial cells to invade, insist apoptosis and 

migrate has been shown to be mediated by a developmental regulatory program that 

is called “Epithelial to Mesenchymal Transition” (EMT). This event is orchestrated by 

various transcription factors, including Snail, Slug, Twist and Zeb1/2 and leads to loss 

of adherent junctions, conversion from a polygonal/epithelial to a spindly/fibroblastic 

morphology, expression of matrix-degrading enzymes, increased motility and 

resistance to apoptosis2. 
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1.1.7 Genome instability and mutation 

A significant characteristic of cancer cells is that they increase the rate of 

mutations, due to higher sensitivity to mutagenic agents or to a breakdown in the 

components of the genomic maintenance machinery. When talking about the DNA-

maintenance machinery, we refer to gene products that a) detect DNA damage and 

activate the repair mechanism, b) directly repair the damaged DNA and c) inactivate 

or restrain mutagenic molecules before they damage the DNA. The function of these 

genes is considered to be similar to that of the tumor suppressor genes, given that it 

can be lost during tumor progression and the loss can be achieved through inactivating 

mutations or epigenetic repression2. 

  

1.1.8 Tumor-promoting inflammation 

  It has been observed, since 1986, that some tumors are infiltrated by cells of 

both the innate and the adaptive immune system, an event that resembles the 

inflammatory responses that take place in normal, non-neoplastic tissues. In contrast 

to what expected, tumor-associated inflammation has the paradoxical effect of 

enhancing tumor initiation and progression by contributing to multiple hallmark 

capabilities. This is achieved by supplying the tumor microenvironment with various 

bioactive molecules, such as growth factors that sustain proliferative signaling, 

survival factors that limit cell death, pro-angiogenic factors, enzymes that modify the 

ECM and support invasion and metastasis and stimulating signals that activate 

multiple cellular programs, such as EMT2. 

 

1.1.9 Reprogramming of energy metabolism 

Otto Warburg was the first who described a bizarre characteristic of cancer cell 

energy metabolism, named “aerobic glycolysis”: even when there is sufficient oxygen, 

cancer cells reprogram their glucose metabolism and energy production, by restricting 

energy metabolism mainly to glycolysis. In order to compensate for the reduced ATP 

production by glycolysis compared to oxidative phosphorylation, cancer cells 

upregulate the expression of glucose transporters, mainly of GLUT1, in order to 

increase glucose import into the cytoplasm. This “glycolytic switch” has been 

associated with activation of oncogenes (e.g. RAS, MYC) and mutation of tumor 

suppressors (e.g. p53), while hypoxic conditions that operate within many tumors can 

be in favor of glycolysis by upregulating glucose transporters and enzymes of the 

glycolytic pathway. 

It has been shown that some tumors contain two subpopulations of cancer 

cells that use different energy-generating pathways. One subpopulation consists of 

glucose-dependent cells that secrete lactate as waste of the glycolytic process (these 

cells are usually hypoxic), whereas the second subpopulation consists of cells that 

utilize the secreted lactate to produce energy through the citric acid cycle2. 
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1.1.10 Evasion of immune destruction 

The theory of immune surveillance suggests that all cells and tissues of an 

organism are continuously monitored by a constantly-alert immune system, which 

recognizes and eliminates the majority of cancer cells and nascent tumors. According 

to that, tumor formation is based on the ability of cancer cells to either avoid detection 

by the immune system or to restrict the extent of killing by the immune cells. 

It has been shown in mouse models that tumors arise more frequently and 

progress faster in immunodeficient mice than in immunocompetent mice. For 

instance, deficiencies in the development and function of CD8+ cytotoxic T 

lymphocytes (CTLs), CD4+ Th1 helper cells or natural killer (NK) cells lead to increased 

tumor incidence, while combined immunodeficiencies in two types of immune cells 

are further more susceptible to cancer development. 

Apart from the case of immunodeficiencies, highly immunogenic cancer cells 

can stimulate immune destruction by disabling components of the immune system 

that have been activated to eliminate them. Cancer cells can inhibit infiltrating CTLs 

and NK cells, by secreting TGF-β or other immunosuppressive factors. Another aspect 

is the recruitment of inflammatory cells act as immunosuppressors, such as regulatory 

T cells (Treg) and myeloid-derived suppressor cells (MDSCs), which both inhibit the 

actions of CTLs2. 

 

1.2 Focal Adhesion Kinase (FAK) 

 Epithelial carcinogenesis, as carcinogenesis in general, involves various genetic 

events that promote cell proliferation, survival and invasion. Apart from these events, 

a central role for the extracellular microenvironment has been identified, particularly 

for the epithelial-ECM interaction, which has been proven to mediate tumorigenesis, 

invasion and metastasis. More specifically, integrins, which control cell-ECM 

adhesions, play a major role in the regulation of the malignant transformation and 

growth of epithelial cells. This role has been proven by targeted deletion of β1-integrin 

in the mouse mammary epithelium, which resulted in inhibition of tumorigenesis3. 

 Focal adhesions are sites of integrin clustering that link the actin cytoskeleton 

to the ECM. Their main function is to provide physical attachment of the cells to the 

ECM, but also to transduce force between the cell and the ECM3. Mature focal 

adhesions are macromolecular complexes composed of a number of proteins, bridging 

between the ECM and the cytoskeleton (Fig. 1). The most significant component of 

focal adhesions is the Focal Adhesion Kinase (FAK), a non-receptor tyrosine kinase, 

which acts as a primary regulator of focal adhesion signaling. FAK serves as a scaffold 

for protein-protein interactions and also transmits adhesion-dependent and growth 

factor-dependent signals into the cell interior, by phosphorylating multiple substrates 

and regulating cross-talk between integrin and growth factor signaling to regulate cell 

proliferation, survival and migration3,4. Moreover, FAK affects the dynamic regulation 

of integrin-associated adhesions and the actin cytoskeleton, through multiple 
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molecular interactions. These interactions lead to the regulation of cell migration, 

which is achieved by controlling the focal adhesion complex assembly/disassembly 

cycle at the leading lamellipodia of migrating cells and the adhesion disassembly at 

the trailing edge4. 

In an effort to elucidate the role of FAK in signal transduction, a series of 

genetic FAK mouse analyses was performed. Knock out of FAK leads to embryonic 

lethality at embryonic day 8.5 (E8.5) due to gastrulation defects. Mouse embryonic 

fibroblasts (MEFs) isolated from FAK-/- mice are not able to proliferate, but this 

phenotype is rescued with an additional deletion of the tumor suppressor p53. The 

FAK kinase-dead (KD) knock in mouse also leads to embryonic lethality at E9.5. In this 

mouse model, a K454R point mutation prevents ATP binding, resulting in a full-length 

FAK protein that lacks its kinase activity. Contrary to FAK-/- MEFs, KD FAK cells do not 

lose proliferation potential5. 

All in all, FAK expression is required in a plethora of tissues in order to ensure 

normal development. For example, in endothelial cells, FAK is necessary for embryonic 

angiogenesis and for the proper development of the heart. In addition, in neurons, 

FAK functions downstream of netrins to promote neurite outgrowth and axon 

guidance6. 

 

1.2.1 The Protein Tyrosine Kinase 2 (PTK2) gene 

The gene that encodes FAK is known as Protein Tyrosine Kinase 2 (PTK2) gene 

and is located on the chromosomal region 8q24.3. PTK2 promoter region has been 

extendedly studied in humans. It is regulated by the well-characterized transcription 

factors NFκB, which activates and p53, which suppresses PTK2 promoter. Apart from 

these major regulators, other transcription factors, such as NANOG, Argonaute 2 

(AGO2) and PEA3, also increase PTK2 promoter activity. Given the size and the 

Figure 1. Structure of mature focal adhesions. Focal adhesions 
function to transduce mechanical signals arising from the ECM to 
the actin filaments, via the integrins and a number of docking 
proteins. Some of the proteins located in the focal adhesions can 
shuttle to the nucleus to act as co-activators of gene transcription. 
The most prominent role in integrin signaling is played by FAK, 
which is involved in the recruitment of SH2 domain- and SH3 
domain-containing signaling proteins. (Kal Van Tam et al. 2012, Sci. 
Technol. Adv. Mater. 13 064205) 
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complexity of PTK2 promoter, it is probable that PTK2 transcription is regulated by 

combinatorial effects of various transcription factors7. 

Concerning the coding sequence of PTK2 gene, 34 exons are annotated in 

human8. The most important characteristic is that it can be subject to alternative 

splicing and the produced splice variants have properties that link them with tumor 

growth. For instance, deletion of exon 33 results in increased cell motility and 

invasion. However, this deletion probably disturbs FAK binding to the integrins and it 

remains unclear how truncated FAK is able to function. Another deletion, involving 

exon 26, results in the removal of a caspase cleavage site in the FAK C-terminal 

domain, leading to increased FAK protein stability and anti-apoptotic signaling7. 

 

1.2.2 Structure and general features of FAK 

 FAK is a cytoplasmic tyrosine kinase that is expressed in most tissues, except 

for the non-adherent blood cells. It interacts with various receptors at the plasma 

membrane and with distinct protein complexes in the nucleus. FAK consists of an N-

terminal FERM (band 4.1-ezrin-radixin-moesin) domain, a central kinase region, three 

proline-rich domains and a C-terminal focal adhesion-targeting (FAT) domain5,7 (Fig.2). 

FERM domain consists of three subdomains, F1, F2 and F3. F2 domain contains a 

positively charged patch, which can bind to PIP2 (phosphatidyl-4,5-inositol 

bisphosphate) and helps FAK to anchor to the plasma membrane. On the other hand, 

FAT domain contains binding sites for two major proteins of focal adhesions, paxillin 

and talin, thus enabling FAK molecule to localize at focal adhesions5. 

  

 
Figure 2. Diagram of FAK molecular structure. FAK consists of a central kinase domain flanked by the FERM domain 
on the N-terminal side and a FAT domain on the C-terminal side. Both domains are separated from the kinase 
domain by a linker region that contains proline-rich regions. FERM domain contains a NTS (Nuclear Target 
Sequence) and a NES (Nuclear Export Sequence), which enable FAK to shuttle between the nucleus and the 
cytoplasm. The diagram also shows the most important phosphorylation sites of FAK, as well as some proteins that 
potentially interact with FAK. (Lu et al. 2012, Microvascular Research) 

All these unique structural features allow FAK to function both as kinase and 

as scaffold.  FAK can phosphorylate significant structural and signaling proteins, such 

as paxillin, p130Cas and α-actinin, as well as proteins that do not participate in focal 

adhesion assembly. In addition, a number of proteins can interact with FAK through 
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its structural domains, i.e. FERM, proline-rich and FAT domain5. FERM domain has a 

major role in the intramolecular regulation of FAK activity by binding to the kinase 

domain and blocking the accessibility to FAK Y397, preventing autophosphorylation. 

Activation of FAK occurs due to conformational changes in FERM domain upon 

interaction with phosphoinositide lipids, cell binding to ECM proteins and binding of 

FAK to growth factor receptors. FERM domain alterations can also be induced by 

changes in the pH of the cell and increased cell-ECM tension. Increased intracellular 

pH is a common characteristic of cancer cells, while increased matrix stiffness or forces 

that are associated with collagen fiber crosslinking are related to tumor progression 

in mouse models of breast cancer7. 

 

1.2.3 Activation and activity of FAK 

 FAK activation occurs in response to various stimuli. One pathway for FAK 

activation involves binding of the cells to ECM proteins, which leads to clustering of 

the integrin receptors and FAK dimerization. This leads to FAK autophosphorylation at 

Y397 that creates a high-affinity binding site for the Src homology 2 (SH2) domain of 

several proteins, such as the Src kinase itself. Binding of the Src-family kinases to the 

phosphorylated residue results in the Src-mediated phosphorylation of the FAK kinase 

domain at Y576 and Y577, which consist the kinase domain activation loop and is 

required for the full enzymatic activity of FAK. Src can further phosphorylate FAK on 

Y407, Y861 and Y925. The last residue, when phosphorylated, serves as a docking site 

for Grb2, which permits signal transduction to the RAS-MAPK cascade. It has been 

shown that the activation loop can also be directly phosphorylated by the RET 

receptor and that phosphorylation of FAK at Y397 can also occur in trans4,7. 

Canonical FAK signaling is related to the formation and turnover of focal 

adhesions. Adhesion dynamics are tightly linked to actin assembly and disassembly in 

order to promote cell migration. Enhanced FAK signaling promotes cell motility, while 

inhibition of FAK signaling has the opposite effect. FAK controls motility in randomly 

migrating cells, in response to various stimuli, such as chemotactic, haptotactic and 

durotactic. The role of FAK in promoting cell migration was proven using wound-

healing assays. In the absence of FAK, cells located at the edge of the wound fail to 

form prominent lamellipodia in order to protrude into the wound. Time-lapse video 

microscopy revealed that cells with impaired FAK function exhibit serious defects in 

directional persistence while migrating in two dimensions. There is also evidence that 

FAK functions at the trailing edge of migrating cells as well, in order to control tail 

retraction. Treatment of wild-type (wt) fibroblasts with lysophosphatidic acid (LPA) 

results in pulling the focal adhesions forward, as the cells move. Contrary, RNAi-based 

knock down of FAK in these cells stabilizes focal adhesions at the rear of the cells6. 

Therefore, at the rear of the cells, FAK is required for the disassembly of focal 

adhesions to allow tail retraction, while at the leading edge, FAK mediates both the 

disassembly and the subsequent assembly of focal adhesions. One mechanism 
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promoting focal adhesion assembly involves PIP2, which regulates talin-dependent 

activation of integrin-ligand binding6,7.  

FAK also contributes to cell migration by regulating actin cytoskeleton 

organization and this is achieved by controlling Rho-GTPase pathways. The first 

evidence was given by examining FAK-null fibroblasts. The intrinsic activity of RhoA 

was increased in FAK-deficient cells, while restoration of FAK expression in Fak-/- 

fibroblasts decreased RhoA activity9. Multiple mechanisms cooperate with FAK to 

regulate the activation of Rac and Rho. One of them involves a GTPase-activating 

protein (GAP) called GRAF (GTPase regulator associated with FAK), which is able to 

bind to the FAT domain of FAK. A second GAP that can bind FAK is PSGAP (PH- and 

SH3-domain-containing RhoGAP protein). Both GAPs have the role to promote 

hydrolysis of GTP bound to Rho and Cdc42. However, the role that they have in 

regulating cytoskeletal events that are controlled by FAK has not been fully elucidated. 

A third GAP that can be recruited at focal adhesions in a complex with FAK and 

p120RasGAP is p190RhoGAP. Both p190RhoGAP and p120RasGAP control FAK-

dependent cytoskeletal changes, as they are both necessary for proper polarization of 

cells at the edge of a wound6. 

Apart from GAPs, FAK is able to bind to Rho-activating guanine-nucleotide 

exchange factors (GEFs). One of them is PDZRhoGEF, which colocalizes with FAK. 

Knock down of PDZRhoGEF using a short hairpin RNA (shRNA) results in decreased 

movement of focal adhesions at the rear of the cell. Expression of an exogenous 

PDZRhoGEF restores the defective phenotype. Another GEF that associates with FAK 

is p190RhoGEF, which can have contradictory functions when conjugated with FAK. In 

one case, FAK-p190RhoGEF dimerization and the subsequent increase in FAK 

activation leads to enhanced tyrosine phosphorylation of paxillin, an adaptor protein 

that is involved in the maturation of focal adhesions7. In the other case, the fraction 

of p190RhoGEF that localizes to focal adhesions appears to control focal adhesion 

turnover and migration6. 

Figure 3. FAK-mediated signaling that controls actin cytoskeleton reorganization, cell motility and gene expression.  
FAK can either physically interact with downstream signaling molecules (solid lines) or participate in indirect 
protein-protein interactions (dashed lines). Adopted by Ref.5 
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FAK regulates cytoskeleton rearrangement through other mechanisms, as 

well. For instance, talin and cortactin are able to bind to actin and therefore link focal 

adhesion to changes in actin dynamics7. In addition, when FAK is catalytically inactive, 

it can associate with Arp2/3 through its FERM domain and enhance actin 

polymerization in cooperation with the Neural Wiskott-Aldrich syndrome protein (N-

WASP)6,7. N-WASP, whose function is to activate the Arp2/3 complex, associates with 

and is tyrosine phosphorylated by FAK. The Arp2/3 complex can directly bind to the 

catalytically inactive FAK and their complex seems to be restricted to the leading edge 

of cells, not in focal adhesions. Nevertheless, the Arp2/3 complex cannot bind to 

autophosphorylated FAK, proposing that it is released from FAK upon its activation. A 

possible mechanism of action could be that FAK recruits Arp2/3 to the leading edge of 

the migrating cell and releases it upon FAK autophosphorylation, leading in turn to the 

activation of Arp2/3, which is the key regulator of lamellipodia formation6. 

Focal adhesion turnover is mediated by targeted proteolysis and FAK has a 

crucial role in this process. FAK signaling activates the MAPK signaling pathway, as well 

as the protein calpain-2, a member of the calpain family of intracellular cysteine 

proteases, which promotes focal adhesion turnover. This is achieved by the assembly 

of a functional complex consisting of calpain-2, FAK, Src and ERK2. Calpain-2 mediates 

the cleavage of focal adhesion components, such as talin, paxillin or FAK4. The 

significance of FAK in this process has been shown by mutations that disrupt FAK-talin 

binding, which inhibit proteolytic talin cleavage, resulting to inefficient focal adhesion 

turnover. Protein cleavage is also mediated by multiprotein complexes that contain 

caspase 8. In addition, the proline-rich sites in FAK facilitate the interaction with an 

actin-binding protein, called cortactin, whose phosphorylation by FAK contributes to 

focal adhesion turnover7. FAK also recruits JUN N-terminal kinase (JNK) to focal 

contact sites upon integrin stimulation, which phosphorylates paxillin at S178, 

promoting cell migration4.  

 Apart from actin cytoskeleton, FAK appears to be involved in microtubules 

organization. When dynamic microtubules make contact, focal adhesions disassemble 

and FAK plays a role in this process. When FAK is phosphorylated on Y925, Grb2 and 

dynamin are recruited into a complex with FAK that mediates a microtubule-induced 

disassembly of focal adhesions. In cells lacking FAK or expressing a dominant negative 

(dn) FAK mutant, microtubules exhibit defects in tyrosination and acetylation, which 

are the major post-translational modifications associated with the stabilization of 

microtubules. FAK also functions at the microtubule-organizing center (MTOC). S732, 

located in the FAT domain of FAK, is the site of phosphorylation responsible for the 

colocalization of FAK with γ-tubulin at the MTOC. In mutants that display defective 

S732 phosphorylation, FAK is localized strongly at the MTOC and interrupts the 

organization of the microtubules. Thus, FAK phosphorylation at S732 is indispensable 

for movement of FAK away from the MTOC and organization of microtubules6. 
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1.2.4 FAK topology and interaction with p53 

 The first hypothesis that FAK can shuttle between focal adhesions and the 

nucleus was made due to multiple pieces of evidence, which showed that FAK 

interacts with p53.  Primary data had already shown that the FERM domain of FAK 

localizes in the nucleus of HEK293 and MDCK cells and that this was independent of 

Y397 phosphorylation or the FAT domain10. FAK and p53 can directly associate in vitro 

and in vivo. More specifically, the N-terminal transactivation domain of p53 is required 

for the interaction with FAK, as well as the N-terminal domain of FAK (amino acids 

206-422) is necessary for binding p53. FAK-p53 interaction was detected both in 

cancer cell lines and in normal human fibroblast. In the latter, stress stimuli, such as 

doxorubicin treatment, can significantly increase p53 expression and the level of FAK 

binding. On the other hand, FAK expression is responsible for blocking p53-mediated 

apoptosis in reconstituted p53-null cells, in a dose-dependent manner. However, a 

mutant Δ-FAK-NT construct, which lacks the N-terminal domain, cannot affect p53-

induced apoptosis. Protection of cells from apoptosis was also proven by the 

observation that FAK inhibits the transcriptional activity of p53. More specifically, FAK 

inhibited p21 and Mdm2 E3 ligase promoter luciferase activity in a dose-dependent 

manner11. 

Given that exogenous FAK FERM is nuclear enriched, further experiments were 

undertaken to elucidate the factors that promote FAK FERM nuclear targeting. It is 

well-known that the classical nuclear localization sequence (NLS) consists of clusters 

of basic amino acids. Primary sequence alignments of the murine FAK FERM F2 

subdomain showed that FAK contains clusters of basic amino acids that are not 

conserved in other FERM-containing proteins and are exposed in the surface of the 

molecule (Fig.4). Mutations in these basic patches (R177/178A, K190/191A, 

K204/R205A or K216/218A) reduced FERM nuclear accumulation, while mutations in 

the FAK FERM F3 subdomain or in the SUMOylation site of FAK (K152R) did not affect 

FERM nuclear targeting. In another experimental model, GFP-wt FAK and GFP-FAK 

R177/178A constructs were expressed in FAK-/- fibroblasts or human umbilical 

endothelial cells (HUVECs) and GFP localization was monitored in the presence or 

absence of the nuclear export inhibitor leptomycin B. Before treatment with 

leptomycin B, both constructs were detected in focal adhesions and the cytoplasm. 

Within 4 hours upon leptomycin B addition, wt FAK accumulated in the nucleus, but 

this was not the case for FAK R177/178A12. 

 

 

Figure 4. Localization of basic residues clusters on the surface of the 
FAK FERM F2 subdomain. The largest cluster consists of the residues 
K190, K191, K216, K218, R221 and K222. A second smaller basic 
cluster consists of K204, R205 and K209. Residues R177 and R178 are 
partially exposed within the FAK FERM F2 subdomain structure. 
Adopted by Ref.11. 
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 It has been proven that the distribution of FAK at focal contacts, in the 

cytoplasm or in the nucleus is affected by cellular stress. For example, treatment with 

staurosporine, a protein kinase inhibitor that promotes cell detachment and 

apoptosis, stimulated nuclear accumulation of endogenous FAK and GFP-FAK, but not 

of GFP-FAK R177/178A. In case of the latter, staurosporine induced redistribution 

from focal adhesions to specific cytoplasmic cluster, but definitely not in the nucleus. 

These events were accompanied by FAK dephosphorylation and staurosporine-

induced apoptosis within 4-8 hours. Moreover, loss of integrin-mediated cell adhesion 

serves as a cellular stressor and increases FAK nuclear accumulation within 30 

minutes. This might be caused due to an increase in the pool of free FAK molecules 

available in the cytoplasm12. According to what described above, FAK inhibition can 

promote FAK nuclear localization. KD FAK exhibits stronger nuclear localization 

compared to wt FAK. This result was confirmed by experiments with the 

pharmacological FAK inhibitor PF-562,271, a small molecule that prevents FAK 

autophosphorylation and activation, which also increased FAK nuclear accumulation. 

These observations can be further supported by the structure of the molecule. FAK is 

maintained in the inactive state when FERM domain directly binds to the kinase 

domain to block the access to the catalytic domain. When FERM-kinase domain 

interaction is stabilized, the nuclear export sequence (NES) that is present in FERM 

may be masked, but the NLS remains exposed (Fig.2). Therefore, these structural 

interactions might retain inactive FAK in the nucleus. Finally, oxidative stress by H2O2 

in muscle cells and myotubes also stimulates FAK nuclear translocation, leading to 

muscle cell differentiation5. 

 As mentioned above, one role of nuclear FAK is to interact with p53. It has 

been shown that p53 is active in FAK-/- embryos and blocks FAK-/- cell proliferation 

through a p21-dependent mechanism. In order to address which specific domain of 

FAK interacts with p53, various FAK mutants were generated by deleting different FAK 

domains or mutating specific residues. Then, wt FAK and FAK mutants were 

introduced via adenovirus in FAK-/-p21-/- fibroblasts, which can normally proliferate ex 

vivo and also express p53 in basal levels. In this way, it was proven that the FAK FERM 

domain plays a crucial role in promoting p53 turnover in a kinase-independent way, 

because all mutants that contained the FERM domain, even in the absence of the 

kinase domain, could reduce p53 levels, whereas when the FERM domain was missing, 

there was no effect in p53 levels. The FAK FERM p53 binding site spans the F1 and F2 

subdomains of FERM12. 

Further experiments revealed that when Flag-p53 was transfected in Mdm2-/-

p53-/- and Mdm2+/+p53-/- fibroblasts, ubiquitinated p53 was detected only in Mdm2+/+ 

cells. Thus, FAK FERM domain promotes p53 turnover through Mdm2-associated 

ubiquitination and degradation. Mutations in both F2 and F3 subdomains disrupted 

FAK FERM-enhanced p53 ubiquitination, leading to the conclusion that FAK-enhanced 

p53 ubiquitination is a part of a nuclear localized complex. Co-transfection of FAK-/-
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p53-/- fibroblasts with Flag-p53, HA-Mdm2 and recombinant GST-FAK revealed that 

p53-Mdm2 interaction is independent of FAK, but FAK can further increase the 

amount of p53-bound Mdm2 through the formation of a p53-Mdm2-FAK complex, in 

a dose-dependent manner. It is possible that nuclear FAK functions as a FERM-

associated scaffold for p53 and Mdm2 binding that facilitates p53 ubiquitination and 

degradation12. 

The role of FAK in regulating p53-induced apoptosis was also verified by 

studying the R175H “hot spot” p53 mutation. This mutation seems to limit the 

flexibility of p53, stabilizing it into a more rigid conformation that reduces DNA binding 

and interaction with other proteins. As a result, mutant p53 cannot bind to the 

promoters of apoptotic intermediates as to induce transcriptional activation and leads 

to inhibition of apoptosis. It has been shown that treatment of wt p53 cells with 

staurosporine results in FAK dephosphorylation, nuclear translocation and 

degradation due to caspase-3-mediated cleavage. In contrast, staurosporine 

treatment of mutant p53 cells does not lead to FAK dephosphorylation or cleavage. 

Therefore, protection of mutant p53-R175H cells from apoptosis can be attributed to 

the constitutive FAK Y397 phosphorylation13. 

A major role of p53 is to prevent cell cycle progression upon stress stimuli and 

DNA damage or even to induce apoptosis if the damage is irreparable. Radiation is one 

of the most famous cancer therapies, as ionizing radiation causes damages to the DNA 

of the cancer cells and induces p53-mediated apoptosis. However, FAK-/- cells exhibit 

increased radio-resistance both in vitro and in vivo. In the attempt to understand the 

molecular mechanism of this phenotype, a great induction of p21 was observed in 

FAK-/- cells after irradiation. This result was verified by treatment of FAK wt cells with 

the pharmacological FAK inhibitor PF-562,271. In order to correlate p21 induction with 

radio-resistance, p21 was depleted from FAK wt cells using siRNA techniques, which 

led to decreased survival after irradiation. However, when p53 was depleted, there 

was inhibition of radiation-mediated p21 induction in both FAK-/- and FAK wt cells. 

Hence, it is possible that, upon irradiation, FAK leads to uncoupling of p53 and p21 

induction, suppression of the p53-dependent transcription of p21 and finally to 

sensitivity to radiation. It was also observed that in irradiated cells, FAK cannot 

interact with p53. To further support the notion that FAK is necessary for radiation-

mediated cell death, it was proven that most of the p53 target genes that are 

implicated in DNA repair were upregulated in FAK-/- cells after ionizing radiation. All in 

all, FAK-/- cells have greater genetic instability compared to FAK wt cells, but they have 

enhanced DNA repair functions14. 

Except for the role of nuclear FAK in controlling p53-mediated cell cycle arrest 

and apoptosis, there are also other important cellular processes in which FAK seems 

to have a key role. In inflammatory signaling, FAK inhibition prevents the expression 

of VCAM-1, which is responsible for the recruitment of leukocytes via its α4-integrin 

to enhance inflammatory responses. More specifically, FAK inhibition promotes FAK 
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nuclear accumulation, which in turn facilitates the FAK FERM domain to recruit the E3 

ubiquitin ligase CHIP (C-terminus Hsp70 activating protein). In this way, FAK induces 

the turnover of GATA-4 transcription factor. In addition, FAK nuclear localization is 

observed in muscle cells and myotubes in case of oxidative stress caused by H2O2. 

Nuclear FAK binds to CpG-binding protein 2 (MDB2) and dissociates it from histone 

deacetylase 1 (HDAC1), resulting in the induction of myogenin transcription in favor 

of muscle differentiation. Overall, nuclear FAK controls various transcription factors5. 

 

1.3 The role of FAK in cancer 

 Many studies have shown that FAK is implicated in cancer-related signal 

transduction. Increased FAK expression is observed in tumor cells of a wide variety of 

cancer types, such as lung, cervical, colon and breast. Phosphorylation of FAK at 

specific sites is also associated with different tumor types, as it can regulate tumor cell 

adhesion. For example, phosphorylation on Y925 is the major Src-specific 

phosphorylation event and seems to regulate integrin adhesion dynamics and E-

cadherin deregulation during Src-mediated EMT4. It has also been shown that as the 

tumor progresses, FAK activation through autophosphorylation on Tyr397 increases 

as well. Increased FAK expression and activity are correlated with malignant or 

metastatic tumors, as well as with poor patient prognosis4,7. 

 FAK levels are elevated in non-small cell lung cancer (NSCLC). This 

overexpression is significantly correlated with late stages of the disease and a higher 

incidence of nodal metastasis. As in most cancer types, increased FAK expression in 

patients with NSCLC is associated with increased invasive and malignant behavior of 

tumor cells, as well as with poor overall survival. Interestingly, FAK overexpression is 

associated with greater lymph node metastasis and poor prognosis only in 

adenocarcinomas and not in squamous cell carcinomas15. 

 Amplification of PTK2 gene is mentioned to usually occur in case of human 

ovarian cancer, compared to other cancers (Fig.5). High FAK mRNA levels are 

associated with significant poor patient survival and increased FAK activity seems to 

be important for tumor growth and metastasis. Administration of the FAK inhibitor 

PND-1186 in ovarian tumor cell resulted in reduced leukocyte infiltration and 

decreased breast tumor-associated splenomegaly. Considering that even low level 

stimulation of inflammatory cytokines, such as TNFα, can contribute to the 

pathogenesis of ovarian cancer and FAK activity is implicated in gene expression 

events in response to TNFα, it is possible that inhibition of FAK activity in stromal-

associated cells may alter ovarian tumor progression16. 

 FAK is proven to be essential for the incidence of p53-mediated mammary 

tumor formation. A p53 R270H mutation leads to accelerated mammary tumor 

development, which is subsequent with an increase in FAK expression levels. 

Mammary gland-specific Fak deletion reduces the incidence of mammary tumors in 

the PyMT mice. FAK-deficient PyMT transformed cells exhibit diminished invasive and 
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metastatic capacity, as well as growth arrest and apoptosis. Furthermore, FAK deletion 

reduces the pool of cancer stem cells, their self-renewal and migration capacity in vitro 

and their tumorigenicity in vivo17. 

 

 There is also evidence that endothelial FAK levels may affect tumor size. For 

instance, endothelial FAK deletion inhibits tumor growth due to a defect in tumor 

angiogenesis initiation. A positive correlation between FAK expression in the vascular 

and tumor cell compartments has been elucidated. FAK expression is increased in 

blood vessels and tumor cells compared to other tissues. Higher endothelial FAK 

expression levels were observed in grade 3 breast tumors, estrogen (ER) negative, 

progesterone (PR) negative and Her2 positive tumors, as well as in triple negative (TN) 

versus non-TN tumors18. 

 Overall, FAK is implicated in various aspects of tumor progression, such as 

sustained cell proliferation, cell survival, migration and neovascularization. The role of 

FAK in these processes will be discussed in details in the next chapters. 

 

1.3.1 FAK regulates cell proliferation and survival 

 As already described, focal adhesions are sites of integrin clustering that 

mediate the physical link between the actin cytoskeleton and the ECM. Apart from 

this function, focal adhesions serve as a core for the assembly and the regulation of a 

complex signaling network that controls essential cell processes, such as cell 

proliferation and survival. Given that FAK is a key protein in focal adhesions, it is also 

involved in the regulation of these processes. 

Figure 5. Percentage of tumor samples with increased levels of FAK mRNA in different cancer types. Adopted by 
Ref.6. 
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 It has been proven that FAK gets phosphorylated at residues Y397 and Y925 

during fibroblast deformation and this, in turn, leads to the phosphorylation of the 

extracellular signal-regulated kinases 1 and 2 (ERK1/2) and subsequently to cell 

proliferation. In response to a stiff ECM microenvironment, FAK associates with Src, 

Shc and Grb2 forming a complex that enhances ERK1/2 activation. Additionally, FAK 

and Src facilitate the crosstalk with receptor tyrosine kinases (RTKs), such as the 

epidermal growth factor receptor (EGFR) and the insulin-like growth factor receptor 

(IGFR), which are also known to promote cell proliferation19. 

 Another aspect of FAK signaling is the stimulation of cell cycle progression. Wt 

FAK normally accelerates G1 to S transition, whereas expression of a dn FAK mutant 

inhibits cell cycle progression at G1 phase. Microinjection of a dn fragment of FAK into 

fibroblasts or endothelial cells results in reduced DNA synthesis, while disruption of 

fibronectin matrix assembly inhibited FAK tyrosine phosphorylation and led to delayed 

G1 to S transition. Mouse embryonic fibroblasts (MEFs) isolated from FAK-/- p53-/- mice 

do not display defects in cell proliferation, as loss of p53 can bypass the requirement 

for FAK signaling in cell proliferation20. 

 Several FAK-associated signaling pathways have been shown to play a key role 

in cell proliferation. The formation of FAK/Src complex facilitates FAK Y925 

phosphorylation and interaction with Grb2, resulting in the activation of Ras-ERK 

signaling pathway. FAK also increases the expression of Cyclin D1, which is mediated 

by JNK signaling and more specifically via phosphorylation of the transcription factor 

Jun. Apart from Jun phosphorylation, transcriptional activation of Cyclin D1 by FAK 

requires Ets family factors and Krüppel-like factor 8 (KLF8) in a temporally differential 

manner. Additionally, some other cell cycle regulators, such as Cyclin E, Cyclin-

dependent kinase (Cdk) inhibitor p27 and S-phase kinase associated protein 2 (Skp2) 

have been shown to participate in FAK regulation of cell cycle progression20. 

 FAK and ERK1/2 are known to phosphorylate Rho GEFs because of increased 

mechanical tension that occurs in stiff microenvironments. In general, enhanced 

integrin-mediated signaling that occurs when cells are growing in stiff matrices 

activates Rho GTPases and promotes cell cycle progression through G1, by induction 

of cell cycle stimulators and loss of cell cycle inhibitors. Mammary carcinoma cells are 

able to proliferate on stiff matrices and this was shown to be mediated by Rho 

GTPases. Activation of Rho, Rac and Cdc42 can upregulate the expression of Cyclins D 

and E. More specifically, they are involved in timing the activity of Cyclin D1, as Rho 

switches off the early activation of Cyclin D1 by Rac and Cdc42, while it sustains ERK1/2 

activation, ensuring the expression of Cyclin D1 in the mid-G1 phase of the cell cycle. 

Rho GTPases are also responsible for the activation of p38 and JNK, which results in 

the transcriptional upregulation of genes that are involved in cell proliferation, as well 

as for signal transduction through PI3K, which activates proliferation via the Akt 

pathway. Rho GTPases are also able to remove the inhibition of cell cycle, which is 

imposed by p21 and p2719. 
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 It has been shown that loss of FAK results in loss of growth control. Unspread 

cells display inhibited cell proliferation, reduced number and size of focal adhesions 

and progressive loss of Y397 FAK phosphorylation. On the other hand, well-spread 

cells can normally proliferate and they transiently increase FAK phosphorylation. In 

case of well-spread FAK-/- cells, it has been observed that they exhibit maximum 

proliferation capacity, whereas unspread FAK-/- cells do not completely lose 

proliferation capacity. Re-expression of FAK in these cells to endogenous levels 

restores cell proliferation inhibition in unspread cells and rescues cell adhesion-

dependent growth control. However, overexpression of FAK increases cell 

proliferation both in unspread cells and in monolayer cultures, where cells are 

arrested by contact inhibition. The same results were observed in FAK-/- cells cultured 

in 3D collagen matrix, where cell growth is normally suppressed21. 

 It was further proposed that inactive FAK (e.g. FAK Y397F mutant) inhibits cell 

proliferation, while FAK-related non-kinase (FRNK; amino acids 668-1053 of wt FAK) 

and FAT domains, although they do not possess the kinase domain, they can displace 

the inactive FAK and reverse the inhibition of proliferation. It is probable that FAK 

phosphorylation does so via a different mechanism. Induction of cell proliferation 

should also be mediated by MEK, JNK and Src, as treatment of wt FAK and FRNK 

transfected cells with MEK, JNK and Src inhibitors resulted in inhibition of FAK-induced 

proliferation. Moreover, expression of FRNK and FAT, not only increased focal 

adhesions area in unspread cells, but also induced RhoA activation both in well-spread 

and in unspread cells. This was further supported by inhibition of the RhoA effector 

ROCK, which blocked the FRNK-induced proliferation in unspread cells, while it did not 

affect proliferation rate in well-spread cells. The same results were obtained in FAK-/- 

cells, revealing that FAK regulates cell adhesion-dependent growth by downregulating 

RhoA21. 

 Another pathway through which overexpression of FAK in human tumor cells 

may contribute to malignancy is by promoting cell survival under conditions that 

would normally lead to cell death. Increased FAK expression might, in general, 

promote matrix-independent survival of tumor cells, which is required for invasion 

and metastasis. FAK is able to suppress anoikis in MDCK cells and this depends on Y397 

phosphorylation and kinase activity. In addition, FAK protein levels modulate the 

sensitivity of tumor cells to various chemotherapeutic agents and ultraviolet (UV) 

irradiation. Overexpression of FAK protects MDCK cells from UV-induced cell death4. 

The ability of FAK to suppress apoptosis could possibly be related to the binding to the 

Receptor Interacting Protein (RIP), a major component of the Death Receptor 

Complex, which has been shown to interact with both FAS and Tumor Necrosis Factor 

(TNF). In this way, FAK can prevent RIP binding to the Death Receptor Complex, thus 

suppressing apoptosis4,20. On the other hand, FAK-deficient keratinocytes show 

increased rate of cell death, both in vitro and in vivo, due to an induction in caspase 3 

activation4.  
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As mentioned above, FAK is known to regulate Rho GTPases by 

phosphorylation. Rho GTPases also have a role in the inhibition of apoptosis, which in 

turn can contribute to cancer progression. Rho-ROCK and Cdc42-Rac-PAK signaling 

networks are necessary to regulate Bcl2 family members and inhibit activation of 

caspase 3 in gastric carcinoma cells. In case of hepatocellular carcinoma, Rho 

activation results in upregulation of Bcl2 and increased phosphorylation of the pro-

apoptotic Bcl2-associated death promoter (BAD), preventing apoptosis19. 

FAK can bind to the p85 subunit of phosphoinositide 3-kinase (PI3K) via its 

autophosphorylated Y397. Activation of the PI3K/Akt signaling pathway by FAK has 

been shown to protect cells from apoptosis induced by collagen gel contraction or UV 

irradiation. In addition, activation of the PI3K/Akt pathway leads to increased 

expression of IAP proteins (inhibitors of apoptosis), through nuclear factor kappa B 

(NFκB) and protection of the cells from oxidative stress-induced apoptosis20. Last but 

not least, FAK promotes cell survival via its interaction with p53 through the FERM 

domain, which has been extensively described in Chapter 1.2.4. 

 

1.3.2 FAK promotes tumor cell migration and metastasis 

 Metastasis of cancer cells requires three fundamental steps in order to take 

place: 

1) Individual cells or small groups of cells have to move through the 3D ECM that 

surrounds the region of the primary tumor, 

2) Matrix metalloproteinases (MMPs) have to degrade the ECM barriers and 

3) Proteolysis-independent mechanisms should be activated to further support cell 

invasion4. 

 The first pieces of evidence that supported a role of FAK in cell migration came 

from observations on migrating keratinocytes or endothelial cells (ECs), in which 

expression or activation of FAK was increased in wound healing assays. Inhibition of 

FAK by injection of the FRNK domain inhibited migration of both fibroblasts and ECs, 

whereas overexpression of FAK promoted migration on fibronectin in a number of cell 

lines, even in FAK-/- cells20. As extensively described in Chapter 1.2.3, canonical FAK 

signaling is related to the formation and turnover of focal adhesions, as well as to actin 

cytoskeleton organization. For this reason, we are going to focus mainly on signaling 

pathways that are linked to cancer cell migration. 

 FAK-stimulated migration involves the formation of a complex between FAK 

and Src, which results in the phosphorylation of the adaptor molecule p130Cas. More 

specifically, integrin signaling results in FAK Y397 autophosphorylation, which is 

necessary for Src binding, as mutation of this site results in impaired Src binding and 

inhibition of cell migration. Src binding promotes further phosphorylation of the FAK 

kinase domain activation loop (Y576/577) and of the C-terminal domain (Y861, Y925). 

In this way, FAK exhibits high affinity binding for the adaptor protein p130Cas22. 

p130Cas, in turn, associates with the SH2/SH3 adaptor protein Crk and their complex 
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regulates membrane ruffling and cell migration through DOCK180 and Rac. FAK/Src-

stimulated activation of the Cas/Crk complex is crucial for both matrix- and growth 

factor-induced cell migration20,23. Sustained activation of FAK/Src complex in tumor 

cells, as a result of elevated expression of either FAK, Src, p130Cas or Crk can lead to 

limited maturation of focal complexes or increased focal adhesion turnover, thus 

promoting cell motility22. 

 Apart from p130Cas, paxillin is another adaptor molecule that gets 

phosphorylated by FAK/Src complex at residues Y31 and Y118 and can recruit Crk in a 

similar manner as p130Cas. Moreover, paxillin can associate with a complex involving 

the adaptor molecule PLK, the GEF Pix/Cool and the Cdc42/Rac target-effector PAK, 

which can link Cdc42 and Rac to PAK and its downstream targets in the regulation of 

cells migration20. 

 Integrin stimuli are not the only signals that promotes cell migration. Growth 

factors, such as epidermal growth factor (EGF) and platelet-derived growth factor 

(PDGF) are implicated in the induction of cell motility. Treatment of FAK+/+ or FAK-

reconstituted cells with PDGF revealed enhanced cell migration and association of FAK 

with the activated PDGF receptor (PDGFR). FAK Y397 autophosphorylation is 

indispensable for PDFG-mediated cell motility, as mutation of this site (Y397F) results 

in inhibition of cell migration. pY397-FAK serves as a scaffold for the binding of active 

Src-family PTKs, which in turn stimulate the activation of the FAK kinase domain24. 

 Similarly with PDGF, treatment of FAK+/+ and FAK-reconstituted cells with EGF 

results in increased cell migration and binding of FAK to the activated EGF receptor 

(EGFR). The Y397F FAK mutation could not enhance EGF-stimulated motility, as it 

failed to form complexes with downstream targets, such as the Src-family PTKs. 

Another FAK mutant that lacks the N-terminal domain (Δ1-100) exhibited impaired 

association with the activated EGFR and failed to promote EGF-stimulated migration, 

even if there was kinase activity. On the other hand, a FAK mutant lacking the C-

terminal domain could normally associate with activated EGFR, but not with β1 

integrin as well, did not inhibit phosphorylation at Y397 upon EGF stimulation and 

displayed induction of cell migration at half the levels of wt FAK. Therefore, it seems 

that full length FAK is necessary for maximum EGF-stimulated cell motility, probably 

because the link between FAK and activated EGFR might be facilitated and/or 

stabilized by interactions between the FAK C-terminus and integrins24. 

 However, there are some cell types, such the human epidermoid carcinoma 

cell line A431, the breast carcinoma cell line MDA-MB468, the DU145 prostate 

carcinoma cells and the KB oral squamous carcinoma cells that normally overexpress 

EGFR and exhibit refractile morphological changes (elongated and spindle-shaped 

cells, actin re-organization and redistribution of vinculin) and detachment from the 

ECM, upon EGF treatment. In these cells, EGF treatment results in FAK 

dephosphorylation, reduced Y397 autophosphorylation and impaired association of 

FAK with Src. These effects were mediated by EGFR kinase activity, as treatment with 
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the AG1478 kinase inhibitor rescued this phenotype. In addition, integrin signaling 

rescued the EGF-mediated events and enhanced ERK1/2 activation, as well. FAK 

inhibition through expression of the FRNK domain in A431 cells resulted in enhanced 

invasion both in the absence and the presence of EGF. Injection of athymic mice with 

these cells resulted in 5 metastatic points and death 2 weeks after the injection, 

whereas all mice injected with parental A431 cells survived and had only one 

metastatic organ25. 

 Another mechanism through which FAK promotes cell migration is via 

interactions with the PI3K and the adaptor molecule Grb7. A FAK mutant that lost 

binding capacity for PI3K and Grb7, but retained binding to Src and induction of 

p130Cas phosphorylation, failed to promote cell migration. Similarly, treatment with 

PI3K inhibitors wortmannin and LY294002 inhibited FAK-induced cell motility. 

Although FAK/Grb7 interaction is independent of PI3K, binding of the 

phosphatidylinositol phosphates to the PH domain of Grb7 stimulates a 

conformational change in Grb7 that results in increased phosphorylation of Grb7 by 

FAK20. 

 Integrin signaling or cell spreading of ECM substrates is sufficient to activate 

ERK signaling pathway and target ERK1/2 to peripheral focal adhesion complexes. 

Phosphorylation of FAK on Y925 leads to the recruitment of Grb2, due to its SH2 

domain and the subsequent activation of the SOS-Ras-Raf-MEK-ERK pathway. 

However, certain alpha subunits of the integrin receptors are able to signal directly to 

the Grb2/SOS pathway, bypassing FAK phosphorylation. Sustained ERK activation is 

related to the prolonged and time-dependent formation of multiple adhesions during 

the process of cell migration23. 

 A hallmark that is required for tumor metastasis is the oncogenic epithelial-

mesenchymal transition (EMT). The defining characteristics of EMT are: a) elongated 

and spindle-shaped morphology due to loss of cell adhesion molecules, such as E-

cadherin, b) loss of epithelium-specific gene expression, c) gain of mesenchymal-

specific gene expression and d) resistance to anoikis. Attachment of epithelial cells to 

collagen I matrices can induce EMT and FAK is implicated in this process. FAK is 

activated in response to growth factors that have been identified to promote EMT, 

such as the transforming growth factor β (TGFβ). Activation of the downstream 

PI3K/Akt pathway has an important role in anoikis resistance, as in cell survival 

signaling in general. NFκB is another FAK target strongly linked to EMT. NFκB mediates 

cell survival by activating two members of the IAP family, survivin and XIAP, as well as 

the anti-apoptotic proteins Bcl2 and osteoprotegerin (TNFRSF11B, OPG). FAK-

mediated increase in the activity of the transcription factor SP1 results in the elevated 

expression of KLF8, which is a driver of EMT under specific circumstances. Finally, FAK 

is implicated in the regulation of the transcription factors Snail, Zeb1, Zeb2 and Twist, 

which are crucial for the maintenance of the mesenchymal phenotype in fibroblasts 

and require the activity of MAPK and PI3K26. 
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 Another role of FAK is to increase the expression MMPs, whose expression and 

activation at cell protrusions facilitates matrix invasion of motile cells. MMP regulation 

and presentation on the surface of cancer cells requires multiple downstream 

pathways, such as p130Cas and the PI3K-Akt-mTOR cascade7. One of the most 

significant components of ECM degradation that occurs in focal adhesions is MT1-

Figure 6. The process of metastasis. Separation of cancer cells from the primary tumor and subsequent migration 
to reach a blood or lymphatic vessel for dissemination to a secondary site includes changes in the expression of 
multiple genes that are related to cell adhesion, anoikis, migration and chemoattraction. The boxes refer to the 
genes that are involved in these processes. (Hernández-Caballero M.E. 2013, “Carcinogenesis”, Chapter 9) 
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MMP or MMP14. FAK binds to MT1-MMP and recruits it to focal adhesions via its 

proline-rich region, with the PXXP motifs being the key regulators of the binding 

process. As far as MT1-MMP is concerned, its cytoplasmic tail (CP) is crucial for the 

interaction with FAK.  MT1ΔCP mutant remains enzymatically active but cannot 

associate with FAK. However, it seems that FAK-MT1-MMP interaction is not direct. 

Knock down of p130Cas resulted in impaired FAK-MT1-MMP interaction and reduced 

ECM degradation in the focal adhesion. Furthermore, p130Cas is able to bind directly 

to both MT1-MMP, via its substrate domain, and the PXXP motifs of FAK, via its N-

terminal SH3 domain. ECM degradation is controlled by phosphorylation of MT1-MMP 

on Y573 by Src, which also promotes the interaction of the protease with the 

FAK/p130Cas complex. Apparently, recruitment of MT1-MMP to focal adhesions by 

the FAK/p130Cas complex supports cancer cell invasion27. In an alternative pathway, 

FAK/Src complex increases phosphorylation of endophilin A2, an evolutionarily 

conserved protein that induces positive-to-negative lipid curvature and facilitates 

vesicle formation. Phosphorylation of endophilin A2 inhibits the endocytosis of the 

membrane-anchored MT1-MMP, resulting to increased ECM degradation28. 

 FAK is also known to cooperate with Src to achieve the disruption of E-

cadherin-based intercellular adherent junctions and mediate EMT. Stable knock down 

of E-cadherin confers anoikis resistance and this effect has been attributed to the 

decreased phosphorylation of β-catenin, which results in its activation and 

subsequent Wnt signal transduction26. TGFβ-induced EMT, mediated by Src or 

integrin-dependent FAK activation leads to downregulation of E-cadherin in mouse 

epithelial cells or hepatocytes, as well as increased expression of FAK in nodal 

metastases of laryngeal tumors correlated with loss of E-cadherin20. Indirect factors, 

such as miR-7 that reduces FAK expression, result to the loss of mesenchymal markers, 

as well as to increased E-cadherin expression. In tumor cells, FAK can affect the 

dynamics of E-cadherin internalization. On the other hand, overexpression of a FAK 

mutant that is unable to get phosphorylated blocks Src-induced internalization of E-

cadherin and pharmacological inhibition of FAK activity increases cell-cell adhesion 

strength by stabilizing the expression of E-cadherin at the cell surface7. 

 

1.3.3 FAK is required for tumor angiogenesis 

 Various studies using transgenic mouse models have emphasized the 

importance of FAK expression and activity in endothelial cells (ECs) during vascular 

development and tumor angiogenesis. Global and/or EC-specific knock out of FAK, 

expression of a FAK-kinase dead (KD) mutant or deletion of residues surrounding FAK 

Y397 result in early embryonic lethality that is caused due to multiple vascular defects, 

such as haemorrhage and oedema. In vitro, primary ECs from these mice exhibit 

defects in survival, proliferation, sprouting, migration and tubulogenesis. During 

development, EC-specific FAK knock out results in decreased EC proliferation and 

survival, as well as to increased apoptosis. The reason of these manifestations is the 
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reduced VEGF-stimulated phosphorylation of Akt that has been proven to occur. By 

contrast, in adult mice with a developed vasculature, EC FAK knock out does not 

trigger apoptosis, mainly because Pyk2, a FAK orthologue with almost 45% amino acid 

sequence identity, is expressed and compensates for the loss of FAK in supporting cell 

survival7. 

 The significance of FAK expression in ECs was elucidated by studying the 

expression of FRNK. As already mentioned, FRNK inhibits integrin-mediated signaling 

by inhibiting FAK autophosphorylation at Y397, as well as paxillin and p130Cas 

phosphorylation. FRNK expression is restricted to smooth muscle tissues. More 

specifically, detectable levels have been observed in large arteries, such as the carotid, 

the abdominal and the thoracic aorta, while low levels were detected in the smaller 

arterioles. Under normal conditions, aortic expression of FRNK in mice is extremely 

low in the embryo, increases in the neonatal period and returns to low but detectable 

levels during adulthood. In general, FRNK expression is downregulated during smooth 

muscle cell proliferation, but increases during vessel maturation. As proven by 

experiments in murine smooth muscle cells, FRNK reduces migration of these cells 

even upon PDGF stimulation, inhibits [3H]-thymidine incorporation either upon PDGF 

or 10% serum stimulation and attenuates G1-S phase progression and total cell 

number29. 

 Except for the role in angiogenesis of normal tissues, FAK is also considered a 

key factor in the progression of tumor neovascularization. In tumor-associated ECs, 

FAK mRNA and protein levels, as well as FAK Y397 phosphorylation, are increased. The 

vasculature of tumors is often disorganized, twisting and leaky. These changes are 

associated with alterations in the EC adherent junctions, key sites that maintain vas-

cular barrier integrity and function. EC FAK has a major role in the regulation of 

vascular permeability and extravasation processes. Tumor cells induce conformational 

FAK activation through multiple mechanisms, via the secretion of growth factors and 

the activation of EC-specific receptors. FAK signaling promotes activation of the ERK 

signaling cascade, which leads to GATA4-dependent transcriptional expression of 

vascular cell adhesion molecule 1 (VCAM1), a surface protein that can facilitate the 

adhesion of immune cells to ECs. EC FAK also promotes the expression of E-selectin, 

which favors tumor cell adhesion to ECs and the lodging of metastatic cancer cells 

within sites of vascular hyperpermeability. FAK activation can occur downstream of 

integrin receptor binding to matrix proteins promoting formation of a FAK/Src 

multiprotein complex. In response to VEGF signals, FAK promotes the localization of 

Src to adherent junctions. FAK binding via the FERM domain to the VE-cadherin 

cytoplasmic tail, and FAK-dependent phosphorylation of VE-cadherin on Y658 and of 

β-catenin on Y142 promotes VE-cadherin and β-catenin dissociation, as well as VE-

cadherin internalization and degradation. Loss of VE-cadherin from the cell surface 

leads to increased vascular permeability, allows for tumor cell transmigration across 

EC barriers and leads to increased tumor cell metastasis7. 



29 
 

EC-specific FAK-/- mice (ECFAKKO; generated by treatment of adult Pdgfb-

iCreER;FAKfl/fl with tamoxifen) showed reduced tumor size and reduced blood vessel 

density within the tumor, when injected with B16F0 melanoma or CMT19T carcinoma 

cells. ECs isolated from these mice exhibited decreased cellular proliferation, while 

tumor cells displayed increased apoptosis and hypoxia. In addition, ECFAKKO mice 

showed reduced VEGF-stimulated blood vessel infiltration, attenuated retinal 

vascularization due to impaired tip cell migration and inhibited VEGF-stimulated 

microvessel sprouting. Decreased migration and proliferation, as well as increased 

apoptosis of FAK-/- cells was observed even in case of treatment with both VEGF and 

basic fibroblast growth factor (bFGF). The effect of FAK deletion on angiogenesis was 

further verified by assessing the VEGF-mediated signaling. FAK-/- cells revealed 

reduced Akt and p85 phosphorylation, but there was no effect in ERK and Src 

phosphorylation30. 

 However, injection of FAK heterozygous mice with B16F0 and CMT19T cells 

resulted in significantly larger tumors and increased tumor growth compared with wt 

FAK mice, increased tumor blood vessel density, enhanced vessel perfusion and 

increased BrdU-positive vessels. FAK+/- ECs showed increased survival and higher 

numbers of microvessel sprouts compared to wt FAK ECs, but there were no significant 

differences in cell migration. As far as signal transduction is concerned, FAK+/- ECs 

exhibited reduced levels of pY397 FAK, total FAK and total Akt, but similar levels of 

pY861 FAK, paxillin, talin, vinculin, pERK1/2 and pAkt with wt FAK ECs. Treatment of 

FAK+/- and wt aortic rings with high doses (10μM) of Akt inhibitor VIII blocked 

microvessel sprouting in both cases, while treatment with lower doses (1μM) 

decreased sprouting only in FAK+/- aortic rings. On the other hand, treatment of wt 

aortic rings with high concentrations (1μM) of the FAK inhibitor PF-573,228 reduced 

microvessel sprouting, whereas treatment with lower concentrations (0.01μM) 

enhanced the number of microvessel sprouts. In agreement with these observations, 

administration of low doses of the inhibitor in wt mice enhanced tumor growth and 

tumor blood vessel density, compared with placebo-treated mice31. 

 EC FAK has been implicated in the efficacy of DNA-damaging cancer therapy, 

such as administration of doxorubicin and radiation. It is proven that these therapies 

reduce tumor growth rates in ECFAKKO mice (generated by treatment of adult Pdgfb-

iCreER;FAKfl/fl with tamoxifen) and ameliorate tumor cell responses to DNA damage 

without affecting vessel permeability, delivery function and immune cell infiltration. 

48 hours after treatment cessation, the number of blood vessels within apoptotic 

perivascular tumor niches was increased, whereas tumor cell proliferation in the 

perivascular zones was reduced. Culture of tumor cells with conditioned medium from 

either doxorubicin-treated or irradiated ECFAKKO cells results in chemo- and 

radiosensitivity, respectively, thus in reduced tumor cell survival. EC FAK has also been 

correlated with chemoresistance in human cancers, as increased FAK expression in 
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blood vessels is associated with disease progression and relapse even after 

doxorubicin treatment32. 

 The molecular mechanism through which DNA-damaging therapies mediate 

their effects in tumor cells is NFκB signaling. Treatment of ECFAKKO mice with 

doxorubicin or radiation results in reduced levels of NFκB activity, blockade of p65 

phosphorylation and nuclear translocation and inhibition of IκBα phosphorylation. 

The inhibition of NFκB subsequently leads to reduced fold increase of NFκB-related 

cytokine levels, for instance of GM-CSF or IL6 and to reduced levels of pSTAT3 in tumor 

cells. In vitro verification of these results came by using the non-phosphorylatable 

mutant IκBαSR. ECFAKKO cells transfected with IκBαSR showed attenuated cytokine 

production upon DNA damage. Conditioned medium from these cells sensitized tumor 

cells to DNA damage treatment and resulted in reduced tumor cell survival. However, 

intratumoral administration of recombinant GM-CSF or IL6 was able to reverse the 

chemosensitization phenotype of ECFAKKO mice32. 

 

1.4 FAK as a potent therapeutic target 

 As already described, FAK functions in favor of tumor-promoting signaling 

pathways, whereas inhibition rescues mouse models from tumor progression, 

metastasis, vascular permeability and angiogenesis. Based on that, administration of 

small molecule FAK inhibitors is emerging as a promising chemotherapy. It has been 

shown that specific FAK inhibitors, combined with Src inhibitors, leads to enhanced 

antitumor activity in a model of non-small cell lung cancer. FAK inhibitors are even 

more efficient when administered in combination with cytotoxic drugs or agents that 

target angiogenesis7. 

 We can classify FAK inhibitors into two categories based on the mechanism 

that they use to suppress FAK function. The first group consists of small molecule ATP-

competitive kinase inhibitors, which are designed to bind to residues that surround 

the ATP-binding pocket of the kinase domain. The most well-defined FAK inhibitors 

include pyrimidine or pyridine ATP site hinge binders. The ATP site hinge is a segment 

that connects the two lobes of a kinase domain in order to form the interface of the 

ATP-binding pocket. The selectivity of FAK inhibitors is achieved due to stabilization of 

the FAK kinase activation loop DGF motif into a helical conformation7. 

 One of the most extensively studied FAK inhibitors is the pyrimidine ATP site 

hinge binder PF-573,228. The half maximum inhibitory concentration (IC50) of PF-

573,228 in order to inhibit the catalytic activity of an active fragment of FAK is 4nM, 

while the IC50 for the inhibition of epitope-tagged FAK expressed by A431 cells is 

11nM. Apart from FAK, this inhibitor can also affect the activity of Cdk1/Cyclin B, 

Cdk7/Cyclin H and GSK3β. Treatment of REF52 cells (non-transformed, immortalized 

rat fibroblast cell line) with PF-573,228 results in inhibition of FAK Y397 

phosphorylation within 60 minutes, with an IC50 of 100nM. When using 1μM of the 

inhibitor, phosphorylation was decreased within 15 minutes and was also 
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accompanied by a decrease in paxillin phosphorylation at Y31. In addition, treatment 

with 10μM of PF-573,228 results in impaired growth of REF52 cells and blocked 

random, serum-stimulated and fibronectin-stimulated migration, although serum- 

and fibronectin-stimulated migration can be inhibited even at a concentration of 1μM. 

Finally, PF-573,228 decreases the rate of disassembly of focal adhesions, but does not 

affect the assembly of new adhesions33. 

 Another FAK inhibitor that belongs to the pyridine ATP site hinge binders is 

PND-1186. It has an IC50 of 1.5nM for recombinant FAK and an IC50 of 0.1μM for human 

MD-MBA-231 breast carcinoma cells and murine ID8 ovarian carcinoma cells. Flt3 

(FMS-like tyrosine kinase 3), ACK1 (activated Cdc42-associated tyrosine kinase 1), 

Aurora-A, Cdk2/Cyclin A, insulin receptor (IR), Lck (lymphocyte-specific protein 

tyrosine kinase) and TrkA (tropomyosin-related kinase A) are some additional targets 

of PND-1186. Treatment of adherent 4T1 breast carcinoma cells with PND-1186 

reduces FAK Y397 phosphorylation levels in a reversible manner, without affecting the 

phosphorylation levels of Src (Y416) and p130Cas (Y249). However, treatment of 3D 

multicellular spheroids, which mimic the aspects of solid tumors, with the inhibitor 

resulted in a reduction in the average spheroid size and inhibition of FAK Y397, 

p130Cas Y249 and Y410 phosphorylation. PND-1186 also prevents 4T1 cell movement 

due to lack of protrusion formation, as well as chemotaxis-stimulated cell migration, 

induces cell apoptosis in suspended cells and reduces soft agar colonies number and 

size. When BALB/c mice subcutaneously injected with 4T1 cells were treated with 

PND-1183, a 2-fold reduction of final tumor weight was observed because of increased 

apoptosis of 4T1 cells. Similarly, when PND-1186 treated ID8 cells were 

intraperitoneally-injected into C57Bl6 mice, these mice did not exhibit swollen 

abdomens, which corresponds to a low number of ascites-associated cells, had fewer 

nodules within the peritoneal space and showed inhibition of FAK Y397 

phosphorylation34. 

 The second group of FAK inhibitors consists of all the non ATP-competitive 

kinase molecules that use alternative approaches to inhibit FAK function. These are 

mainly allosteric FAK inhibitors that bind to distinct kinase domain sites and do not 

directly compete with ATP binding. They are usually of limited complexity and of a low 

relative molecular mass (<300)7. One member of this category is the inhibitor Y11, a 

small molecule targeting the Y397 site of FAK. Y11 is able to specifically block FAK 

kinase activity by inhibiting autophosphorylation, through direct binding to the N-

terminal domain of FAK and without affecting other kinases, such as PI3K, c-Src, IGFR-

1R, Flt-4 and PDGFR. It has been proven that Y11 reduces FAK phosphorylation in 

BT474 breast and SW620 colon cancer cells, as well as decreases cancer cell viability 

and clonogenicity in a dose-dependent manner. Additionally, treatment of a mouse 

xenograft model with Y11 led to decreased SW620 tumor growth, which was 

consistent with reduced FAK Y397 phosphorylation and induction of PARP and caspase 

3 activation35. A second FAK inhibitor that belongs to this group is called Roslin 2 (R2). 
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R2 can bind to FAK and subsequently disrupt its binding with p53, leading to decreased 

cancer cell viability and clonogenisity. This observation was directly linked to the fact 

that dissociation of p53 from FAK results in its transcriptional reactivation. Therefore, 

R2 increased the expression of p53 targets, such as p21, Mdm2 and Bax. The 

reactivation of p53 by R2 has also a sensitizing effect to chemotherapy. More 

specifically, combination of R2 administration with doxorubicin or 5-fluorouracil had 

a greater impact in reducing colon cancer viability than either one alone36. 

 Many FAK inhibitors from both categories have been tested in Phase I clinical 

trials. Most of them were tolerated with low side effects and some patients exhibited 

stable disease while being treated7. Future research into the FAK-associated pathways 

will elucidate new chemotherapy combinations, as well as biomarkers for patient 

stratification.  
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2. Working Hypothesis 
 It is well-defined that FAK activity is implicated in gene expression events in 

response to TNFα. One of the signaling pathways activated upon TNFα stimulation 

results in the subsequent production of IL6.  TNFα and IL6 influence all stages of tumor 

development, such as initiation, progression and metastasis. Expression of IL6 in 

serum or tissue samples of patients with cancer correlates with poor prognosis. TNFα-

induced IL6 secretion is mediated by activation of the transcription factors NFκB, AP-

1 and STAT3, through autocrine and paracrine mechanisms. Conditional knock out of 

IKKβ in the enterocytes of the AOM-DSS mouse model resulted in marked reduction 

in the development of colonic adenomas, but there was little effect on adenoma size. 

STAT3 ablation had the same inhibitory effect and also led to impaired adenoma 

growth37. 

IL6 production is upregulated in the early stages of tumor initiation, especially 

in hematopoietic-derived cells, such as macrophages and dendritic cells. During the 

late stages of tumor progression, T cells seem to secrete large amounts of the 

cytokine. Except for immune cells, epithelial and cancer cells are able to secrete IL6. 

Genetic depletion of IL6 had the same effect as NFκB conditional knock down, in the 

AOM-DSS model. In addition, inhibition of IL6 signaling through administration of a 

gp130-Fc fusion protein (gp130 is the signaling transducing subunit of IL6 receptor) 

resulted in decreased tumor size and inhibition of tumor growth. On the other hand, 

a constitutively active gp130 increased tumor multiplicity and growth37. 

 The importance of FAK signaling in the TNFα-induced IL6 production was first 

elucidated using a mouse model of FAK deficiency. FAK-/- embryonic fibroblasts exhibit 

attenuated TNFα-induced IL6 mRNA expression and secretion. This was independent 

of MAPKs, as equal activation of ERK, JNK and p38 was detected in both FAK-/- and 

FAK+/- fibroblasts38. However, FAK ablation was accompanied by reduced TNFα-

mediated induction of NFκB DNA binding activity, as well as impaired nuclear 

translocation of p65, p50 and c-Rel comparing with FAK+/- cells. Additionally, NFκB 

transcriptional activity was reduced in FAK-/- cells38,39. These effects on NFκB 

correlated with reduced phosphorylation and degradation of IκBα due to impaired 

activation of IKKs, given that the expression levels of the upstream molecules TNFRI, 

RIP, IKKα, IKKβ and IKKγ did not differ between FAK-/- and FAK+/- cells38. 

 Although these studies provided convincing evidence that NFκB activation is 

impaired in FAK-/- fibroblasts, resulting in inhibition of TNFα-stimulated IL6 expression, 

a more recent one proposed that FAK is not required for TNFα-induced NFκB 

activation. It was shown that TNFα-induced IL6 mRNA expression and secretion was 

markedly reduced in FAK-/- mouse embryonic fibroblasts (MEFs), as well as in FAK 

shRNA-expressing cells, but IκBα degradation and p65 nuclear translocation were 

rapidly triggered upon TNFα administration in all FAK-/-, FAK+/+ and FAK shRNA-

expressing cells. In addition, it was elucidated that TNFα induces FAK activation by 
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increasing phosphorylation at Y397. Mutation of this site resulted in impaired IL6 

production, even upon TNFα treatment40. 

 Apart from NFκB, ERK/MAPK activation is needed for TNFα-stimulated IL6 

expression and FAK seems to facilitate this signaling pathway. FAK-/- MEFs, FAK-/- cells 

re-expressing FAK-F397 mutant and FAK shRNA-expressing cells showed weak 

phosphorylation after TNFα treatment. Similarly, pharmacological inhibition of MEK1 

(MAPK kinase-1) or JNK resulted in partial blockage of TNFα-stimuated IL6 secretion, 

while constitutively active MEK1 expression in FAK-/- MEFs rescued this phenotype40. 

 Given the implication of FAK signaling in tumor initiation, progression and 

metastasis, as well as the fact that its role in downstream signaling pathways has not 

been fully elucidated, we decided to focus on the effect that FAK depletion or FAK 

inactivation might have in: 

a) IL6 production, in the presence or absence of TNFα stimulation, 

b) ERK1/2 phosphorylation upon TNFα-stimulation and 

c) NFκB activation, which is known to mediate the above-mentioned events. 

More specifically, we decided to use an in vitro experimental model, in which 

human tumor cells will be transfected with small interfering RNAs, in order to knock 

down the expression of the target-molecule. Alternatively, cells will be treated with a 

FAK inhibitor that suppresses the catalytic activity of FAK. Under these conditions, IL6 

secretion will be evaluated by ELISA and subsequent STAT3 phosphorylation will be 

assessed by Western blot analysis. IL6 expression will also be examined, using ELISA 

and qRT-PCR, upon TNFα administration. Western blot analysis will also be used to 

evaluate ERK1/2 phosphorylation levels, as well as IκBα degradation, as a marker of 

NFκB activation. 

 This project aims to throw light on the molecular mechanism that regulates 

FAK contribution to downstream signaling pathways, especially in those implicated in 

tumor initiation, progression and metastasis. 
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3. Materials and Methods 
 In order to answer all the questions that arose and accomplish the aims of the 

project, we decided to work on an in vitro model, using human carcinoma cell lines 

and apply various techniques of molecular and cellular biology, in order to 

experimentally test our hypothesis. 

 

3.1 Cell culture 

 The cell lines that we decided to use in our in vitro experimental model was 

the adenocarcinomic human alveolar basal epithelial cell line A549 and the 

immortalized cervical cancer cell line HeLa. A549 cells were cultured in Dulbecco’s 

Modified Eagle Medium (DMEM, low glucose, GlutaMAX™ Supplement, pyruvate, 

Gibco® Life technologies), whereas HeLa in RPMI-1640 medium (GlutaMAX™ 

Supplement, HEPES, Gibco® Life technologies), both supplemented with 10% fetal 

bovine serum (FBS, Biosera). Cells were grown in an incubator of stable conditions 

(37oC, 5% CO2). 

 In order to plate the cells for our experiments, cells reaching confluency (70-

80% confluent) were washed with 1X PBS pH 7.4 (Phosphate Buffer Saline, Table 1) 

and treated with 0.05% EDTA trypsin (Gibco® Life technologies) pre-heated at 37oC. 

The cells were incubated for 3 minutes (min) at 37oC and when the cells were 

detached, complete serum medium was added to deactivate trypsin. The cell 

suspension was transferred in a 50mL falcon tube (Costar) and was centrifuged at 

1200rpm for 5 min at room temperature (RT). The supernatant was removed in order 

to completely remove trypsin and the pellet was resuspended in fresh complete serum 

medium. The number of cells in suspension was measured using a Neubauer 

hemocytometer. For our experiments, we were plating cells either in 24-well plates or 

in 12-well plates (Costar). In case of 24-well plates, we were plating 4x104 cells/well, 

while in case of 12-well plates, we were plating 8x104 cells/well. 

 

1X PBS pH 7.4 

137 mM NaCl 

2.7 mM KCl 

10 mM Na2HPO4 

2 mM KH2PO4 

Adjust pH at 7.4 with HCl  

Table 1. 1X PBS recipe. 

 

3.2 Knock down of protein expression using RNAi technology 

 Approximately 4x104 cells/well were plated the previous day in a 24-well plate, 

in complete serum medium. The required reagents for siRNA transfection were 

Lipofectamin™ RNAiMAX reagent (Invitrogen™ Life technologies), siGENOME 

SMARTpool Human PTK2 (Thermo Scientific Dharmacon®) and Opti-MEM reduced 
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serum medium (Gibco® Life technologies). The reaction mix was prepared according 

to the instructions of Table 2. 

 Mix A was transferred to the eppendorf tube containing Mix B and they were 

let stand at RT for 20 min. Meanwhile, the complete serum medium was removed 

from the wells and the cells were washed with 1mL/well Opti-MEM. When the 

incubation time had passed, Opti-MEM was removed from the wells and 100μL siRNA 

mix were added. The wells were then filled with 500μL Opti-MEM and incubated at 

37oC overnight (O/N). The following day, siRNA mix was replaced by complete serum 

medium (500μL/well) or cells were split in case they would undergo a second round 

of siRNA transfection. The third day, whole cell lysates were collected or a second 

round of siRNA transfection was performed. 

 

Reaction mix for siRNA knock down (per well) 

Mix A Mix B 

48.8 μL Opti-MEM 49 μL Opti-MEM 

1.2 μL siRNA 1 μL RNAiMAX 

Table 2. The reaction mix for siRNA knock down using Lipofectamin ™ RNAiMAX reagent. 

 

3.3 Inhibition of FAK activity using the FAK inhibitor PF-573,228 
 Approximately 4x104 cells/well were plated the previous day in a 24-well plate, 

in complete serum medium. The FAK inhibitor PF-573,228 (Focal Adhesion Kinase 

Inhibitor II, Calbiochem, Merck Millipore) was diluted in DMSO to a stock 

concentration of 10mM. In order to assess various concentrations of the inhibitor, we 

prepared the appropriate dilutions as shown in Table 3. The same dilutions were also 

prepared for DMSO. 

 

1 mM working solution 5μL 10mM stock solution + 45μL DMSO 

100 μM working solution 5μL 1mM working solution + 45μL medium 

10 μM working solution 5μL 100μM working solution + 45μL medium 

1 μM working solution 5μL 10μM working solution + 45μL medium 

Table 3. Dilutions of the stock FAK inhibitor solution. 

  

Before adding the inhibitor, the culture medium was removed from the wells 

and it was replaced with 500μL/well fresh complete serum medium. The next step was 

to add the inhibitor or the DMSO, according to Table 4, in order to have the final 

concentrations mentioned below. The cells were incubated with the inhibitor at 37oC 

for 36 hours (h). 
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0.01 μM 5μL from 1μM working solution 

0.05 μM 2.5μL from 10μM working solution 

0.1 μM 5μL from 10μM working solution 

0.25 μM 1.25μL from 100μM working solution 

0.5 μM 2.5μL from 100μM working solution 

1 μM 5μL from 100μM working solution 

5 μM 2.5μL from 1mM working solution 

Table 4. Volumes of FAK inhibitor working solutions in order to achieve the desired final concentrations. 

 

3.4 Stimulation of FAK-mediated signaling pathways using TNFα 

 In order to study the role of FAK in TNFα-induced signaling pathways, cells 

transfected with siRNA or treated with FAK inhibitor were further stimulated by TNFα. 

In case of treatment of siRNA transfected cells with TNFα (R&D systems), complete 

serum medium was added for 6-8h in the recovery day and then it was replaced by 

serum-free medium for O/N incubation. The following day, TNFα (10μg/mL stock) was 

added to a final concentration of 100ng/mL for 12h and 24h. 

 In case of TNFα stimulation upon treatment with FAK inhibitor, the protocol 

was slightly different from that described in Chapter 3.3. Approximately 8x104 

cells/well were plated in a 12-well plate, in complete serum medium. The following 

day, the culture medium was replaced by serum-free medium (1.5mL/well) and the 

cells were incubated O/N in serum starvation conditions. The third day, FAK inhibitor 

or DMSO was added in a final concentration of 5μM (0.5μL of 10mM stock were 

diluted in 1mL serum-free medium, per well) and the cells were incubated with the 

inhibitor for 45 min. Then, TNFα (10μg/mL stock) was added to a final concentration 

of 100ng/mL for 10min, 15min, 20min and 30min. 

 

3.5 Whole cell protein extraction 
 After the appropriate treatments, whole cell lysates were collected in order to 

assess the expression of the proteins of interest. First of all, the culture medium was 

removed from the wells and the cells were washed with cold 1X PBS. Then, RIP lysis 

buffer (Table 5) was added (100μL/well in 24-well plates and 200μL/well in 12-well 

plates) in order to achieve the rupture of the cell and the nuclear membranes. 

 

RIP buffer 

20mM Tris-HCl pH 7.5 

150 mM NaCl 

1% v/v Triton X-100 

1 mM EDTA 

1 mM Na3VO4 

1 mM NaF 

1X Protease inhibitors 

Table 5. RIP buffer recipe. 
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 The cells were incubated with RIP buffer for at least 20 min on ice and then 

were detached from the wells by scraping and centrifuged for 20 min at 13000rpm at 

4oC. The supernatant of each sample, that contains the extracted proteins, was 

transferred in a sterile eppendorf tube and stored at -20oC. 

 

3.6 Quantification of protein extracts using Bradford protein assay 
 The Bradford assay is a colorimetric protein assay, based on 

an absorbance shift of the dye Coomassie Brilliant Blue G-250, in which under acidic 

conditions the red form of the dye is converted into its bluer form by binding to the 

protein being assayed. We dilute Bradford reagent (Bio-Rad Protein assay Dye 

Reagent, Bio-Rad Lab. Ltd., Hemel Hempstead, UK) 1:5 with dH2O and we add the 

appropriate amount of protein extracts (5-10μl) to prepare a homogenous suspension 

that is transferred into a 96-well plate (Costar). Samples are counted in a 

spectrophotometer at 595nm and protein concentration is calculated according to the 

equation of the standard curve, which links optical density (OD) with the protein 

concentration. 

 

3.7 SDS-PAGE Electrophoresis 
 Protein electrophoresis in a denaturating polyacrylamide gel results to the 

separation of proteins based on their molecular weight. It consists of two gels, a 

Stacking gel, where protein samples are loaded, and a Resolving gel, where proteins 

are separated (Table 6). The concentration of the resolving gel usually depends on the 

molecular weight of the proteins to be studied. 

 The gel apparatus was assembled by putting the short glass plate in front of 

the bigger one and they were applied together to the casting frame. The casting frame 

was supported by the casting stand and the apparatus was tested to see whether it is 

leaking or not. The Resolving gel was prepared and loaded up to the 2/3 of the glass 

plates. Isopropanol was loaded on the top of the Resolving gel to bring into line the 

polyacrylamide gel. When the gel was polymerized, isopropanol was removed by 

washing with dH2O. Then, the Stacking gel was prepared and loaded up to the top of 

the glass plates. A 10-slot comb was placed immediately in order to form the loading 

wells. Soon after the Stacking gel was polymerized, the comb was removed, the 

casting frame was placed in the electrophoresis tank, which was filled with 1X Running 

Buffer and the loading wells were thoroughly washed with 1X Running Buffer. 

The protein samples that would be loaded to the gel were prepared by adding 

RIP buffer and 5X loading dye (Table 8), so as to have 15-30μg of protein in 30μL 

sample. They were then incubated in a heatblock for 10 minutes at 95oC, for the 

proteins to be denaturated in their primary structure, and immediately placed on ice, 

to reduce temperature. Samples were centrifuged at 13000rpm for 1 min and were 

next loaded in the Stacking gel. A protein marker (BenchMark™ Prestained Ladder, 
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Invitrogen-Novex® Life technologies) was also loaded. Molecular weight 

determination of the separated proteins is based on the bands of the protein marker. 

 

10% Resolving gel 5% Stacking gel 

ddH2O ddH2O 

30% polyacrylamide mix 30% polyacrylamide mix 

1.5M Tris-HCl pH 8.8 1M Tris-HCl pH 6.8 

10% SDS 10% SDS 

10% APS 10% APS 

TEMED TEMED 

Table 6. Resolving and Stacking gel recipe. 
 

10X Running buffer 

0.25M Tris-HCl pH 8.3 

1.92M glycine 

1% (w/v) SDS 
Table 7. 10Χ Running buffer recipe. 

 

5X Loading Dye 

187.5mM Tris-HCl 

150mM β-mecraptoethanol 

6% (w/v) SDS 

0.03% (w/v) bromophenol blue 

50% (v/v) glycerol 

Table 8. 5X loading dye recipe. 

 

3.8 Western blot analysis 

Western blotting involves the transfer of electrophoretically separated 

proteins form a gel to a solid surface, such as a nitrocellulose membrane and probing 

with reagents that bind to the protein of interest with high affinity, such as antibodies 

that specifically recognize antigenic epitopes on the protein. 

When the gel had run and the proteins of the sample had been separated, the 

transfer apparatus was assembled. First of all, a piece of nitrocellulose membrane and 

two pieces of Whatmann paper were cut to the dimensions of the gel. Then, the 

nitrocellulose membrane, two sponges and the two Whatmann papers were soaked 

in 1x Transfer buffer. The transfer cassette was assembled by putting the first sponge, 

the first Whatmann paper, the nitrocellulose membrane, the gel, the second 

Whatman paper and finally the second sponge, starting from the white part of the 

cassette. The transfer “sandwich” was closed tightly, avoiding air bubbles between the 

gel and the membrane and it was placed in a tank filled with cold 1x Transfer Buffer 

(Table 9). The transfer took place on ice for 90 min at 400 mA. 
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1X Transfer buffer 

25mM Tris-HCl pH 8.3 

0.2M glycine 

20% (v/v) Methanol 

Table 9. 10X Transfer buffer recipe. 

 

 After the end of the transfer, the membrane was blocked with 5%(w/v) milk in 

1x TBS-T for 1h for blocking of non-specific binding. Then, the membrane was washed 

with 1X TBS-T and the primary antibody was applied to the membrane for O/N 

incubation at 4oC by shaking. The next day, the membrane was washed thoroughly 

with 1x TBS-T (3 washes of 10 min each) and the secondary antibody was added for 

incubation at RT by shaking for 1h. At the end of the incubation, the membrane was 

washed with 1x TBS-T (3 washes of 10 min each). 

 After the last wash, the chemiluminescence reagent (WESTERN LIGHTNING™ 

Plus-ECL, PerkinElmer) was prepared by adding one volume of reagent A (contains 

luminol) and one volume of reagent B (contains H2O2). The membrane was dried by 

touching its edge on a piece of paper and then it was covered with the ECL mix. 

Visualization of the blotted proteins was achieved using the Image Lab™ ChemiDoc™ 

XRS+ System (Bio-Rad). 

 In case we wanted to reuse the membrane for the detection of other proteins, 

using another primary antibody, the membrane would first be subjected to “stripping” 

for 45 min in a 55oC preheated oven. 

 

10X TBS Stripping buffer 

500mM Tris-HCl pH 7.5 2% (w/v) SDS 

1.5M NaCl 50mM Tris-HCl pH 6.8 

Dilute in 1X TBS and add 0.1% (v/v) Tween 100mM β-mercaptoethanol 
Table 10. 10X TBS and 1X TBS-T recipes.  Table 11. Stripping buffer recipe. 

 

Antibody Animal source Dilution Manifacturer 

FAK (C-20) sc-558 Rabbit 1:500 Santa Cruz Biotechnology 

p44/42 MAPK (Erk1/2) 137F5 Rabbit 1:1000 Cell signaling technology 

P-p44/42 MAPK (T202/Y204) 
D13.14.4E XP(R) 

Rabbit 1:1000 Cell signaling technology 

P-Stat3 (Y705) D3A7 XP(R) Rabbit 1:1000 Cell signaling technology 

I kappa B-alpha L35A5 Mouse 1:1000 Cell signaling technology 

α-Actin Mouse 1:5000 Merck Millipore 

GAPDH Mouse 1:2000  
Table 12. Primary antibodies 

 

Antibody Dilution Manifacturer 

Anti-rabbit HRP 1:10000 Sigma 

Anti-mouse HRP 1:10000 Sigma 
Table 33. Secondary antibodies 
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3.9 Cytokine determination using Enzyme-Linked Immunosorbent Assay 

(ELISA) 
 Secretion of IL6 was determined in A549 and HeLa cells transfected with siRNA 

or treated with the FAK inhibitor PF-573,228, upon stimulation with TNFα or not, using 

the ELISA assay (ELISA MAX™ Deluxe Sets, Human IL-6, Biolegend). For this reason, 

supernatants of 200μL from each treatment were stored in -80oC in order to be used 

as ELISA samples. 

 In the first day of the experimental procedure, purified anti-human Capture 

antibody was diluted 1:200 in 1X Coating buffer, loaded in the wells of a NUNC 

Maxisorp™ 96 MicroWell Plate (100μL/well) and incubated O/N at 4oC. The following 

day, the wells were thoroughly washed with Wash buffer (1X PBS pH 7.4 + 0.05% 

Tween) and blocked with 1X Assay diluent (100μL/well) at RT for 1h. At the end of the 

incubation, the wells were again washed with Wash buffer and the samples, as well 

as standard sample dilutions were added (200μL/well) and incubated O/N at 4oC. The 

standard samples (human IL6) serve for the construction of a standard curve, which 

will facilitate the quantification of the secreted IL6. All samples were assayed in 

duplicates. In the third day, the wells were washed with Wash buffer and incubated 

for 1h at RT with 100μL/well biotin-conjugated anti-human Detection antibody. The 

Detection antibody was diluted 1:200 in 1X Assay diluent prior to use. Next, the wells 

were again washed with Wash buffer and the detection enzyme Avidin-HRP was 

loaded (100μL/well), after being diluted 1:1000 in 1X Assay diluent. The wells were 

incubated for 30 min at RT with the detection enzyme and after several washes with 

Wash buffer, 100μL/well of TMB solution (one volume of Substrate solution A + one 

volume of Substrate solution B) were added. When the blue color had appeared, 

100μL/well of Stop solution (1N HCl) were added in the wells and the blue color was 

converted into yellow. The absorbance of the samples was counted at 450/550nm in 

an ELISA microplate reader (Bio-Rad). 

 

3.10 RNA purification from cultured cells 
 After the appropriate treatment, RNA was extracted from the cells using the 

NucleoSpin® RNA isolation kit (Macherey-Nagel). First of all, the cells were trypsinized 

in order to be detached from the wells and then were collected in an eppendorf tube. 

They were washed with 1X PBS pH 7.4 and lysed by adding Lysis buffer RA1 and β-

mercaptoethanol to the cell pellet and vortexing vigorously. In order to clear the 

lysate, the mixture was applied in a Nucleospin® Filter and was centrifuged at 

11000rpm for 1 min. The Nucleospin® Filter was discarded, 70% ethanol was added in 

the flow-through and the mix was homogenized by vortexing. For the purification of 

the RNA, the homogenate was loaded to a Nucleospin® RNA Column and centrifuged 

at 11000rpm for 30 seconds (sec), for the RNA to be bound. The flow-through was 

discarded and Membrane Desalting Buffer (MDB) was added in order to remove the 

excess of salt from the lysate. The column was centrifuged at 11000rpm for 1 min. The 
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next step consists of DNA digestion using RNase-free reconstituted DNase. The DNase 

reaction mix was prepared by diluting the rDNase in the appropriate Reaction Buffer 

and was directly applied onto the center of the silica membrane of the column. The 

incubation took place for 15 min at RT. Then, the membrane was washed 3 times with 

the Wash buffers RAW2 (1 wash and centrifugation at 11000rpm for 30 sec) and RA3 

(2 washes and centrifugation at 11000rpm for 30 sec and 2 min, respectively) in order 

to remove residual salts or cellular debris. Finally, RNase-free H2O was applied onto 

the membrane of the column and they were let stand at RT for 1 min. After the 

incubation, the column was centrifuged at 11000rpm for 1 min. The concentration of 

the RNA was measured in a NanoDrop spectrophotometer as the absorbance of the 

sample at 260nm, while the purity of the isolated RNA was determined by the ratio 

A260/A280, where A is the absorbance at 260nm and 280nm, respectively. 

 

3.11 cDNA synthesis from purified RNA 
 The RNA samples purified from the treated cells were converted to cDNA using 

High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems®). The RNA 

samples were diluted with RNase-free H2O to a final concentration of 500ng, when 

needed. The reaction protocol is given in Table 14. 

 

Component Volume/reaction (μL) 

10X RT Buffer 2.0 

25X dNTP Mix (100mM) 0.8 

10X RT Random Primers 2.0 

MultiScribe™ Reverse Transcriptase 1.0 

RNase Inhibitor 1.0 

Nuclease-free H2O 3.2 

Table 44. The reverse transcription master mix. 

 

 The master mix was distributed in 0.2mL eppendorf tubes (10μL/reaction) and 

10μL of RNA sample (500ng) was added by pipetting up and down to mix. The samples 

were loaded into a thermal cycler and the reverse transcription was performed 

according to the following conditions. The cDNAs were stored at 4oC for short-term or 

at -20oC for long-term. 

 

 Step 1 Step 2 Step 3 Step 4 

Temperature (oC) 25 37 85 4 

Time (min) 10 120 5 forever 

Table 15. The conditions of the reverse transcription. 

 

3.12 Quantitative Real Time PCR (qRT-PCR) 
 Quantitative Real Time PCR (qRT-PCR) was performed in order to determine 

the transcriptional profile of IL6 and PTK2, upon various treatments. The qRT-PCR 
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reaction master mix contained 1X TaqMan® Universal Master Mix II (Applied 

Biosystems®), 1x Probe-Primer mix predesigned assays by A.B.Ι. and 2.5 μl eluate from 

the cDNA samples. The reactions were performed on a ViiA7 Real-Time PCR System 

(Applied Biosystems®) under the thermal profile described in Table 16. The fold 

induction of the target gene expression was calculated using the comparative method 

by normalization to the internal control β2-actin. 

 

Temperature  Time 

95oC 10 min 

95oC 15 sec 50 cycles 

60oC 1 min 

Table 56. The thermal profile of the qRT-PCR reaction. 
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4. Results 
4.1 Transfection of A549 and HeLa cells with siRNAs targeting PTK2 results in 
specific reduction of FAK levels 
 To evaluate the efficiency of siRNA knock down, we used two different cell 

lines, A549 and HeLa, and we assessed FAK expression by Western blot upon 1 or 2 

rounds of siRNA transfection, as well as using different concentrations of siRNA. First 

of all, A549 and HeLa cells were transfected with different concentrations (40nM and 

5nM) of siPTK2 and control siLuci, performing 2 rounds of siRNA transfection. siLuci 

serves as negative control based on the fact that mammalian cells do not possess the 

luciferase gene from the firefly Photinus pyralis. As shown in Fig.7A, transfection of 

both cell lines with 40nM siPTK2 results in more efficient knock down of FAK, 

compared with the lower concentration, which also attenuates FAK expression, but in 

a lower extend.  

 

 
Figure 7. Transfection of A549 and HeLa cells with siPTK2 results in specific reduction of FAK levels. A) FAK 

expression was evaluated performing 2 rounds of siRNA transfection, but using different concentrations of siRNA 

(40nM and 5nM). Transfection with the higher concentration (40nM) resulted in more efficient knock down of FAK 

expression. B) A549 and HeLa cells were transfected with 40nM siRNA, performing either 1 or 2 rounds of 

transfection. In both cases, FAK levels are efficiently reduced and no significant differences are observed between 

the different conditions. C) The specificity of siRNA knock down was examined by transfecting the cells with 40nM 

of an additional siRNA, targeting Nucleophosmin (NPM), performing 1 round of siRNA transfection. In both cell 

lines, siNPM transfection results in decreased expression of NPM, without affecting FAK levels, while siPTK2 

transfection reduces FAK, but not NPM levels. In all cases, siLuci was used as a negative control. 

 

 Apart from the concentration of targeting siRNA, the rounds of siRNA 

transfection needed to achieve maximum knock down were evaluated. For this 

reason, A549 and HeLa cells were transfected with 40nM siRNA, performing either 1 
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or 2 rounds of transfection. The levels of FAK were equally reduced in both cases, 

revealing that the second round might be unnecessary (Fig.7B).  

 To further support the specificity of siRNA knock down, a third siRNA, targeting 

nucleophosmin (NPM), was transfected in A549 and HeLa cells. One round of 

transfection, using 40nM from each siRNA was performed. Fig.7C shows that siNPM 

reduces the levels of NPM, without affecting FAK, while siPTK2 attenuates FAK 

expression, but not that of NPM.  

 Based on these primary results, we assume that transfection of cultured cells 

with specific siRNAs leads to reduced expression of the respective target-proteins and 

that 1 round of transfection using 40nM siRNA is sufficient to efficiently decrease 

protein levels.  

 

4.2 FAK depletion stimulates IL6 secretion and STAT3 phosphorylation in 
HeLa cells, but not in A549 cells 
 FAK is known to mediate various signaling pathways and one of them involves 

the NFκB-mediated secretion of IL6 and the subsequent phosphorylation of STAT3. In 

order to evaluate the impact of FAK depletion in these signaling events, we knocked 

down FAK expression using the technology of RNAi and we measured IL6 secretion 

using ELISA. The levels of STAT3 phosphorylation were assessed by Western blot. 

 

 
Figure 8. siPTK2 knock down stimulates IL6 secretion and STAT3 phosphorylation only in HeLa cells and not in A549 

cells. A) In HeLa cells, IL6 levels were evaluated by ELISA and pSTAT3 by Western blot, upon 1 or 2 rounds of 

transfection, using 40nM siRNA. FAK depletion results in elevated IL6 secretion and enhanced phosphorylation of 

STAT3 upon 2 rounds of transfection, which was not the case in siLuci and siNPM transfected cells. B) In A549 cells, 

FAK knock down did not affect IL6 levels, upon 2 rounds of transfection with either high or low concentration of 

siRNA. The concentration of IL6 in all 4 cases remained at basal levels. This is a representative from 3 independent 

experiments. For the statistical significance, * corresponds to 0.01<p<0.05, ** correspond to 0.001<p<0.01 and *** 

correspond to p<0.001. 
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 HeLa cells that underwent 1 round of siPTK2 transfection (40nM siRNA) 

showed an increase in IL6 secretion compared with control transfected cells, which 

however was not statistically significant (Fig.8A). In addition, FAK knock down slightly 

induced STAT3 phosphorylation (Fig.8A). This effect is specific for FAK depletion, as 

siNPM transfection resulted in decreased IL6 production and in pSTAT3 levels similar 

with those of control transfected cells (Fig.8A). A significant induction of IL6 secretion 

was observed in case of 2 rounds siPTK2 (40nM) transfection compared with siLuci 

transfected HeLa cells and pSTAT3 levels were slightly increased in case of siPTK2 

knock down (Fig.8B). However, the concentration of the secreted IL6 in case of 2 

rounds of siRNA transfection is significantly reduced, almost 4-fold, compared with 1 

round of transfection, for both siLuci and siPTK2. The reason why we see this 

difference is that the second round of transfection is extremely toxic for the cells and 

only a few of them can recover (data not shown). Given that we have reduced number 

of cells, the concentration of the secreted IL6 is also decreased. 

 In case of A549 cells, we assessed IL6 production upon 2 rounds of siRNA 

transfection, using different concentrations of siRNA. Contrary to what found in HeLa 

cells, knock down of FAK expression did not significantly affect IL6 secretion in A549 

cells, using either high or low concentration of siRNA (Fig.8B), as IL6 concentration 

remained at basal levels. Again, the reason for this observation is the cytotoxicity 

induced by the second treatment with siRNA. 

 

4.3 Inhibition of FAK activity reduces IL6 production and pSTAT3 levels in 
HeLa cells  
 Another way to examine the effect of FAK deficiency in downstream signaling 

pathways is by inhibiting FAK activity, instead of knocking down FAK expression. As 

already described, PF-573,228 is a pharmacological FAK inhibitor that suppresses FAK 

activity by inhibiting phosphorylation at Y397. In our experiments, we tried 2 different 

concentrations of FAK inhibitor (250nM and 1μM), as well as the respective 

concentrations of DMSO, and we evaluated the levels of secreted IL6 by ELISA and the 

levels of STAT3 phosphorylation by Western blot. 

 Treatment of HeLa cells with 250nM FAK inhibitor had no effect on FAK 

activity, as Y397 phosphorylation levels are the same with those of cells treated with 

DMSO (Fig.9B). Subsequently, there was no significant difference in IL6 secretion 

(Fig.9A) and pSTAT3 phosphorylation levels (Fig.9B) between cells treated with 250nM 

FAK inhibitor or equal concentration of DMSO. Treatment with 1μM FAK inhibitor 

reverses FAK Y397 phosphorylation (Fig.9B), results in a 1.6-fold reduction of IL6 

secretion (Fig.9A) and in a slight reduction of STAT3 phosphorylation (Fig.9B). 

Therefore, suppression of FAK activity inhibits signal transduction in the IL6-STAT3 

axis. 
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Figure 9. Inhibition of FAK activity results in decreased IL6 and pSTAT3 levels. A) Treatment of HeLa cells with 250nM 

FAK inhibitor did not affect IL6 secretion, whereas treatment with 1μM FAK inhibitor decreased IL6 levels compared 

with DMSO treated cells. B) Treatment of HeLa cells with 250nM FAK inhibitor did not change the phosphorylation 

levels of neither FAK Y397 nor STAT3 comparing with DMSO treated cells. Treatment with 1μM FAK inhibitor 

reduced FAK Y397 phosphorylation, but only slightly decreased pSTAT3 levels. This is a representative from 3 

independent experiments. For the statistical significance, * corresponds to 0.01<p<0.05, ** correspond to 

0.001<p<0.01 and *** correspond to p<0.001. 

 

4.4 FAK knock down suppresses TNFα-induced cell signaling 
 FAK is known to regulate TNFα-induced signaling pathways, such as TNFα-

mediated IL6 production and TNFα-induced ERK1/2 phosphorylation. In order to 

examine the effect that FAK knock down might have on these pathways, HeLa cells 

underwent 1 round of transfection with 40nM siRNA and were further treated with 

100ng/mL TNFα for several time points. IL6 levels were measured with ELISA, while 

ERK1/2 phosphorylation was evaluated by Western blot. Additionally, IL6 and PTK2 

mRNA levels were determined by qRT-PCR. 

 FAK knock down, without subsequent treatment with TNFα, in a reduction of 

secreted IL6 below basal levels, comparing with siLuci transfected cells (Fig.10A). 

Treatment with TNFα for 12h stimulated IL6 production, while treatment for 24h 

further increased it. Nevertheless, FAK knock down led to a 2-fold reduction of IL6 

secretion upon TNFα stimulation (Fig.10A). The effect of FAK depletion on IL6 

expression was further evaluated using qRT-PCR. As shown in Fig.10B, the mRNA levels 

of IL6 are below basal levels, in case of cells transfected with siPTK2, in the absence of 

TNFα stimulation. On the other hand, in case of TNFα addition, HeLa cells transfected 

with siPTK2 display significantly reduced IL6 mRNA levels compared with control 

transfected cells. There is also evidence that maximum IL6 expression occurs at 12h 

of TNFα treatment and is already decreased at 24h. Apart from IL6 mRNA levels, PTK2 

expression was assessed by qRT-PCR, revealing that siRNA knock down efficiently 

decreases PTK2 transcription levels, independently of TNFα stimulation (Fig.10B). 
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Figure 10. FAK depletion attenuates IL6 transcription levels and secretion, as well as pERK1/2 levels, upon TNFα 

administration. A) FAK knock down results in a 2-fold reduction of IL6 secretion, upon administration of 100ng/mL 

TNFα for either 12h or 24h. In the absence of TNFα stimulation, IL6 production decreased below basal levels. B) FAK 

depletion also downregulates IL6 transcription, which is induced in control transfected cells due to TNFα. Maximum 

expression of the IL6 gene is observed at 12h of TNFα treatment. In addition, PTK2 gene expression is suppressed in 

FAK depleted cells and this is independent of TNFα. C) siPTK2 transfection affects ERK1/2 phosphorylation that is 

mediated by TNFα, resulting in decreased levels at 15 min and 20 min after TNFα administration. This is a 

representative from 3 independent experiments. For the statistical significance, * corresponds to 0.01<p<0.05, ** 

correspond to 0.001<p<0.01 and *** correspond to p<0.001. 

 

 ERK/MAPK activation is known to be needed for TNFα-stimulated IL6 

expression and FAK seems to facilitate this signaling pathway4040. For this reason, we 

examined ERK1/2 phosphorylation levels by Western blot. Maximum phosphorylation 

is observed 15 min upon TNFα administration and then gradually decreases, resulting 

in total dephosphorylation at 30 min. In FAK depleted cells, although TNFα stimulation 

results in ERK1/2 phosphorylation, the phosphorylation levels are lower both at 15 

min and at 20 min (Fig.10C). Thus, FAK expression might be implicated in ERK1/2 

phosphorylation upon TNFα treatment and a possible reason why we observe 

attenuated IL6 secretion might be the impairment of ERK/MAPK activation.  

 

4.5 FAK inactivation results in impaired ERK/MAPK activation, but does not 

affect NFκB activation 
 We showed that FAK knock down results in impaired TNFα-mediated 

phosphorylation of ERK1/2. It has also been proven that FAK-/- cells re-expressing FAK-

F397 mutant exhibited weak ERK1/2 phosphorylation after TNFα treatment40. In order 

to further validate the role of FAK activity in this process, HeLa cells were treated with 

5μM FAK inhibitor PF-573,228 or DMSO and then stimulated with 100ng/mL TNFα for 

various time points. FAK expression, and ERK1/2 phosphorylation were evaluated by 
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Western blot. In addition, there is evidence that FAK is not required for TNFα-induced 

NFκB activation40. IκBα degradation was assessed by Western blot as a marker of NFκB 

activation, so as to examine whether TNFα-stimulated IL6 production was attenuated 

due to impaired activation of NFκB. 

 

 

Figure 11. FAK inactivation reduces the endogenous levels of pERK1/2. Treatment of HeLa cells with the FAK 

inhibitor PF-573,228 and subsequent administration of 100ng/mL TNFα results in decreased ERK1/2 

phosphorylation 10, 15 and 20 min upon TNFα stimulation. However, no difference is observed as far as IκBα 

degradation is concerned. 

 

Inhibition of FAK activity results in attenuated ERK1/2 phosphorylation at 10, 

15 and 20 min upon TNFα administration (Fig.11). On the other hand, IκBα 

degradation upon TNFα stimulation is not affected by FAK activity inhibition (Fig.11). 

Based on that, we can assume that FAK inactivation does not inhibit TNFα-induced 

NFκB activation, whereas it downregulates the activation of ERK/MAPK signaling 

pathway. Therefore, FAK is not necessary for the activation of NFκB, which remains 

intact even upon inhibition of FAK catalytic activity, but it regulates ERK/MAPK 

signaling pathway. 
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5. Discussion 
 This study revealed the role of FAK in the regulation of downstream secretory 

signaling pathways. First of all, we showed that FAK depletion using anti-FAK siRNAs 

or FAK inactivation upon treatment with the FAK inhibitor PF-573,228 does not 

significantly affect IL6 secretion and subsequent STAT3 phosphorylation. More 

specifically, FAK knock down in HeLa cells slightly increased IL6 secretion and pSTAT3 

levels, while in A549 cells IL6 remained at basal levels. Treatment with the FAK 

inhibitor attenuated IL6 production and STAT3 phosphorylation, but again these 

results were not statistically significant. Therefore, we can assume that loss of FAK 

signaling cannot serve as a stimulus that induces pro-inflammatory responses in tumor 

cells. Our results were further verified by assessing IL6 expression after treatment with 

TNFα. Absence of TNFα stimulation kept IL6 expression and secretion in basal levels, 

independently of FAK expression. Treatment of FAK depleted cells with 100ng/mL 

TNFα resulted in a significant reduction of 2 folds in IL6 secretion, compared with 

control siRNA transfected cells. 

Given that IL6 production can be regulated by various signaling pathways, we 

decided to examine the effect of FAK depletion or inactivation on ERK/MAPK and NFκB 

activation, upon TNFα stimulation. FAK knock down and subsequent treatment with 

100ng/mL TNFα revealed that ERK1/2 phosphorylation is attenuated 15 min and 20 

min after TNFα stimulation, when it was expected to reach maximal levels. Similarly, 

treatment with 5μM FAK inhibitor and 100ng/mL TNFα resulted in decreased pERK1/2 

levels at 10min, 15min and 20min, whereas IκBα degradation, which is consistent with 

NFκB activation, did not differ between PF-573,228-treated and DMSO-treated cells. 

These results lead us to the assumption that the effects of FAK depletion or 

inactivation in TNFα-induced IL6 production are mediated by the ERK/MAPK pathway, 

but independently of NFκB. 

Our results are in agreement with the findings of Schlaepfer et al.40, who also 

showed that FAK promotes TNFα-stimulated ERK/MAPK activation in order to achieve 

maximal IL6 production, using FAK-/- fibroblasts and anti-FAK shRNA-expressing cells. 

In addition, they showed that FAK phosphorylation at Y397 is essential for these 

processes, as mutation of this site resulted in impaired IL6 production and that FAK is 

not required for TNFα-induced NFκB activation. Our study provided further evidence 

on the same field, using siRNAs targeting FAK expression and the PF-573,228 FAK 

inhibitor to reverse Y397 FAK phosphorylation. Targeting FAK expression with siRNAs 

was previously assessed in murine myoblasts41, which also resulted in abolished TNFα-

mediated IL6 expression. 

Apart from tumor cells, the requirement of FAK for ERK1/2-dependent IL6 

synthesis has been shown in fibroblast-like synoviocytes (FLSs), treated with the 

protein I/II from oral Streptococci. Stimulation of FLSs with protein I/II results in 

increased Y397 FAK phosphorylation, ERK1/2 phosphorylation and IL6 secretion. FAK-

/- or FRNK-transfected FLSs failed to stimulate ERK1/2 phosphorylation and IL6 
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secretion. However, this study showed that FAK Y397 phosphorylation in not required 

for MAPK signaling in protein I/II-stimulated FLSs, as treatment with cytochalasin D, 

which prevents FAK Y397 phosphorylation did not affect neither ERK1/2 

phosphorylation nor IL6 production42. 

The mechanism through which FAK activates ERK1/2 is based on the 

autophosphorylation at Y397, which generates a binding site for the Src-family protein 

tyrosine kinases. Src-mediated phosphorylation of FAK at Y925 facilitates the binding 

of the SH2 domain of Grb2 and the formation of the Grb2-Sos complex, which 

subsequently activates the Ras/MAPK cascade42,43. 

Another aspect that has been evaluated is the compensatory role of Pyk2 for 

the loss of FAK. Pyk2 is the other member of the FAK subfamily cytoplasmic tyrosine 

kinases, which shares significant sequence homology and a similar structural 

organization with FAK. It is also known to interact with a number of proteins that bind 

to FAK, such as Src, paxillin and p130Cas. Pyk2 is mainly expressed in the central 

nervous system, in cells of hematopoietic origin, in embryonic fibroblasts and in adult 

endothelial cells43-45. Pyk2 expression was found elevated in induced EC-specific FAK 

knock out mice and its constitutive activation induced phosphorylation of Src, paxillin 

and p130Cas, resulting in robust angiogenesis even in the absence of FAK. Similarly, 

for shRNA-mediated FAK knock down, compensatory Pyk2 expression was found to 

gradually increase after several days, as FAK expression was decreasing. However, 

treatment of aortic explants from wt mice with the FAK inhibitor PF-573,228 managed 

to reduce vessel sprouting, revealing that Pyk2 expression is not induced upon FAK 

inactivation45. 

The same results were obtained by experiments in mammary cancer stem cells 

from a breast cancer mouse model with FAK deletion in mammary tumor cells. Pyk2 

expression was found significantly elevated in nodules exhibiting metastatic features. 

Treatment of these mice with PF-573,228 did not affect the initiation of mammary 

tumors and tumor growth in these mice, revealing that Pyk2 can compensate even for 

mammary tumorigenesis in the absence of FAK. In addition, increased Pyk2 expression 

was associated with the self-renewal activity of FAK-null mammary cancer stem cells 

and the occurrence of metastasis. Tumorsphere formation was proven to be mediated 

by PI3K/Akt pathway in case of both FAK- and Pyk2-expressing mammary cancer stem 

cells44. PI3K/Akt pathway is known to mediate signals that activate ERK. Indeed, Pyk2 

overexpression in FAK-/- cells is implicated in the activation of ERK2. More specifically, 

fibronectin stimulation promoted p52 Shc tyrosine phosphorylation, which associated 

with Pyk2 and induced ERK2 activation. Thus, Grb2 binding to Shc may be the major 

signaling pathway for ERK2 activation, even in the absence of FAK43. 

Based on our findings and in combination with the results of other research 

groups, the expression of Pyk2 in HeLa and A549 cells transfected with siRNA, should 

be evaluated by Western blot analysis, both in the presence and absence of TNFα. 

Even a slight overexpression of Pyk2 in these cells could interpret the moderate 
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reduction of TNFα-induced IL6 production and ERK1/2 activation. Suppression of Pyk2 

could further enhance the effect of FAK depletion in this pathway. Combinatorial 

suppression of FAK and Pyk2 could serve as an efficient therapeutic approach that 

would maximally eliminate cancer cell proliferation, migration and metastasis. In 

addition, as mentioned above, ERK activation is based on the phosphorylation of FAK 

on Y925, an event which creates a binding site for Grb242,43. In order to deeply 

elucidate the molecular mechanism that rules this pathway, Y925 FAK 

phosphorylation can be assessed upon stimulation with TNFα in FAK depleted cells or 

cells treated with FAK inhibitor, as well as the binding of Grb2 with FAK, by 

immunoprecipitation assays, under these conditions. Moreover, given that our results 

on IκBα degradation are not sufficient to state that FAK is not required for TNFα-

induced NFκB activation, further experiments assessing NFκB promoter activity by 

luciferase reporter assays and p65 nuclear translocation by Western blot should be 

performed. Last but not least, PI3K/Akt signal transduction should be evaluated, as it 

is known to activate ERK/MAPK pathway. For this reason, the phosphorylation of p85 

and Akt could be examined by Western blot, in cells treated with the pharmacological 

FAK inhibitor or in cells transfected with anti-FAK siRNA, in order to test whether this 

pathway is responsible for mediating FAK-related signals upon TNFα stimulation. 

These experiments will give a further insight in understanding the molecular 

mechanisms that rule the pathway downstream of FAK and new targets for combined 

therapeutic approaches might arise. 
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